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A 1.2 Appel/dix 1: Preparatioll of Reagellts mui Ruffers Used in Molecular Cloning 

BUFFERS 
----- --~. ---~--~-~~~----~-------~--~------~--~-

Tris Buffers 

Biological reactions work well only within a narrow concentration range of hydrogen íons. 
Paradoxícally, however, many of these reactíons themselves generate or consume protons. Buffers 
are substances that undergo reversíble protonation within a particular pH range and therefore 
maintain the concentration of hydrogen ions within acceptable limits. Perfect buffers are, like the 
Holy Grail, always beyond reach. An ideal biological buffer should 

• have a pK" between pH 6.0 and pH 8.0 
• be inert to a wide variety of chemicals and enzymcs 
• be highly polar, so that ít is both exquísitely soluble in aqueous solutíons and also unlikely to 

diffuse across biologícal membranes and thereby affect intracellular pH 
• be nontoxic 
• be cheap 
• not be susceptible to salt or temperature effeels 
• not absorb visible or ultraviolet light 

None of the buffers used in molecular biology fultlll all of these criteria. Very few weak acids 
are known that have dissociation constants between 10-7 and 10-9. Among inorganic salts, only 
borates, bicarbonates, phosphates, and ammonium saIts lie within this range. However, they are 
ali incompatible in one way or another with physiological media. 

In 1946, George Gomori (Gomori 1946) suggested that organic polyamines could be used 
lo control pH in the range 6.5-9.7. One of the three compounds he investigated was 1'1'is(2-
amino-2-hydroxymethyl-1,3-propanediol), which had been first described in 1897 by Piloty and 
Ruff. Tris turned out to be an extremely satisfactory huffer for many biochemical purposes and 
today is the standard buffer used for most enzymatic reactions in molecular cloning. 

TA8LEA1-1 Pr~'n;tr;ttinn of Tris Buffers of Various Desired Values 

DESIRED pH (25°C) 

7.10 

7.20 

7.30 
7.40 

7.50 

7.60 
7.70 

7.80 

7.90 

8.00 

8.10 

8.20 
8.30 

8.40 

8.50 
8.60 

8.70 

8.80 
8.90 

VOlUME DF 0.1 N HCI (ml) 

45.7 

44.7 
43.4 
42.0 

40.3 

38.5 
36.6 

34.5 

32.0 

29.2 
26.2 
22.9 
19.9 
17.2 

14.7 

12.4 

10.3 
8.5 
7.0 

Tri, buffers (O.OS M) oI' the desired pH (an be made b\' mixing 50 ml of 0.1 M Tris b,tse with 
the indicated volume 01' 0.1 ~ Hei and thcn adjusting the volume of the mixture to 1 no ml with 
water. 



Good Buffers 

Blljkrs AI.3 

TRIS BUFFERS 

One of Tris' first commercial successes, which r'eceived wide atlention, was til(' reduction oi mortality during 
handling and hauling of fish. In the 19405, live fish were carried to market in tanks of se.lw.lter. Unfortunately, 
many oi the fish died because of the decline in pl! resulting from an accumulation oi CO2, This problem was 
only partially alleviated by including anesthetics in the water that minimized lhe fishes' metabolic activities. 
What these anesthetics did to the people who ate the fish is not recorded. Tris certainly reduced the mortalit)' 
rate of the fi~h (McFarland and Norris 1958) by stabilizing the pH of the seawater and may also hclW kept the 
fish eaters more alert. Tris also turned out to be an extremely satisfactory buffer for many biochemical pur
poses and today is the standard buffer used for most enzymatic reactions in molecular cloning. 

Tris [Tri~(hydroxymethyl)aminomethanel has a very high buffering capacity, is highly soluble in water, and 
is inert in a wide variety of enzymatic reactions. However, Tris also has a number of deficiencies: 

• The pKa af Tris is pH 8.0 (at 2(1)0, which means that its buffering capacity is very low at pHs below 7.5 
and above 9.0. 

• Temperature has a significant effect an the dissoôat;on of Tris. The pH of Tris solutions decreases ~0.03 
pH units for cach 1 "e incrcase in temperature. For exalllple, a 0.05 M solution has pH values of 9.5, 8.9, 
and 8.6 at SOC, 25"C, and 37°e, respectively. By convention, the pH of Tris solution~ given in thl' scientii
ic literature refers to the pH measured at 25°C. When preparing stock solutions of Tris, it is best to bring 
the pH into the desired range and thcn allow the solution to cool to 25°C before making final adjustlllents 
to lhe pH. 

• Tris reads with many types of pH electrodes lhat contain linen-fiber junctions, apparently because Tris 
reacts with the linen fiber. This effect is manifested in large liquid-junction potentials, electromotive force 
(emf) drift and long equilibration times. Electrodes with linen-fiber junctions, therefore, cannot accurately 
measure the pH oi Tris solulions. Use only those electrodes with ceramic or glass junctions tha! are war
ranted by the Illanufacturer to be suitable for Tris. 

• Concentration has a significant effed on the dissociation of Tris. For exalllple, the pHs oi solutions con
taining 10 mM and 100 mM Tris will differ by 0.1 of a pH unit, with the more concentr ated solution having 
the higher pH. 

• Tris is toxic to many types of mammalian cells. 

• Tris, a primary amine, cannot be used with fixatives such as glutaraldehyde and formaldehyde. Tris also 
reac1s with glyoxal. Phosphate or MOPS buffer is generally used in place of Tris with lhese reagents. 

Tris is a poor buffer at pH values below 7.5. In the mid 19605, Norman Good and his colleagues 
responded to the lleed for better buffers in this range by developing a serit's of N-substituted 
aminosulfonic acids that behave as strong zwitterions at biologically relevant pH values (Good ct 
aI. 1966; Ferguson et aI. 1980). Without these buffers, several techniques cmtral to molecular 

cloning cither would not exist at ali or would work at greatly reduced efficiency. These techniques 
include high-efficiency transfection of mammalian cells (HEPES, Tricine, and BES), gel elcc
trophoresis of RNA (MOPS), and high-efficiency transformation ofbacteria (MESl. 



A 1.4 Appclldix ].' Preparation of Reagcrzts and Ruffers Used in Mo/ecu/ar C/oning 

Table A 1-2 Properties of Good Buffers 

USEFUL RANGE 

ACRONYM CHEMICAL NAME FW pKa (IN pH UNITS) 

\11':-, 2-( N-morpholino lethancsulfonic acid 195.2 6.1 5.5-6.7 

Hl.'- li" /lis( 2 -hydroxycthyl) iminotris( hydroxymcthyl) methane 209.2 6.5 5.8-7.2 

.\IH ;V-I 2-acetamido)-2-íminodiacetic acid 190.2 6.6 6.0-7.2 

\US 2-[ (2-amino-2-oxoethyl)amino ]cthanesulfoníc acid 182.2 6.8 6.1-7.5 

I'IPLS piperazine- N,N' - /llS( 2-ethanesulfonic acid) 302.4 6.8 6.1-7.5 

\!OPSO 3-( N· morpholino )-2-hydroxypropanesulfonic acid 225.3 6.9 6.2-7.6 

Hi.,-li"i, Propanc I ,3-/Jis[ tns(hydroxymethyl )methylamíno ]propane 282.3 6.8'\ 6.3-9.5 

BIS N,N-/,;s( 2 -hydroxyethyl) -2-aminoethanesultonic acid 213.2 7.1 6.4-7.8 

.\10PS 3-( N-morpholino )propanesulfoníc acíd 209.3 7.2 6.5-7.9 

HEI'ES N-( 2-hydroxyethyl )píperazine-N' -(2-ethanesulfonic acid) 238.3 7.5 6.8-8.2 

TES N- tris( hydroxymethyl lmethyl-2-aminoethanesulfonic acid 229.2 7.4 6.8-8.2 

DIPSO 3- [N,N-/lis( 2-hydroxyethyl )amino ]-2-hydroxypropanesultonic acid 243.3 7.6 7.0-8.2 

lAPSO 3- [N-tris(hydroxymethyl lmethylamino ]-2-hydroxypropaneslllfonic acid 259.3 7.6 7.0-8.2 

TRI/\lA tris( hydroxymethyl )aminomethane 121.1 8.1 7.0-9.1 

HEI'PSO N-( 2-hydroxyethyl Jpiperazine-]\I' -(2-hydroxypropanesulfonic acid) 268.3 7.8 7.1-8.5 

POPSO piperazine- N,N' -bis( 2-hydroxypropanesulfonic acid) 362.4 7.8 7.2-8.5 

FPP~ N-( 2 -hydroxyethyl lpiperazine- N' -(3-propanesultonic acid) 252.3 8.0 7.3-8.7 

TH triethanolamine 149.2 7.8 7.3-8.3 

Iri(iJ1~ N-tris( hydroxymethyl)methylglycine 179.2 8.1 7.4-8.8 

Bi(iJ1~ N, N -/lís( 2-hydroxyethyl 19lycine 163.2 8.3 7.6-9.0 

[:\ 1':-, N-tris( hydroxymethyl)methyl-3-aminopropanesulfonic acid 243.3 8.4 7.7-9.\ 

\\II'SU 3-[ (I, l-dimethyl-2-hydroxyethyl)amino ]-2-hydroxypropanesultonic acid 227.3 9.0 8.3-9.7 

CHFS 2-( N-cyclohexylamino )ethaneslllfoníc acid 207.3 9.3 8.6-10.0 

(.\J>SO :HcyclohexylaminoJ-2-hydroxy-l-propaneslllfonic acid 237.3 9.6 8.9-10.3 

.\\11' 2-amino-2-methyl-I-propanol 89.1 9.7 9.0-10.5 

C.\P~ acid 221.3 10.4 9.7 ILl 

I l.lI<1 lOl1lpilcd ínnl1 \'ariom SOllrces, inclllding lliochcmical mui Reagems for Life Scíence Research 1994 (Sigma-Aldrichl and refercllces therein. 

'1'1\., " 'J.O f,'r lhe ,econd dissociatiol1 stage. 



B li/lá.' A 1.5 

Phosphate Buffers (Gomori Buffers) 

The most coml11only u5ed phosphate buffás are named after their inventor: GOl11ori (C;omori 
1955 l. They consist of a mixture of monobasic dihydrogen phosphate and dibasic monohydro
gen phosphate. By varying the amount of each salt, a range of buffers can be prepared tha! buffer 
wcll bctween pH 5.8 and pH 8.0 (please see Tables AI-3A and AI-3B). Phosphates havc a ven' 
high huffering capacity and are highly soluble in water. However, they have a l111mber of poten
tial disadvantages: 

• Phosphates inhibit many enzymatic reactions and procedures that are the fOllndation of mol
ecular cloning, including cleavage of DNA by many restriction enzvmes, lig<ltion of DNA, and 
bacterial transformation. 

• Recause phosphates precipitate in ethanol, it is not possible to precipitate UNA and RNA frol11 
buffers that contain significant quantities of phosphate ions. 

• Phosphates sequester divalent cations such as 

TABlE A l-3A Preparation of 0.1 M Potassium 
Phosphate Buffer at 25°( 

TABlE A 1-3B Preparation of 0.1 M Sodium 
Phosphate Buffer at 25°( 

--~~~~~~~~~~~~~--

VOLUME DF 1 M VOLUME DF 1 M 
pH K2HP04 (ml) KH

2
P0

4 
(ml) 

:;.H H,S 91.5 

().O 13.2 86.8 
().2 19.2 80.8 
(,.4 27.8 72.2 
(1.(1 -'tU 61.9 

(1,K 19.7 S(U 
-.(1 61,5 3il.5 
- . 71.7 2il.J .-
- .·1 ilO.2 19.8 

.h ilh.6 13.4 
-.i' 90.g 9.2 

K.O 94.0 6.0 

[).II.1 frOlll (;rccII I ['13.\). 

I )dule Ih,' ,ornhil1cd [ ,I slock solllti(1!l> to I litcr with distilled 
I j( 1. 1,11 is ,.llc uLltcd .Kcordillg to the HCllLkrsol1- Ha"c1b.llch cqua
tlOll' 

1,11 l'}; 1 Iof' pl'OtOI1 acccptor), 
prollln dono!' 

VOlUME DF 1 M VOLUME DF 1 M 

pH NA2HP04 (ml) NAH 2P0 4 (ml) 
--. - -_._----~-

5.8 í.9 92_1 

6.0 12.0 Htl.O 

6.2 17.8 82.2 
6.4 25.3 7Li 

6.6 35.2 (1,U\ 

6.8 46.3 :;.\.7 

7.0 57.7 E.' 
7.2 6R.4 31.(, 

7.4 77.4 22.6 

7.6 H4.5 15.:; 

7.8 89.6 1004 

8.0 93,2 6.8 

Data ( [lJK2 i. 

Dilut.: the combil1cd [ \I stock SOllltiolh tn I likr \\'llh distilkd 
H:O. pH is calculated according lo Ihc Hcndersllll-llassclh.1ich elJlI.l
líon: 

pH pK' + log {IProtoll aCCCPIOrí} 
proton dOllllr 

where pK'= ó.K6 ai 25"L. 



AI.6 Appclldix 1: Prcparatioll ofReagents and Bu{fers Used in Molecular Cloning 

ACI DS AND BASES 

TABLE A 1-4 Concentrations of Acids and Bases: Common Commercial 

ml/LITER 
MOLES/ GRAMS/ % BY SPECIFIC TO PREPARE 

SUBSTANCE FORMUl.A M.W. LITERa LITER WEIGHT GRAVITY 1 M SOLUTlON 
---"---~-

:\cl'! ic <leid, glacial c HpXm 60.05 17.4 1045 99.5 l.05 57.5 
:\Cl'!íc acíd 60.05 6.27 376 36 1.045 159.5 
hll'll1íe acíd HCOOH 46.02 23.4 1080 90 1.20 42.7 
H)'drochloríc acíd HeI 36.5 11.6 424 36 1.18 86.2 

2.9 105 10 1.05 344.8 
:\ítríc acid HNOI 63.02 15.99 1008 71 1.42 62.5 

14.9 938 67 1.40 67.1 

13.3 837 61 1.37 75.2 
Pcrchloríc acíd HeI04 100.5 11.65 1172 70 1.67 85.8 

9.2 923 60 1.54 108.7 
Phosphoric <!cid H'p°4 80.0 18.1 1445 85 1.70 55.2 
Sulfuric ,Kid H2504 98.1 18.0 1766 96 Ul4 55.6 
.... mIl10niUlll hvdroxide NHPH 35.0 14.8 251 28 0.898 67.6 
Potassíull1 hyd'roxíde KOH 56.1 13.5 757 50 \.52 74.1 

1.94 109 10 1.09 515.5 
S"diuIJ1 hydroxide NaOH 40.0 19.1 763 50 1.53 52.4 

2.75 111 10 l.Il 363.6 

"\\'ith .,,,me .lci,!> ,1I1d bases, stock solutiolls (lf differellt molaritY/llormality are in commoll use. These are oftell abbreviat~d "((m," for colK.:ntr;\\cd 
,(lck, ,1l1d "dil" lor dilute s!ocks. 

TABLE A 1-5 Approximate pH Values for Various Concentrations of Stock Solutions 

SUBSTANCE 1 N 0.1 N 0.01 N 0.001 N 

Acetic acid 2.4 

Hydrochloric acid 0.10 

Sulfuric acid 0.3 

Citric acid 
Ammonium hydroxide 11.8 

Sodium hydroxide 14.05 

Sodium bicarbonate 
Sodium carbonate 

2.9 

1.07 

1.2 

2.1 

11.3 

13.07 

8.4 

11.5 

3.4 

2.02 

2.1 

2.6 

10.8 

12.12 

11.0 

3.9 

3.01 

10.3 

) l.l3 



Preparatioll ofBuf(crs (/l1d Stol"k Soll/tiol1s A1.7 

PREPARATION OF BUFFERS AND STOCK SOLUTlONS FOR USE IN MOLECULAR BIOLOGY 

pH Buffers 

CAUTlON: PleC\se see Appendix 12 for appropriate handling of materiais rnarked with <!>. 

Phosphate-buffered Saline (PBS) 
137 mM NaCI 
2.7 mi\1 KCI 
10 m!\1 Na 2HPO

j 

2 mi\1 KHlC\ 
Dissolve R g of NaCI, 0.2 g of KCI, 1.44 g of Na2HP0

4
, and 0.24 g of KI-i,PO

I 
in ílOO ml of 

distilled H,O. Adjust the pH to 7.4 with HCI. Add H)O to l!iter. Dispense the solution into 
aliquots al{d sterilize them by autoclaving for 20 mi;lUtes at 15 psi (1.05 kg/cm,l) on liquid 
cycle OI' by filter sterilization. Store the buffer at room temperature. 

PBS is a (ommolll~' uSéd reagent that has been adapted for different applíC<ltiolls, :'-lote thdt lhe 
recipt' presented here lacks divalent cations, If necessary, PBS mal' be supplcl11L'l1ll'd \Vith I 11l~1 
C1Cl, and 0,5 m/VI i\\gCl" 

IOx Tris EDTA (TE) 

pH7.4 
100 mI\1 Tris-CI (pH 7.4) 
10 m1\1 EDTA (pH 8.0) 

pH7.6 
IDO m.\1 'Tris-Cl (pH 7.6) 

10 m;v\ EDTA (pH 8.0) 

pH8.0 
100 m.\1 Tris-Cl (pH 8.0) 

10 mM EDTA (pH 8.0) 

Sterilize solutions by autoclaving for 20 minutes at 15 psi (1.05 kg/cm2) 011 liquid cyde. Store 
the buffer at room temperature. 

Tris-CI (1 M) 

Dissolve 121.1 g of Tris base in 800 ml of H 20. Adjust the pH to the desired value by adding 
concentrated HCI <!>. 

pH Hei 
7.4 70 ml 
7.6 60 ml 
8.0 421111 

Alio\\' the solution to cool to room temperature before making final adjustments to the pH. 
Adjust the volume of the solution to I liter with H20. Dispense into aliquots and sterilize 
by <lutoclavíng. 

I f the I M solution has a yellow color, discard it and obtain Tris of better quality. The pH 
of Tris sol utions is temperature-dependent and decreases -0.03 pH units for each I "c 
iflcrease in temperature. For example, a 0.05 M solutiofl has pH values of 9.5,8.9, and 8.6 at 
soe, 25°C, and 37°C, respectively. 



A 1.8 Appelldix I: Prcparatioll of Reagertts tlnd BlIfj"ers Uscd in Molecular Cloning 

Tris Magnesium Buffer (TM) 
50 mM Tris-CI (pH 7.8) 
10 mM MgSO~ 

Tris-buffered Saline (TBS) 

Dissolve 8 g of NaCl, 0.2 g of KCl, and 3 g ofTris base in 800 ml of distilled H,O. Add 0.015 g 
of phenol red and adjust the pH to 7.4 with HCI. Add distilled HP to 1 liter. Dispense the 
solution into aliquots and sterilize them by autoclaving for 20 minutes at 15 psi (1.05 
kg/em2) on liquid eycle. Store the buffer at room temperature. 

Enzyme Stocks and Buffers 

Enzyme Stocks 

Lysozyme (lO mgiml) 
Dissolve solid lysozyme at a eoncentration of 10 mglml in 10 mM Tris-Cl (pH 8.0) imme
diately before use. Make sure that the pH of the Tris solution is 8.0 before dissolving the pro
tein. Lysozyme will not work efficiently if the pH of the solution is less than 8.0. 

Lyticase (67 mgiml) 
Purchase from Sigma. Dissolve at 67 mg/ml (900 units/ml) in 0.01 M sodium phosphate 
containing 50% glycerol just before use. 

Pancreatic DNase I (1 mg/ml) 
Dissolve 2 mg af crude pancreatic DNase I (Sigma or equivalent) in 1 mlof 

10 mM Tris-Cl (pH 7.5) 
150 mM NaCl 
I m:V1 MgCI2 

When the DNase I is dissolved, add 1 ml of glycerol to the solution and mix by gently invert
ing the closed tube several times. Take care to avoid creating bubbles and foam. Store the 
solution in aliquots of -20°C. 

Pancreatic RNase (1 mgiml) 
Dissolve 2 mg of crude pancreatic RNase I (Sigma or equivalent) in 2 ml of TE (pH 7.6). 

Proteínas e K (20 mg!ml) 
Purchase as a Iyophilized powder and dissolve at a concentration of 20 mg/ml in sterile 50 
mM Tris (pH 8.0), 1.5 mM calcium acetate. Divide the stock solution in to small aliquots and 
store at -20°C. Each aliquot can be thawed and refrozen several times but should then be 
discarded. Unlike much cruder preparations of protease (e.g., pronase), proteinase K need 
not be self-digested before use. (Please see entry on Proteinase K in Appendix 4.) 

Trypsin 

Prepare oovine trypsin at a concentration of 250 /lg/ml in 200 111M ammonium bicarbon
ate (pH 8.9) (Sequencer grade; Boehringer Mannheim). Store the solution in aliquats at 
-20°C. 

Zymolyase 5000 (2 mg/ml) 

Purchase from Kirin Breweries. Dissolve at 2 mg/ml in 0.01 M sodiul11 phosphate contain
ing 50%; glycerol just before use. 



Enzyme Dilution Buffers 

DNase I Dilution Buffer 
lO 111\1 Tris-Cl (pH 7.5) 
ISO 111.\1 NaCI 
1 m\1 i\lgCl2 

Polymerase Dilution Buffer 
50 m\1 Tris-Cl (pH 8.1) 
1 m\1 dithiothreitol 
0.1 mJ\! EDTA (pH 8.0) 
0.5 mg/ml bovine serllt11 albllmin 
5% (v/v) glycerol 

Prepare solutioll fresh for each use. 

Sequenase Dilution Buffer 
10 mi\! Tris-Cl (pH 7.5) 
5 m\1 dithiothreitol 
0.5 mg/ml bovine serUI11 alblll11in 

Store the sollltion at -20°C. 

Taq Dilution Buffer 
25 mi\1 Tris (pH 8.8) 
0.01 m\1 EDTA (pH 8.0) 
O.l5(0J (v/v) Tween-20 
0.15% (v/v) Nonidet P-40 

Enzyme Reaction Buffers 

Preparation of R III/crs IlIlii Stock Solll/ iOll5 A 1.9 

.Á IMPORTANT Wherever possible, use the 10x reaction buffer supplied by lhe manufacturer oi the 
enzyme used. Otherwise, use the recipes given here. 

lOx Amplification Buffer 
500 mJ\l KCI 
100 mJ\l Tris-Cl (pH 8.3 at room temperature) 
15 m\1 MgCl2 

Auto clave the 10x buffer for 10 minutes at 15 psi (1.05 kg/cm 2) 011 liquid c}'cle. Divide the 
sterile buffer into aliquots and store them at -20°C. 

lOx Bacteriophage T4 DNA Ligase Buffer 
200 mi\1 Tris-CI (pH 7.6) 
50 1111\1 1\lgC1

2 
50 m\1 dithiothreitol 

O.S mg/ml bovine serUIll albul11in (Fraction V; Sigma) (OptiOIlI1l) 

Divide the buffer in small aliqllots and store at -20°C. Add ATP when sl'tting up the reac
tíon. Add ATP to the reaction to an appropriate concentation (r.g., 1 l11J\ I l. 
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IOx Bacteriophage T4 DNA Polymerase Buffer 
330 mM Tris-acetate (pH 8.0) 
660 mM potassium acetate 
100 mM magnesium acetate 
5 mM dithiothreitol 
1 mg/ml bovine serum albumin (Fraction V; Sigma) 

Divide the 10x stock into small aliquots and store frozen at -20°C. 

10x Bacteriophage T 4 Polynucleotide Kinase Buffer 
700 mM Tris-CI (pH 7.6) 

100 mM MgCl2 

50 mM dithiothreitol 

Divide the IOx stock into small aliquots and store frozen at -20°C. 

5x BAL 31 Buffer 
3 M NaCl 
60 mM CaCl2 

60 mM MgCL, 
100 mM Tris-CI (pH 8.0) 
1 mM EDTA (pH 8.0) 

lOx Dephosphorylation Buffer (for Use with CIP) 
100 mM Tris-CI (pH 8.3) 
10 mM MgCI

2 
10 mM 2nCI, 

IOx Dephosphorylation Buffer (for Use with SAP) 
200 mM Tris-CI (pH 8.8) 
100 mM MgCl2 
10 mM 2nCI2 

Ix EcoRI Methylase Buffer 
50 mM NaCI 
50 mM Tris-CI (pH 8.0) 
10 mM EDTA 
80 /1M S-adenosylmethionine 

Store the buffer in small aliquots at -20°C. 

IOx Exonuclease III Buffer 
660 mM Tri5-CI (pH 8.0) 
66 mM MgCl

2 
100 mM P-mercaptoethanol <! > 

Add p-mercaptoethanol just before use. 

10x Klenow Buffer 
0.4 M potassium phosphate (pH 7.5) 
66 mM MgCI2 
10 mM ~-mercaptoethanol <! > 



IOx Linker Kinase Buffer 
600 m\1 Tris-C! (pH 7.6) 

100 111\1 MgCI2 
100 mÍ\l dithiothreitol 
2 Illg/ml bovine serllm albumin 

Prepare fresh just before use. 

Nuclease SI Digestion Buffer 
0.28 M NaC! 
0.05,\1 sodium acetate (pH 4.5) 

1.5 mÍ\l Zn5(\'7H-,O 

Prepamtioll o(HIIf(ers aliei Stock Sollltiolls AI.II 

5tore aliquots of ll11clease 51 butler at .-200 (, and add nuclease Sito a concentration of 500 

lInits/ml just before use. 

10x Proteinase K Buffer 
100 mM Tris-CI (pH 8.0) 

50 mi\1 EDTA (pH 8.0) 

500 1111\1 NaCI 

IOx Reverse Transcriptase Buffer 
500 mi\! Tris-CI (pH 8.3) 
750 111M KCI 
30 mM MgCl2 

RNase H Buffer 
20 mM Tris-Cl (pH 7.6) 

20 mM KCI 
0.1 mM EDTA (pII 8.0) 
0.1 mM di thiothreitol 

Prepare fresh just before lIse. 

5x Terminal Transferase Buffer 
Most manufacturers supply a 5x reaction butTer, which typically contains: 

500 mlvl potassium cacodylate (pH 7.2) <! > 
10 111M CoCI2·6H/) 
1 111M dithiothreitol 

5x terminal transferase (or tailing) buffer may be prepared according lo the following 
Illethod (Eschenfeldl et aI. 1987): 

1. Equilibrate 5 g of Chelex 100 (Bio-Rad) with 10 1111 of 3 M potassium acetate at roOI11 

temperature. 
2. After five rninules, remove excess liquid by vacuurn suction. Wash the Chelex threc 

times with 10 ml of deionized H,O. 
3. Prepare a I M solution of potassium cacodylate. Equilibrate the cacodylate solution 

with the treated Chelex resin. 
4. Recover the cacodylate solution by passing it through a Buchner funnel fitted with 

Whalman No. I filter paper. 
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5. To the recovered cacodylate add in order: H
2
0, dithiothreitol, and cobalt chloride to 

make the final concentratians af 500 mM patassium cacodylate, 1 ml\! dithiothreitol, 
and 20 mM CoCI

2
• 

Store the buffer in aliquots at -200C. 

lOx Universal KGB (Restriction Endonuclease) Buffer 
I M potassium acetate 
250 mM Trís-acetate (pH 7.6) 
100 mM magnesium acetate tetrahydrate 
5 mM 0-mercaptaethanol <1> 
0.1 mg/ml bovine serum albumin 

Store the 10x buffer in aliquots at -200C. 

Hybridization Buffers 

Alkaline Transfer Buffer (for Alkaline Transfer of DNA to Nylon Membranes) 
0.4 N NaOH <1> 
1 M NaCl 

Church Buffer 
1 % (w/v) bovine serum albumin 
1 mM EDIA 
0.5 M phosphate buffer"" 
7% (w/v) SDS 

*0.5 M phosphate buffer is 134 g of Na2HPO 4' 7Hp, 4 ml of 85% H3 PO 4 <! > (concen
trated phosphoric acid), H20 to 1 li ter. 

Denaturation Solution (for Neutral Transfer, Double-stranded DNA Targets Only) 
1.5 M NaCI 
n.5 M NaOH <I> 

HCI (2.5 N) 

Add 25 ml of concentrated HCI <! > (11.6 N) to 91 ml of sterile Hp. Store the diluted solu
tion at room temperature. 

Hybridization Buffer with Formamide (for RNA) 
40 mM PIPES (pH 6.8) 
1 mM EDTA (pH 8.0) 
0.4 M NaCl 
80% (v/v) deionized formamide <I> 

Use the disodium salt of PIPES to prepare the buffer, and adjust the pH to 6.4 with 1 N HCI. 

Hybridization Buffer without Formamide (for RNA) 
40 mM PIPES (pH 6.4) 
0.1 mM EDTA (pH 8.0) 
0.4 M NaCI 

Use the disodium salt of PIPES to prepare the buffer, and adjust the pH to 6.4 with 1 N HCI. 
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Neutralization Buffer I (for Transfer of DNA to Uncharged Membranes) 
\ .\1 Tris-U (pH 7A) 

\.5 .\1 l\'aCl 

Neutralization Buffer II (for Alkaline Transfer of DNA to Nylon Membranes) 
0.5.\1 Tris-Cl (pH 7.2) 

1.\1 NaCl 

Neutralizing Solution (for Neutral Transfer, Double-stranded DNA Targets Only) 
0.5.\1 Tris-CI (pH 7A) 

1.5.\1 NaCl 

Prehybridization Solution (for Dot, Slot, and Northern Hybridization) 
0.5 i\1 sodium phosphate (pH 7.2)* 
7(}b (w/v) SDS 

I m,\1 EDTA (pH 7.0) 

*0.5 .\1 phosphate buffer is 134 g of Na2HPO 4' 7H 2°,4 ml of 85<l1l H,Pt)1 <! > (col1centrat
ed phosphoric aeid), H 20 to 1 liter. 

Prehybridization and Hybridization Solutions 

Prehybridization/Hybridization Solution (for Plaque/Colony Lifts) 
5()<);ó (v/v) formamide (optional) <! > 

líx SSC (OI' líx SSPE) 
O.05x 8LOTTO 

As an alternative to lhe above solution, use Chureh Buffer (please see recipe 011 p. A l.l..n. 

For advice 011 whieh hybridizatiol1 solutiol1 to use, please see the pane! on PREHYBRIOIZA

TlON ANO HYBRIOIZATlON SOLUTlONS in Step 5 of Protoeol32 in Chapter \. For advice 011 

the use of formam ide, please see the information panel on FORMAMIDE ANO ITS USES IN 

MOLECULAR ClONING in Chapter 6. 

Prehybridization/Hybridization Solution (for Hybridization in Aqueous Buffer) 
líx SSC (01' 6x SSPE) 
5x Denhardt's reagent (see p. Al.lS) 
0.5% (w/vl SDS 
1 ~lg/ml poly(A) 
\ 00 )1g/ml salmon sperm DNA 

Prehybridization/Hybridization Solution (for Hybridization in Formamide Buffers) 
6x SSC (or 6x SSPE) 
5x Denhardt's reagent (see A 1.15) 

O.S<!IÓ (w/v) SDS 
1 )1g/rnl poly(A) 
100 )1g/ml salmon sperm DNA 
5 ()l!;() (v/v) formam ide <!> 

After a thorough rnixing, filter the solution through a 0.45-)1111 disposabk cellulose aeetate 
membrane (Sehleieher & Schuell Uniflow syringe membrane or equiv'lknt). To decrease 
baekground when hybridizing under conditions of reduced stl'ingeney (e.g., 20-3()<}'Ó for
mamide), it is important to use formamide that is as pure as possibk. 
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Prehybridization/Hybridization Solution (for Hybridization in Phosphate-SDS Buffer) 
0.5 M phosphate buffer (pH 7.2)* 

1 mM EDTA (pH 8.0) 
7(!lÍl (w/v) SDS 
1(~b (w/v) bovine serum albumin 

Use al1 electrophoresis grade ofbovil1e serum albumin. No blocking agcllts or hybridization 
rate enhancers are required with this particular prehybridization/hybridization solution. 
'0.5 l'vI phosphatc buffcr is 134 g of Na1HPO 4' 7H20, 4 ml of 85% H,PO 4 <! > (conccntrat
cd phosphoric acid), HP to 1 litcr. 

20x SSC 
Dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800 ml of Hp. Adjust the pH to 
7.0 with a few drops of a 14:'\ solution of HCI <! >. Adjust the volume to lliter with Hp. 
Dispense il1to aliquots. Sterilize by autoclaving. The final concentrations of the ingredients 
are 3.0 1\1 NaCl and 0.3 .\1 sodium acetate. 

20x SSPE 
Dissolve 175.3 g of NaCl, 27.6 g of NaHlO{·H20, and 7.4 g of EDIA in 800 ml of Hp. 
Adjust the pH to 7.4 with NaOH <! > (~6.5 ml of a 10 N solution). Adjust the volumc to 1 
litcr with Hp. Dispense into aliquots. Sterilize by autoclaving. The final concentrations of 
the ingreclients are 3.0 1\1 NaCl, 0.2 l'vI NaH2P04' anel 0.02 M ED1A. 

Blocking Agents 

Blocking agents prevent ligands from sticking to surfaces. They are usecl in molecular c10ning to 
stop nonspecific binding of probes in Southern, northern, anel western blotting. If left to their 
own devices, these probes would bind tightly and nonspecifically to the supporting nitrocellulose 
or nylon membrane. Without blocking agents, it would be impossible to detect anything but the 
strongest target macromolecules. 

No one knows for sure what causes nonspecífic binding of probes. Hydrophobic patches, 
lignin impurities, excessively high concentrations of probe, overbaking or underbaking of nitro
cellulose filters, and homopolymeric sequences in nucleic acid probes have all been blamed from 
time to time, together with a host of less likely culprits. Whatever the cause, the solution is gen
erally simple: Treat the filters with a blocking solution containing a cocktail of substances that will 
compete wíth the probe for nonspecific bindíng sites 011 the solid support. Blocking agents work 
by brute force. They are used in high concentrations anel generally consist of a cocktail of high
molecular-weight polymers (heparin, polyvinylpyrrolidine, nucleic acids), proteins (bovinc 
serum albumin, nonfat dried milk), and eletergents (SDS or Nonidet P-40). The following rec
ommendations apply only to nylon and nitrocellulose filters. Charged nylon filters should be 
treated as described by the individual manufacturer. 

Blocking Agents Used for Nudeic Acid Hybridization. Two blocking agents in common use in 
l1ucleic acíd hybridization are Denhardt's reagent (Denhardt 1966) and BLOTTO (Bovine Lacto 
Transfer Technique Optimizer; Johnson et a!. 1984). Usually, the filters carrying the immobilized 
target rnolecules are incubated with the blocking agents for an hour or two before the probe is 
added. In most cases, background hybridization is completely suppressed when filters are incu
bated with a blocking agent consisting of 6x SSC or SSPE containing 5x Denhardt's reagent, 1.0% 
SDS, and 100 mg/ml denatured, shcarcd salrnon sperm DNA. This IlIixlure should be used 
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whene"cr the ratío of sígnc11 to lloisc is cxpccted to bc low, for c'xalllple, whcn carr\'ing out north
lTI1 an<ll\'sis of low-abul1dancc RNAs or Southern analysis of singk-copy sCljllcnces oI' mam
ll1alian D\JA, Howe"cr, il1l11ost other CirClll11stances (Grunstein-Hognl'ss hyhridization, Ikntol1-
I )avis hybrídízatiot1, Southcrn hybridization of abundant DNA sequ\.'l1ces, C\C.), a kss expensi\C 
alternati"e is 6x SSC or SSPE cOl1taining O,2S-{),S<)1) nonfat dried milk (BLOrTO; )ohnson ct aI. 
19~4 l. 

p,jocking <1gents arc usually inc1uded in boI h prchybridization <lnd hybridízation solutions 
whCl1 nitroccllulosc filtcr, arc lIsed. Howe\'er, ",ben the target l1uclcic acid is iml110bilized O!1 

nylo]l mcmbrancs, lhe blocking agents are often omitted from the hybridizatíot1 solution, This i, 
lX'causc bigh concentrations of protein are bclie"ed to interfere with the anncaling of the prolw 
to its targct. Qucnching of thc hybridizatiol1 signal by blocking agents is particlllarly noticcahk 
whel1 oligoI1ucleotides are used as probes, This problel11 cal1 oftel1 bc solvcd b\' carrvíng out the 
hybridizatíon stcp in a solution containing high concentrations of SDS (6-:-'0,,), sodillm phos~ 
phatc (004 :-1), bovine sClLlm albumin (1 %), and EDTA (0,02 .\1) (Church and C,ilbcrt 1 c)~4). 

Heparin is sO!11ctimes llsed instead of Denhardt's solution OI' m.orro when lwbridization 
is carricd out in the presence oI' lhe accelerator, dextran sulfatc, It is lIsed at ,1 concentration (lf 
SOO ~g/1I11 in hybridization solutions containing dextran sulfate, In hvbridizatioJ1 solutions that 
do not contain dextran sulfate, heparin is used at a concentration of 50 ~g/ml (Singh and Jones 
1984 l. Hcparin (Sigma porcine grade II or equivalent) is dissolvcd at a COl1centratíon of SO I11g/111 I 
in 4x SSPE OI' SSC and storcd at -toe. 

DENHARDT'S REAGENT 
Denhardt's reagent is used for 

• norlhern hybridization 

• single-copy Southern hybridization 

• hybridizations involving DNA immobilized on nylon Illembranes 

Denhdrdt's rl'agent is lIsually made up as a SOx stock solution, whích is fíltE'rt'd and storl'd at -20"C. The 
,lock solution is dilutE'd teniold into prehybridization buffer (usually 6x SSC or 6x SSPE containing 1,0"0 50S 
,md 100 ,lIg"ml denaturl'd salmon sperm ONA). 50x Oenhardt's rl'agent contains in H/) (Opnhardl 19(6): 

1'){) (wv) Fícoll400 
1 ',X, (w v) polyvinylpyrrolielone 
1 % (w vi bovine sprum albumin (Sigma, Fraction V) 

[

lono <!> 

BLOTIO is usec/ for 

• Crullstein-Hogness hybridization 

, • Benton-Oavis hybridization 

I • ali Southern hybridizatiolls other than single-copy dot blots anel 5101 blots 

1 x BLOTIO is 5'f{, (w/vi nonfat dried milk dissolved in H p containing 0,02% sodium azidp <! >, 1 x 
BLOTIO is stored at 4"C and is diluted 1 Q-25-fold into prehybridizdtioll bufier beforp LN'. BLOn O should 
no! be useel in combination \Vitil high concentrations of 5DS, which will cause the rnilk proteins to prp( ipitdtl'. 
li background hybridizalion is d problem, Nonielet P-40 may be aelded to a final ('oncen!rdtion oI 1°,;, lV/V), 

BLOTIO rnay contain high leveis of RNase and should be treateel with diethylpyrocdlbonate (Siegel and 
I3resnick 19861 or heated overnight to 72"C (Monstein et aI. 1992) when used in l10rthern hvbridizdtions and 
whm RNA is used as a probe, BLOTIO is no! as effectiVE.' as Oenharelt's solutioll when tl~e target DNA is 
immobilized on nylon filters, 
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Blocking Agents Used for Western Blotting. The best and least expensive blocking reagent is non
Ült dried milk (Johnson et aI. 1984). It is easy to use and is compatible with alI of the common 
immunological detection systems. The only time nonfat dried milk should not be used is when 
\Vestem blots are probed for proteins that may be present in milk. 

One of the foIlowing recipe5 may be used to prepare blocking buffer. A blocking solution 
for westem blots is phosphate-buffered saline containing 5% (w/v) nonfat dried milk, 0.01 (!lo 

Antifoam, and 0.02% sodium azide. 

Blocking Buffer (TNT Buffer Containing a Blocking Agent) 
10 mM '1'ri5-Cl (pH 8.0) 
150 mM NaCI 
0.05%) (v/v) Tween-20 
blocking agent (1 % [w/v 1 gelatin, 3% [w/v 1 bovine serum albumin, or 
5(Yo [w/v 1 nonfat dried milk) 

Opinion about which of these blocking agents is best varies from laboratory to laboratory. 
We recommend carrying out prcliminary experiments to determine which of them works 
best. Blocking buffer can be stored at 4°C and reused several times. Sodium azide <! > 
should be added to a final concentration of 0.05% (w/v) to inhibit the growth of microor
ganisms. 

Extraction/Lysis Buffers and Solutions 

Alkaline Lysis Solution I (Plasmid Preparation) 
50 mM glucose 
25 mM Tris-CI (pH 8.0) 
lO mM EDTA (pH 8.0) 

Prepare Solution I from standard stocks in batches Df -100 ml, autoclave for 15 minutes at 
15 psi (l.05 kgl cm2) on liquid cycle, and store at 4°C. 

Alkaline Lysis Solution 11 (Plasmid Preparation) 
0.2 N NaOH (freshly diluted from a 10 N stock) <! > 
1% (w/v) SDS 

Prepare SoIution Il fresh and use at room temperature. 

Alkaline Lysis Solution III (Plasmid Preparation) 

STET 

5 M potassium acetate 60.0 m} 
glacial acetic acid <! > 11.5 ml 
HP 28.5 ml 

The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate. Store 
the solution at 4°C and transfer it to an ice bucket just before use. 

10 mM Tris-Cl (pH 8.0) 
0.1 M 1\:aCI 
I 111M EDTA (pH 8.0) 
5%) (v/v) Triton X-IOO 

Make sure that the pH of STET is 8.0 after ali ingredients are added. There is no need to 
sterilize STET before use. 
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Electrophoresis and Gel-Ioading Buffers 

Commonly Used Electrophoresis Buffers 

ButTer VVLII 1'..L 11 " Solution Stock Solution/Liter 

TAl: 

TPE 

Ix 
40 m~1 Trís-acetate 
1111:-'1 EDTA 

O.5x 
45 mI\1 Tris-borate 
1111,\1 EDTA 

Ix 
90 m~1 Tris-phosphate 
2 m,\1 EDTA 

Ix 
25 111:--1 Tris-CI 
250 m\1 glycine 
0.1 ufrj SDS 

SOx 
242 g af Tris base 
57.1 ml of glacial acetic acid <! > 
100 ml ofO.5 M EDTA (pH 11,0) 

5x 

54 g of Tris base 
27.5 g of baric acid 
20 ml ofO,51\1 EDTA (pH 11.0) 

IOx 
lOS g of Tris base 
15.5 1111 of phosphoric acid <! > 
(85%,1.679 gim!) 

401111 ofO.5 M EDTA (pH 3,0) 

5x 

15.1 g af Tris base 
94 g of glycine (electrophoresis grade) 
50 1111 of 10<)-ü SDS (electrophoresis grade) 

''TBE is usualh' Illade and storcd as a 5x or lOx stock solutio!1. The pH of the concentrated stock bu Ifer should be 
~H.3, Dillltc the collcentrated stock buffer just bcfore use and make the gd sollltion and the dcctrophorcsis buftá 
froll1 the same conccntrated stock solution, Some investigators prefer to use more conccntrall'd stock sollltiolls of 
TBE ( I ()x 'IS opposed to 5x), However. 5x stoá solution is more stablc beca use the solutcs ,lo not precipitatc dur
ing stOl'age, Passing the 5x or IOx buffer stocks through a (),22-~11ll filter can prevenI or dcla\' formatio!l ()f prl'~ 
cipitaks, 

bUsc Tri'-gh'cinc huffers for SIJS~polyacrylal11ide gds (,ee Appcndix 8). 

Specialized Electrophoresis Buffers 

IOx Alkaline Agarose Gel Electrophoresis Buffer 
SOO 111:-'1 NaOH <!> 
I O 111~1 EDTA 

Add 50 1111 of 10 N NaOH and 20 ml of 0.5 :\1 EDTA (pH 8.0) to SOO ml of H/) and then 

adjust the final volume to 1 liter. Dilute the lOx alkaline agarose gel e1ectrophoresis buffer 
with H,P to generate a Ix working solution immediately before use. Use the same stock of 
IOx alkaline agarose gel electrophoresis buffer to prepare the alkaline agarose gel and the I X 

working solution of alkaline e1ectrophoresis buffer. 

lOx BPTE Electrophoresis Buffer 
100 111,\1 PIPES 
300 m~1 Bis-Tri$ 
10 mi\l EDTA 

The final pH of the IOx buffer is -6.5. The IOx buffer can be made by adding 3 g of PIPES 
(free acid), 6 g of Bis-Tris (free base), and 2 ml of 0.5 1\1 EDTA to 90 ml of distilled H 1 O and 
then treating the snlution with diethylpyrocarbonate <! > (final concentration 0.1-%; for 
more dctails, please see the informatioI1 panel on DIETHYLPYROCARBONATE in Chapter i). 
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lOX MOPS Electrophoresis Buffer 
0.2 M MOPS (pH 7.0) <!> 
20 ml\\ 50dium acetate 
10 mM EDTA (pH 8.0) 

Dissolve 41.8 g of MOPS in 700 ml af sterile DEPC-treated <! > Hp. Adjust the pH to 7.0 

with 2 N NaOH. Add 20 ml of DEPC-treated 1 M sodium acetate and 20 ml ()f DEPC-treat
ed 0.5 M EDTA (pH 8.0). Adjust the volume of the solution to 1 liter with DEPC-treated 
Hp. Sterilize the solution by passing it through a 0.45-~m Millipore filter, and store it at 

room temperature protected from light. The buffer yellows with age if it is exposed to light 
or is autoclaved. Straw-colored buffer works well, but darker buffer does not. 

MOPS (3[N·MORPHOLlNO]PROPANESULFONIC ACID 

Molar strength of saturated 
FW (20cC) l\ solution at 00( 

209.3 7.15 -D.013 3.1 

H H H o H H H o 
~ I I I " ~ I I I II 

H+ + o N-C c-c o-s+~o HN+ C C C - 0-8+ 
\.-.I I I I 

" \.-.I 
I I I 

" 
H H H o H H H o 

MOPS is one of the buffers developed by Robert Good's laboratories in the 1970s to facilitate isolation 
of chloroplasts and other plant organelles (for review5, plcase see Good and Izawa 1972; Ferguson et aI. 
1980; please also see figure above). In molecular cloning, MOPS is a component of buffers used for the 
electrophoresis of RNA through agarose gels (Lehrach et aI. 1977; Goldberg 1980). 

TAFE Gel Electrophoresis Buffer 
20 mM Tris-acetate (pH 8.2) 
0.5 mM EDTA 

Use acetic acid to adjust the pH of the Tris solution to 8.2, and use the free acid of EDTA, 
110t the sodium salt. Concentrated solutions of TAFE buffer can also be purchased (e.g., 
from Beckman) . 

.Á IMPORTANT The TAFE gel electrophoresis buffer must be cooled to 14°( before use. 

Ge/-/oading Buffers 

6x Alkaline Gel-loading Buffer 
300 111M NaOH <!> 
6 mM EDTA 
18% (w/v) FicoU (Type 400, Pharmacia) 
()']50/0 (w/v) bromocresol green 
0.25% (w/v) xylene cyanol 

Bromophenol Blue Solution (0.4%, w/v) 
Dissolve 4 mg of solid bromophenol blue in I ml of sterile H

2
0. Store the solution at room 

temperature. 
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TABLE A 1-6 6x Gel-Ioading Buffers 

BUfFER TYPE 

11 

111 

1\' 

- ---... ~_ ....... - ~-----_._---

6X BUFFER 

0.25°" (IV/V) brol11ophulOl blllc 
0.25"0 (\VIv) xyknc (\',11101 FF 

.f()1I" (IV/V) Sllcrnst' in H,O 

0.23"" (IV/V) brol11ophcnol blllC 
O.2S"o (IV/v) xylenc cydnol ri' 
I SUo (IV/V) Ficoll (l\ir'C ·j()O; l'harmilcia 1 in H: O 

0.250" (IV/V) brol11ophcnol blllc 
O.25'\(l (w/v) x)'knl' (;'al1ol ri' 

"Ou" (v/v) glycernl in HP 

O.25'!" (w/v) bromophcnol blllC 
.f(No (w/v) sucrosc in 

Bromophenol Blue Sucrose Solution 
O.25 1Í'i\ (w/v) brol11ophenol blue 
40lyó (\\'/v) sucrose 

Cresol Red Solution (lO mM) 

STORAGE TEMPERATURE 

I'(lOI11 tL'mpcr,ltul\' 

Dissolve 4 mg of the sodiul11 salt of cresol red (Aldrich) in 1 1111 of stl'rile H,o. Store the 
solution at room temperature. 

lOx Formaldehyde Gel-Ioading Buffer 
50% (v/v) glycerol (diluted in DEPC-treated <!> IIPI 
10 ]11,\1 EDTA (pH B.O) 

O.2S IX) (w/v) bromophenol blue 
O.2S ')'iJ (w/v) xylene cyanol FF 

Formamide-Ioading Buffer 
80% (w/v) deionized formamicle <!> 
lO mi\1 EDTA (pH B.O) 
I mg/1111 xylene cyanol FF 
I mg/ml broll1ophenol bluc 

Purchase a distilled deionized preparation 01' formamide and store in small aliquots lInder nitro
gcn at -20"C. Alternatively, cleionize rcagent-grade formamide as dcscribcd in Appcndix H. 

RNA Gel-Ioading Buffer 

9511fJ (v/v) deionizcd formamide <!> 
0.025% (\V/v) bromophenol bluc 
O.025 0/'Í\ (\V/v) xylene cyanol FF 
5 m.\1 EDTA (pI! 8.01 
O.025(!''<J (w/v) SDS 
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2x SDS Gel-Ioading Buffer 
100 mM Tris-Cl (pH 6.8) 
4% (w/v) SDS (electrophoresis grade) 
0.2% (w/v) bromophenol blue 
20% (v/v) glycerol 
200 mM dithiothreitol or ~-mercaptoethanol <! > 

Ix and 2x SDS gel-loading buffer lacking thiol reagents can be stored at room temperature. 
Add the thiol reagents from 1 M (dithiothreitol) ar 14 M (~-mercaptoethanol) stocks just 
before the buffer is used. 

2.5x SDS-EDTA Dye Mix 
0.4% (v/v) SDS 
30 mM EDTA 

0.25% bromophenol blue 
0.25% xylene cyanol FF 
20%J (w/v) sucrose 

Special Buffers and Solutions 
Elution Buffer (Qiagen) 

50 mM Tris-CI (pH 8.1-8.2) 
1.4 M NaCI 
15% (v/v) ethanol 

KOH/Methanol Solution 

This salution is for c1eaning the glass plates used to cast sequencing gels. It is prepared by 
dissoIving 5 g of KOH <! > pelIels in 100 mI of methanoI <! >. Store the soIution at room 
temperature in a tightly capped glass bottle. 

A Annealing Buffer 
100 mM Tris-CI (pH 7.6) 
10 mM MgCI2 

LB Freezing Buffer 

36 mM K2HP04 (anhydrous) 
13.2 mM KH2P04 

1. 7 mM sodium citrate 
0.4 mM Mg50 4· 7Hp 
6.8 mM ammonium sulfate 
4.4% (v/v) glycerol 
in LB broth 

LB freezing buffer (Zimmer and Verrinder Gibbins 1997) is best made by dissoIving the salts 
in 100 mI of LB to the specified concentrations. Measure 95.6 mI of the resuIting soIution 
into a fresh container and then add 4.4 ml of glycerol. Mix the solution well and then ster
ilize by passing it through a 0.45-).lm disposable Nalgene filter. 5tore the sterile freezíng 
medium at a controlled room temperature (I5-250 C). 



MgCI2-CaCI2 Solution 

80 m:-'l l\lgCl2 
20 m:-'1 Cael, 

P3 Buffer (Qiagen) 
.3 :-'1 potassium acctale (pH 5.5) 

PEG-MgCI2 Solution 

PrcpClratiem oI Bufti:rs il/lei Stock Solllti(lll~ AI.21 

40%) (w/v) polycthylene glycol (PEG 8(00) 
30 m0.! MgCl2 

Dissolve 40 g of PEG 8000 in a final volume of 100 ml of 30 mi\! MgCI
2
• Sterilize lhe solu

tion by passing it through a 0.22-/.lm filter, and store it at room tempera!urc. 

QBT Buffer (Qiagen) 
750 m,\1 0JaCI <! > 
50 m1\1 MOPS (pH 7.0) <!> 
IS(~D ( v/v) isopropanol 
O.I5<J!b (v/v) Triton X-IOO 

Radioactive Ink <! > 

Radioactive ink is made by mixing a sI11a1l al110unt of 32p with waterproof black drawing 
ink. We find it convenient to make the ink in three grades: very hot (>2ilO() Cr$ O!1 a h,lnd
held l11inil11onitor), hot (>500 cps on a hand-held l11inil11ol1itor), and cool (>50 cps 011 a 
hal1d-held minimonitor). Use a fiber-tip pen to apply ink of lhe dcsired activity to the 
pieces oI' tape. Attach radioactive-warning tape to the pen, and store I1 in <111 appropriate 
place. 

Sephacryl Equilibration Buffer 
50 mM Tris-Cl (pH 8.0) 

51111\1 EIHA 
D.S :VI NaCl 

SM and SM Plus Gelatin 
Per li ter: 

NaCI 
MgS(\·7Hp 
1 :-.\ Tris-C1 (pH 7.5) 
2ii'i) (w/v) gelatin solution 
H,O 

5.8 g 
2g 

501111 
5 ml 

to 1 liter 

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cm 2) on liquid cycle. 
After the solution has cooled, dispense 50-ml aliquots into sterile containers. SM may be 
stored indefinitely at room temperature. Discard each aliquot after use to minimize the 
chance of contamination. 

Sorbitol Buffer 

1 1\1 sorbitol 
0.1 \1 EDTA (pH 7.5) 
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STE 
la mM Tris-CI (pH 8.0) 
O. I ]'vl NaCI 
I mM EOTA (pH 8.0) 

Sterilize by autocIaving for 15 minutes at 15 psí (1.05 kg/em 2) on liq uid eycle. 5tore the ster
ile solutíon at 4°C. 

lOx TEN Buffer 

TES 

0.1 M Tris-CI (pH 8.0) 
0.01 M EDTA (pH 8.0) 
IM NaCl 

lO mM Tris-CI (pH 7.5) 
I mM EOTA (pH 7.5) 
0.1% (\V/v) SOS 

Triton/SDS Solution 
\O mM Trís-CI (pH 8.0) 
2%) (v/v) 'rriton X-IOO 
J<J!o (w/v) SOS 
100 111M NaCI 
I 111M EDTA (pH 8.0) 

Sterilize the solution by passing it through a 0.22-11111 filter, and store it at room têmpera
ture. 

Tris-Sucrose 
50 mM Tris-CI (pH 8.0) 

\O(Y() (w/v) sucrose 

Sterilize the soluLion by passing it through a O.22-l1m filter, and store it at I'oom tempera
ture. Solutions containing suerose should not be autocIaved since the sugar tends to car
bonize at high temperatures. 

Wash Buffer (Qiagen) 
50 mM MOPS-KOH <I> (pH 7.5-7.6) 
0.75 M NaCI 
15% (v/v) ethanol 

When making this buffer, adjust the pH of a MOPS/NaCl solution before adding the ethanol. 

Yeast Resuspension Buffer 
50 mM Tris-CI (pH 7.4) 

20 mM EDTA (pH 7.5) 
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PREPARATION OF ORGANIC REAGENTS 

Phenol 

CAUTlON: Please see Appendix 12 for appropriate handling of materiais marked with <!>. 

Most batche~ of commcrcialliquetled phenol <! > are dcar anel colorkss and c<ln be med in mol
ecular doning without redistillation. Occasionally, batches of liquefied phenol are pink or yello\\', 
and thcse should be rejecled and returned to the manufacturer. Crystalline phcnol is not reCOI11-
mended because it must be rcdistilled at 160"C to remove oxidation producls, such as quinones, 
Ihat cause the breakdown of phosphodiester bonds or cause cross-linking of RNA and DNA. 

Equilibration of Phenol 
Ikfore use, phenol must be equílíbrated to a pH of >7.8 beca use the DNA partitions í11tO thl' 
organic phase at acid pH. \Vear gloves, fuIl face protectiol1, anel a lab coat whcn carrving out this 
procedurc. 

1. Store líquefied phenol at -20°C. As needed, remove the phenol fro!11 thc freezer, alio\\' il to 
warm to room temperature, and then melt it at 68°C. Add hydroxyquinoline to atinai COI1-

centratíon of 0.1 (Yil. This compound is an antioxidant, a partial inhibitor o( R:--.Jasc, and a weak 
chelator of metal ions (Kirby 1956). In additiol1, its yellow color provides a cOl1\'enien! way to 

identify the organic phase. 

2. To the mclted phenol, add an equal volume of buffer (usuaIly 0.5 1\1 T'ris-U [pH K.O 1 at roOI11 

temperature l. Stir the mixture on a magnetic stirrer for 15 minutes. Turn off the stirrcr, and 
when the two phascs have separated, aspirate as much aS possible of the upper (aqucous) phasc 
using a glass pipette ,lttached to a vacuum !ine equipped with appropriate traps (please sec 
Appendix 8, Figure A8-.21. 

3. Add an equal volume of O. 1 :--1 Tris-CI (pH 8.0) to the phenol. St ir the mixture nn a magnelic 
stirrer fór 15 minutcs. Turn off the stirrer and remove the upper aqueoLls phase as described 
in Slep 2. Repeat the extractiol1S until the pH of the phenolic phase is > 7.H i as mcasurcd with 
pH paper). 

4. After the phenol is equilibrated and lhe final aqueous phase has been remm cd, add 0.1 volume 
of 0.1 :-1 lris-CI (pH 8.0) containing 0.2% ~-mercaptoethanol <! >. The phenol solut ion ma\ 
bc stored in this form under 100 mM Tris-CI (pH 8.0) in a light-tight bottk at -!°C for peri()d~ 
oI' up to 1 !11onth. 

Phenol:Chloroform:lsoamyl Alcohol (25:24:1) 

A míxture consisting of cqual parts of cquilibrall'd phenol and chloroform:is()<lI11~'1 alcohol <! > 
(24: I) is frequently used to remove proteins fi'om preparations of l111cleic acids. The chloroforl11 
denatures proteins and t~lcilitates the separation of the aqueoLls and organíc phases, and the 
iso(\myl alcohol reduces foaming during extraction. Neither chlorofórm nm isoamyl alcohl1l 
rcquircs treatment before use. lhe phenol:chloroform:isoamyl alcohol mixture ma~' be stored 
ulldcr 100111,\[ Tris-CI (pH 8.0) in a light-tight bottle at 4°( for periods of up to 1 l11onth. 
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Deionization of Formamide 

Many batches of reagent-grade formamide <! > are sufficiently pure to be used without further 
treatment. However, if any yellow color is present, deionize the formamide by stirring on a mag
netic stirrer with Dowex XG8 mixed bed resin for I hour and filtering it twice through Whatman 
No. I paper. Store deionized formamide in small aliquots under nitrogen at -70°C. 

Deionization of Glyoxal 

Commercial stock solutions of glyoxal (40% OI' 6 M) contain various hydrated forms of glyoxal, 
as well as oxidation products such as glyoxylic acid, formic acid, and other compounds that can 
degrade RNA. These contamÍnants must be removed by treatment with a mixed-bed resin such 
as Bio-Rad AG-510-X8 until the indicator dye in the resin is exhausted. To deionize the glyoxal: 

1. Immediately before use, mix the glyoxal with an equal volume mixed-bed Íon-exchange resin 
(Bio-Rad AG-510-X8). Alternatively, pass the glyoxal through a small column of mixed bed 
resin, and then proceed to Step 3. 

2. Separate the deionized material from the resin by filtration (e.g., through a Uniflow Plus filter; 
Schleicher & Schuell). 

3. Monitor the pH of the glyoxal by mixing 200 III of glyoxal with 2 III of a 10 mg/ml solution of 
bromocresol green in H20, and observing the change in coloro Bromocresol green is yellow at 
pH <4.8 and blue-green at pH >5.2. 

4. Repeat the deionization process (Steps 1-2) until the pH of the glyoxal is >5.5. 

Deionized glyoxal can be stored indefinitely at -20°C under nitrogen in tightly sealed 
microfuge tubes. Use each aliquot only once and then discard. 
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CHEMICAl STOCK SOlUTIONS 

CAUTION: Please St'e Appendix 12 for appropriate handling of materiais marked with <!>. 

Acrylamide Solution (45% w/v) 

acrylamide (DNA-sequencing grade) <! > 
N,N' -methylenebisacrylamide <! > 

H,O 

434 g 
16 g 

to 600 ml 

Heat the solution to 37"C to dissolve the chemicals. Adjust the volume to 1 liter with dis
tilled H,O. Filter the solution through a nitrocellulose filter (e.g., Nalge, 0.45-micron pore 
size), al1d store the tl1tered 50lutiol1 in dark bottles at room temperatu re. 

Actinomycin D (5 mg/mI) 

Dissolve actinomycin D <! > in methanol <! > at a concentration of 5 mg/ml. 5tore the 
stock solution at -20°C in the dark. Please see the information pane! on ACTlNOMYClN O 
in Chaptcr 7. 

Adenosine Diphosphate (ADP) (1 mM) 

Dissolve solid adenosine diphosphate in sterile 25 mM Tris-Cl (pH 8.0). 5tore small aliquots 
(-20 ~t1) of the solution at -200C. 

Ammonium Acetate (lO M) 

To prepare a l-liter solution, dissolve 770 g of ammonium acetate in 800 ml of Hp. Adjust 
volume to 1 liter with H/l Sterilizc by filtratiol1. Alternatively, to prepare a 100-ml solu
tion, dissolve 77 g of ammoniul11 acetate in 70 ml of H

2
0 at 1'00111 temperatllre. Adjllst the 

volume to 100 ml with H_,O. Sterilize the 50lutiol1 by passing it throllgh a O.22-).lITI filter. 
5tore the soIlltion in tightly sealed hottles at 4°C or at room temperature. Ammonium 
acetate decomposes in hot H,O and solutions containing it ShOllld not be <llltoclaved. 

Ammonium Persulfate (10% w/v) 

ammonium persulfate <! > 1 g 
H,O to 10 ml 

Dissolve 1 g ammonilll11 persllltàte in 10 ml of H
2
0 and store at 4°C. Ammonilll11 perslll

fate decays slowly in sollltiol1, so replace the stock solution every 2-3 weeks. Ammonium 
persulfate is used as a catalyst for lhe copolymerization of acrylamidc and bisacrylamide 
gcls. The polymerization reaction i5 driven by free radicaIs generated by <111 oxido-reduction 
reaction in which a diarnine (e.g., TEMED) is used as the adjunct catalyst (Chrambach and 
Rodbard 1972). 

ATP (lO mM) 

Dissolve an appropri.ltc amollnt of solid ATP in 25 ml\1 Tris-CI (pH ti.O). 5tore the AIP 
solution in small aliquots at ~20()C. 

Calcium Chloride (2.5 M) 

Dissolve 11 g of CaCl,·6H ,O in a final volume of 20 ml of distilkd H,O. Sterilize the solu
tion by passing it thr~ugh -a 0.22-).Im filter. 5torc in l-ml aliqllots at 4';C. 
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Coomassie Staining Solution 
Dissolve 0.25 g of Coomassie Brilliant Blue R-250 in 90 ml of methanol: HP <! > (I: I, v/v) 
and 10 ml of glacial acetic acid <! >. Filter the solution through a Whatman No. I filter to 
remove any particulate matter. Store at room temperature. Please see the entry on 
Coomassie Staining in Appendix 8. 

Deoxyribonucleoside Triphosphates (dNTPs) 

Dissolve each dNTP in HP at a11 approximate cancentration of 100 mM. Use 0.05 M Tris 
base and a micropipette to adjust the pH of each of the solutions to 7.0 (use pH papel' to 
check the pH). Dilute an aliquot of the neutralized dNTP appropriately, and read the opti
cal density at the wavelengths given in the table below. Calculate the actual coneentration of 
each dNTP, Dilute the solutions with HP to a final coneentration of 50 m1\1 dNTP. Store 
eaeh separately at -70°C in small aliquots. 

Base Extinction Coefficient 
x 

G 253 1.37 x 104 

C 271 9.10 x 103 

T 267 9,60 x 103 

For a cllvette with a path length af 1 em, absarbance ;:;: EM. 100 mM stock solutions of eaeh 
dNTP are commercially available (Pharmacia), 
For polymerase chain reactions (PCRs), adjust the dNTP solution to pH 8.0 with 2 N NaOH. Commer
cially available solutions of PCR-grade dNTPs require no adjustment. 

Dimethylsulfoxide (DMSO) 
Purehase a high grade of D MSO <! > (HPLC grade ar better), Divide the contents of a fresh 
bottle into 1-ml aliquots in sterile tubes. Close the tubes tightly and store at -20°C. Use eaeh 
aliqllot only once and then diseard. 

Dithiothreitol (DTT, 1 M) 

Dissolve 3.09 g af dithiothreitol in 20 ml ofO.Ol M sodium acetate (pH 5.2) and sterilize by 
filtration. Dispense into 1-ml aliquots and store at -20°C. Under these conditions, dithio
threitol is stable to oxidation by air. 

EDTA (0.5 M, pH 8.0) 

Add 186.1 g of disodium EDTA·2Hp to 800 ml of H20. Stir vigorously on a magnetic stir
reI'. Adjust the pH to 8.0 with NaOH (-20 g of NaOH pellets<! », Dispense into aliquots 
and sterilize by autodaving. The disodium salt of EDTA will not go into solution until the 
pH of the solution is adjllsted to ~8.0 by the addition of NaOH. 

EGTA (0.5 M, pH 8.0) 

EGTA is ethylene glyeol bis(~-aminoethyl ether) N,N,N,N-tetraacteie acid. A solution of 
EGTA is made up essentially as described for EDTA above and sterilized by either autaclav
ing ar filtering. Store the sterile solution al roum temperature. 

Ethidium 8romide (10 mg/ml) 
Add I g of ethidium bromide <! > to 100 ml of H.,O. Stir on a magnetie stirrer for several 
hours to ensure that the dye has dissolved. Wrap th~ eontainer in aluminum foil or transfer 
the sollltion to a dark bottle and store at room temperature. 
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Gelatin (2% w/v) 
Add 2 g of gelatin to a total volume of 100 ml of RP and autocJave the ~olution for 15 min
utes at 15 psi (1.05 kg/cm 2 ) on liquid cycJe. 

Glycerol (10% v/v) 

Dilllte 1 volume of molecular-biologr-grade glycerol in 9 volumes oI' sterilc pure 11,0. 
Sterilize the sollltion by passing it through a prerinsed 0.22-~m filler. Store in 20()-1ll1 

aliquots at 4°C. 

IPTG (20% w/v, 0.8 M) 

IPTG is isopropylthio-~-D-galactoside. Make a 2()O;Íl solution oI' IPTG bv dissolving 2 g of 
IPTG in 11 ml of distilled H20. Adjust the volume of lhe solulioI1 to 10 1111 \Vi th H .. ,() ilnd 
sterilize by passing it through a O.22-~lm disposable filter. Dispense the sollltion into 1-1ll1 

aliqllots and store them at -20°C. 

KCI (4 M) 

Dissolve <1n appropriate amount of solid KCl in H 20' autoclave for 20 millutes on liquid c)'cle 
and store at room temperature. IdeaUy, this solution ShOllld be divided into small (~l 00 pl) 
aliqllots in sterile tubes and each aliquot thereafter used one time. 

Lithium Chloride (LiCl, 5 M) 

Dissolve 21.2 g of LiCl in a final volume of 90 ml of H /l Adiust the volume (lf the solutiol1 
to 100 ml \Vith H20. Sterilize the solution by passing it through a 0.22-pl11 filter, or by auto
claving for 15 minutes at 15 psi (1.05 kg/cm~) onliquid cycle. Store the solution at qUe. 

MgCI2·6Hp (I M) 

Dissolve 203.3 g of MgCl2'6HP in 800 ml af Hp. Adjust the volume to 1 !itel' with Hp. 
Dispense into aliquots and sterilize by autoclaving. MgCI2 is extremely hygroscopic. Buy 5111all 
bottles (e.g., 100 g) and do not store opened bottles for long periods of time. 

MgS04 (1 M) 

Dissolve 12 g of MgS01 in a final volume of 100 ml of Hp. Sterilize 11\ <lutocIaving OI' tll
ter sterilization. Store at room temperature. 

Maltose (20% w/v) 

Dissolve 20 g of mal tose in a final volume of 100 ml of Hl) and sterilize hy passing it 
through a 0.22-~lm filter. 5tore the sterile solution at room temperature. 

NaOH (lO N) 

The preparatioll oI' 10 N NaOH <! > involves a highly exothermic reaction, \Vhich can cause 
breakage of glass containers. Prepare this solution with extreme care in plastic beakers. To 
800 ml of HP, slowly add 400 g of NaOH pellets <! >, stirring continllollsly. As an added 
precaution, place the beaker on ice. When the pellets have dissolved completcly, adjllst the 
volume to I !iter with R,O. Store the solution in a plastic container at room temperatme. 
Sterilization is not necessary. 

NaCl (Sodium Chloride, 5 M) 

Dissolve 292 g of NaCl in 800 ml of H,O. Adjust the volume to 1 liter \\ith H ,o. Dispense 
into aliquots and sterilize by autoclavÍl~g. Store the NaCl solution at roOJ11 ten;perature. 
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PEG 8000 

Working concentrations of PEG <! > range from 1 }C)lo to 40% (w/v l. Prepare the appropri
ate concentration by dissolving PEG 8000 in steri!e HP, warming if necessary. Sterilize the 
solution by passing it through a O.22-~m filter. Store the solution at roam temperature. 

polyethylene glycol (PEG) is a straight-chain polymer of a simple repeating unit H(OCH
2 

CH)"GH. PEG 
is available in a range of molecular weights whose names reflect the number (n) oi repeating units in each 
molecule. In PEG 400, for example, n 8-9, whereas in PEG 4000, n ranges from 68 to 84. PEG induces 
macromolecular crowding of solutes in aqueous solution (Zimmerman and Minton 1993) and has a 
range of uses in molecular cloning, inclllding: 

• Precipitation of DNA mo/ecu/es according to their size. The concentration of PEG required for pre
cipitation is in inverse proportion to the size of the DNA frgaments (Lis and Schleif 197.5<l,b; Ogata 
and Gilbert 1977; Lis 1980); please see Chapter 1, Protocol 8, and Chapter 2, Protocol 6. 

• Precipitation and purification of bacteriophage particles (Yamamoto et aI. 1970). 

• Increasing the efficiency of reassodation of comp/ementary chains of nucleic acids dllring hybridiza
tion, blunt-end ligation of DNA molecules, and end-Iabeling of DNA with bacteriophage T 4 polynu
cleotide kinase (Zimmerman and Minton 1993; please see the information panel on CONDENSING 
AND CROWDING REAGENTS in Chapter 1). 

• Fusion of cu/tured cells with bacteria/ protop/asts (Schaffner 1980; Rassoulzadegan et aI. 1982). 

Potassium Acetate (5 M) 

5 M potassium acetate 
glacial acetic acid <! > 
HP 

601111 

11.51111 

28.51111 

The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate. Store 
the buffer at room temperature. 

SDS (20% w/v) 

Also called sodi um laury! sulfate. Dissolve 200 g of electrophoresis-grade SDS <! > in 900 
ml of Hp. Heat to 68°C and stir with a magnetic stirrer to assist dissolution. If necessary, 
adjust the pH to 7.2 by adding a few drops of concentrated HCI <!>. Adjust the volume to 
1 !iter with H20. Store at room temperature. Sterilization is not necessary. Do 110t autoclave. 

Silver Stain. Please see staining section (Appendix 8). 

Sodium Acetate (3 M, pH 5.2 and pH 7.0) 

Dissolve 408.3 g of sodium acetate·3Hp in 800 111\ ofHp. Adjust the pH to 5.2 with glacial 
acetic acid <! > or adjust the pH to 7.0 with dilute acetic acid. Adjust the volume to 1 [iter 
with Hp. Dispense in to aliquots and sterilize by autoclaving. 

Spermidine (I M) 

Dissolve 1.45 g of spermidine (free-base form) in 10 ml of deionized HJO and sterilize by 
passing it through a 0.22-~m filter. Store the solution in small aliquots-at -20°C. Make a 
fresh stock solution of this reagent every month. 
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SYBR Gold Staining Solution 
SYBR Gold <! > L\lo1ecular Probesl is supplied as a stock solution of unkno\\'I1 concentra
tion in dimethylsulfoxide. Agarose gels are stained in <1 \Vorking solution of SYI3R Gold, 
which is a I: 10,000 dilution of SYBR Gold nucleic acid stain in e1cdrophoresis bulti:r. 
Prepare working stocks of SYBR Gold daily and 5tore in the dark at reglllated rOOI1l telll
perature. For a discussion of staining agarose gels, please see Chapter .'i, Protocol 2. 

Trichloroacetic Acid (TCA; 100% solution) 
To a pre\'iously unopened bottle containing 500 g of TCA <! >, add 227 ml of H ,0. lhe 
resulting solution \Vill contain 100% (\V/v l TCA. 

X-gal Solution (2% w/v) 

X-gal is .'i-bromo-4-chloro-3-indolyl-f}-D-galactoside. IvIake a stock solution by dissolving 
X-gal in dimethylformamide <! > at a concentratíon of 20 mg/ml solutioIl. Use a glass OI" 

polypropylene tube. \Nrap the tube containing the sollltion in aluminum foil to prevenI 
damage by light and store at -20°C. It is not necessary to sterilize X-gal solutions by filtra
tion. Please see the information pane! 011 X-GAL in Chapter 1. 
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REAGENTS AND BUFFERS INDEX 

;, .\l1l1l,<dil1~ blltkr, A 1.10 
.\,'I,I, ,llld l;ases. t!l'neral, A 1.6 
\'I'\lllllide sollltioll, A 1.13 
\LI innnm:ín D.,\ 1.25 

. \dl'lH)sillc diphosphate (A [)P), A 1.25 
\lk,diJ1l' ,\g,lro5e gel elcctmphoresi;, 

hutlá, ,\1.1 i 
.\lk,diI1l' gelloadillg bufkr, A 1.18 
\lk,\11l1c Iysl;, sollltion I (plasmid pn'pa

ratioll, i\ 1.16 
\lkalilll'I\'.sis solution 11 (plasmid prcpa

ratioll), :\1.16 
.\lk,dll1l' II'sis solution III (plasmid 

l'rcparatioll), A 1.1 () 
.\Ikaline trallsfCr huffa It(H alkaline 

tr,lI1sfcr oI' l)!\A to nylon mem
hra ncs, A J .12 

\mmnniul11 ,Kc(,\tC, A1.23 
.\Il1I1H1llill!11 persldtilte, A 1.25 
.\mplíllc,ltíon buffer, A 1.9 
\11',.\ 1.25 

J),ldcri0l'hag;: T4 J)]\;A ligase buffer, 
\1.LJ 

H,\, tcriophage T4 D:-..IA polymerase 
hlltlcr,AI.I0 

H,h 1c.?riophage T4 polynudeotide kinase 
bll (f;:r, A 1.1 o 

1l.\1. 31 butkr, A1.IO 
lllllLkin~ agl'llts, general, A 1.14 
BIo.:kin~ b~ltrer (~r:\T bllffer containing 

,I hlo(king agcl1t), A 1.12 
IH( HTO, r\ I .1 j 
BI'TF e!.:ctrophoresis buffer, A 1.17 
Brul1mphellOI bluc solution, A 1.18 
Brornophenol blue sllcrose solution, 

\ 1.19 

(,licium ,'hloridç, CaCI.., A 1.25 
Chllrch buffer, /\1.12 
t '<lornassic stainil1~ solution, A 1.26 
(I"c',ol red sollltiol~, A 1.19 

I kn,lturation solution (for neutral 
transf;:r, doublcstranded DNA ta r
~.:I, 011 !v, AI.12 

1 k,;hardt 's' n:agcllt, A 1.15 
I k, '\\Tibolllldemide triphosphate 

LI:'>:Tl's), A 1.26 
I kl'hosphorvlatioll buffer, for use with 

lIP,:\1.IO 
I kphosphorylatioll buffcr, for use with 

.\\P, ALIO 
I limctlwlsulfoxid;: (DMSO), A 1.26 
J)ithiotl~reitol (InT), AI.26 
I )'\.lSL' I dilulion hllifer, A 1.9 

hoRI Jl1el h\'lasl' bulter, A I. 10 
)Ill\, /1.1.26 
[(;1.\, AI.26 
Elutioll bllffer (Qiageil),AI.20 
Fthidium bromidc, /\ 1.26 
l\ol1u"ka,c II bufrer, Al.IO 

Formaldehyde gel-Ioading buffer, AI.19 
Fonnamide loading huffer, A 1,19 
Formamide, deionizat\o!1 of, A 1.24 

Gelloading buffers, 6x, A1.I8 
Gelatin, A 1.27 
Glycerol, A J .27 
Glyoxal, deionization of, A1.24 
Good bllffers, general, AL3 

HCI, AI.12 
Hybridization buffer with formamide 

(forR:'-JA},A1.l3 
Hybridization buffer without for

mamide (for RNA), ALl3 

IPTG (is()propylthio-~-D-galactoside), 
A 1.27 

KCI, Al.27 
Klenow buffer, A 1.1 O 
KOH/methanol solution, A1.20 

LB freezing buffer, A 1.20 
Linker kinase buffer, A 1.11 
Lithium chloride (LiCI), A1.27 
Lysozyme, A 1.8 
Lyticase, A 1.8 

Maltose, A 1.27 
MgCI,-CaCI, solution, A 1.21 
MgCl~.6H,(Y solution, A 1.27 
MgSÓ4, A1.27 
MOPS electrophoresis buffer, A 1,18 

NaCI (sodillm chloride), Al.27 
NaOH, Al.2i 
Neutralization buffer I (for transfer of 

DNA to uncharged membranes, 
Al.13 

NeutralizatÍon buffer II (for alkaline 
transfer of DNA to nylon mem
branes, A 1.1 3 

Neutralizing solution (for neutral trans
[cr, dOllble-stranded DNA targets 
only),A1.l3 

Nuclease SI digestion buffer, A 1.11 

P3 buftá (Qiagen), A 1.2 I 
Pancreatic DNase 1, AI.8 
Pancreatic RNase, A1.8 
PEG SOOO, A 1.28 
PEG-MgCI, solutioll, A1.21 
Phenol, A \.2.3 

equilibration o( A 1.23 
Phenol:chloroform:lsoamyl alcohol 

(25:24:1), A 1.23 
Phosphate buffers, Gomori, A1.5 
Phosphate-bllffered saline (PBS), 1\1.7 
Polymerase dilutio!1 buffer, Al.9 
Po!assium aeclate, A 1.28 
Prehybridization sol ution (for do!, slo\, 

and northern hvbridization), A Ll3 
Prehybridization/hybridization solution 

(for hybridization in aqueous buffer, 
A 1.\3 

Prehvbridization/hvbridization solllti(ln 
(for hvbridi7ati~11 in fnrm:lmidt' 
bllffe;s, A 1.13 

Prehvbrídization/hvbrídiza tíon sol li tíon 
(for hybridizati;m in phosphate-SDS 
buffer), A 1.14 

Prehvbridization/hybrídízation sollltíon 
(for plaque/co/{;ny lifts), A I. J3 

Proteinase K, A 1.8 
Proteinase K bllffer, A 1.11 

QBT buffer (Qiagen), A 1.21 

Radioactive ink, A 1.21 
Reverse transcriptase buffer, A 1.11 
RNA gel-Ioading butrer, A 1.19 
RNase H buller, AI.11 

5DS, A 1.28 
SDS gel-Ioading bllffer, A 1.20 
5DS-EDTA dye mix, Al.20 
Sephacryl eqllilibratiol1 buffer, A 1.21 
Sequenase dilution bufft'f, A 1.9 
Silver stain, see staining section, A 1.28 
SM,A1.21 
SM plus gebtin, A 1.21 
Sodium acetate, A 1.28 
Sorbitol buffer, A l.21 
Spermídíne, A 1.28 
SSC, A 1.1 4 
SSPE, Al.J4 
STE, AI.22 
5TET, A1.I6 
SYBR Gold stainíng solutíon, A 1.29 

TAE, A1.l6 
TAFE gel electrophoresis buffer, A 1.18 
Taq dilution buffer, A I. 9 
TBE,AI.I7 
TEN buifer, A 1.22 
Terminal transferase bllffer. A 1.1 I 
Terminal transferase (tailingl buffer. 

Al.l1 
TES, A1.22 
TPE,AI.I7 
Trichloroaeetic acid (leA), AU9 
Tris buffers, general, A 1.2 
Tris Cl, A 1.7 
Tris EtnA (TE), AI.7 
Tris magnesium buftá (Tl\!), A 1.8 
Tris-buffered saline (TBS \, AI.8 
Tris-glycinc, A 1.17 
Tris-sucrose, A 1.22 
Triton/SDS sollltion, A 1.~1 
Typsin, A 1.8 

Universal KGB (restriction endonllclease 
buffer l, A 1.12 

Wash buffer (Qiagen), A\.22 

X-gal solution, A 1.29 

Yeast resuspension buffer, A 1.1:2 

Zymol\'ase :'iOOO, AUl 



Appendix 2 
Media 

.... _--- ---

LlQUID MEDIA FOR f. COLl 

GYT Mcdium 

U3 Mcdium (Luria-Bcrtani Medium! 

M9 Mlnimal Medium 

r\ZCYM Medium 

NZYM Medium 

NZM Meelium 

SOB Mcdium 

SOC Medium 

Terriíic Broth (TB) 

2x YT Medium 

MEDIA CONTAINING AGAR OR AGAROSE 

STORAGE MEDIA 

Liquid Cultures 

Stab Cultures 

ANTIBIOTICS 

SOLUTlONS FOR WORKING WITH BACTERIOPHAGE À 

Maltosc 

SM 

TM 

MEDIA FOR THE PROPAGATION ANO SElECTION OF YEAST 

CM m SC dnel Drop-ou! Media 

Drop-out Mix 

5upplemented MinimalMedium (5MM) 

5ynthetic Dextrose Minimal Medium (5D) 

X-Gal Indicator Plates ior Yeast 

X-Gal Plates for Lysed Yeast Cells on Filters 

YPD (YEPD) Medium 

A:2.:2 

A2.': 

A2 . ..' 

A2.2 

;\..'. 

A.2 . 

A2. 

1\2. 

A:2.\ 

A:2 . ..J 

A2. f 

A2.b 

A2.b 

A2.h 

A..'.b 

A~.g 

A2.11 

A2.B 

A') o _.u 

A:2.<J 

A2.9 

A2.9 

A2.9 

A:2.10 

A2.10 

A2.1:2 

Al.12 

A2.] 



A2.2 Appelldix 2: :vlcdia 

MEDIA FOR E. COL! 

... IMPORTANT Use distilled deionized H20 in ali recipes. Unless otherwise stated, sterile media can be 
stored at room temperature. 

GYT Medium (Tung and Chow 1995) 
10o/i! (v/v) gIycerol 
0.125()11 (w/v) yeast extract 
0.25% (w/v) tryptone 

Sterilize the medium by passing it through a prerinsed 0.22-/1m filter. Store in 2.5-ml 
aliquats at 4°C. 

LB Medium (Luria-Bertani Medium) 
Per liter: 

To 950 ml of deionized HP, add: 
tryptane 10 g 
yeast extract 5 g 
NaCI 10 g 

Shake until the salutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH (~0.2 ml). 

Adjust the volume of the solution to lliter with deionized Hp. Sterilize by autoclaving for 
20 minutes at 15 psi (1.05 kg/cm2) on liquid cycle. 

M9 Minimal Medium 
Per liter: 

To 750 ml of sterile HP (cooled to 50°C ar less), add: 
5x M9 salts* 200 ml 

11\1 MgS04 2 ml 
20% solution of the appropriate 

carbon source (e.g., 20% gluçose) 
11\1 CaCI, 

sterile deionized HP 

20 ml 
0.1 ml 

to 980 ml 

If necessary, supplement the M9 medium with stock sollltions of the appropriate amino 
acids and vitamins. 

* 5x 1\19 salts is made by dissolving the following salts in deionized HP to a final volume of 1 liter: 
Na2HPO i ·7Hp 64 g 

KHlO j 15 g 

NaCI 2.5 g 

NHp 5.0 g 

Divide th~ salt solutiol1 into 200-ml aliquots and sterilize by autoclaving for 15 minutes at 15 psí 
(1.05 kg/cm') 011 liquid eyeIe. 

Prepare the !\[gSO 4 and CaCl2 solutions separately, sterilize by autoclaving, and add the solutions 
after diluting the 5x 1\19 salts to 980 rnl with sterile H,O. Sterilize the glucose by passing it through 
a lJ.22-~m filter bdóre it is added to the diluted M9 salts. 

When using E. calí strains that carr)' a deletion of the proline biosynthetic operon [il(lilc-pmAB) J 

in the bacterial chromosome and the complementing proAB genes on the F' plasmid, supplement 
lhe M9 minimal medium IVith the following: 

0.4% (IV/V) glucose (dextrose) 
5 nül MgS0

4
·7Hp 

0.0 I % thiaminc 



NZCYM Medium 
Per liter: 

To 9S0 ml of deionized H/), add: 
NZ <lIllinc 10 g 
0.'aCl 5 g 
ycast extraet 5 g 
easamino aeids 
l\lgS01·7Hp 

1 g 
2 g 

I.Újllid Mcdlll/(J/' E. cnli A2.3 

Shake llntil the solutes have dissolved. Adjust the pH to 7.0 with 5 :\ NaOH (-0.2 ml I. 
Adjllst lhe volume of lhe solution to lliter with deionized H

2
0. Sterilize by autoclaving tor 

20 minutes at 15 psi (1.05 kg/em2 ) on liquid eycle. 
:\ I. ,1Inine: Casein hydrolysate enzymatic (ICN Biochemicals I. \fI.CY 1'v1, NZYi\1, Jlld :\ 1\ I are also 
<llaibbk as dehydrated media from BD Biosciences. 

NZYM Medium 
NZYl\1 medium is identical to NZCYM medium, except that c<lsamino (\cids are ol1lit
ted. 

NZM Medium 
NZM mcdiuIll is idenlieal to NZYM medium, except that yeast extract is omitted. 

SOB Medium 
Per liter: 

To 950 ml of deionized HP, add: 
tryptone 20 g 
yeast extraet 5 g 
NaU 0.5 g 

Shake until the solutes have dissalved. Add 10 ml af a 250 111.\1 solution of KCI. (This solu
tion is made by dissolving 1.86 g af KCl in 100 ml of deionized H

2
o.) Adiust lhe pH of the 

medilll11 to 7.0 with 5 :\ NaOH <! > (~0.2 ml). Adjust the volume of the solution to I lirer 
with deionized H20. Sterilize by alltoclaving fór 20 minutes at 15 psi (I.OS kg/cm 2) on liq
lIid cvcle. JlIst before use, add 5 ml of a sterile solution of 2 :-'1 MgCI

2
• (This solution is made 

by dissolving 19 g of MgCI 2 in 90 ml of deionized H/J Adjust the volume of the solution 
to 100 ml with deionized HP and sterílize by autoclaving for 20 minutes at 15 psi [l.O,') 
kg/cl11ê 

J 011 liquid eyde.) 

soe Medium 
soe medium is identical to SOB medium, except that it eontains 20 111;"1 glucose. After the 
SOB medium has been autoclaved, allow it to cool to 60°C or less. Add 20 ml of a sterile 
I :-'1 solution of glucose. (This sollltion is made by dissolving l~ g of glucose in <)0 1111 of 
deionized H/} After the sugar has dissolved, adjllst the volume of the solution to 100 ml 
with deioJ1 ized H /) and sterilize by passing it throllgh a 0.22-11111 filter. I 



A2A !\ppl'lldix 2: i\[l'dia 

Terrific Broth (also known as TBi Tartof and Hobbs 1987) 
Per líter: 

To 900 ml af deianized H,O, add: 
tryptone 12 g 
yeast extract 
glycerol 

24 g 
4ml 

Shake until the solutes have dissolved and then sterilize by autoclaving for 20 minutes at 15 
psi (1.05 kg/cm2

) on liquid cycle. Allow the solution to cool to 60°C or less, and then add 
1001111 of a sterile solution of 0.17 M KHl04' 0.72 M K

2
HP0

4
• (This solution is made by 

dissolving 2.31 g of KH lO 4 and 12.54 g of K:HP04 in 90 ml of deionized H p. After the 
salts have dissolved, adjust the volume af the solutiol1 to 100 ml with deionized H,O and 
sterilize by autoclaving for 20 rninutes at 15 psi [1.05 kg/crnC] on liquid cycle.) -

2xYT Medium 
Per liter: 

To 900 ml of deionized H
2
0, add: 

tryptone 16 g 
yeast extract 10 g 
NaCI 5 g 

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH <! >. Adjust the 
volume af the solution to lliter with deionized H, O. Sterilize by autoclaving for 20 minutes 
at 15 psi (1.05 kg/cm2) on liquid cycle. -



Medio Co 11 ttlin il1g Agm OI' AgilrllSC A2.5 

MEDIA CONTAINING AGAR OR AGAROSE 
~~~--~~~~~~~~--~~---------

... IMPORTANT Use distilled deionized HP in ali recipes. 

Prepare liquid media according to the recipes given above. Just before autochl\ing, add one (lf the 
following: 

Bacto Agar (for plates) 
Bacto Agar (for top agar) 
agarose (for plates) 
agarose (for top agarose) 

15 g/Iiter 
7 g/liter 

15 g/liter 
7 g/Iiter 

Sterilize by autodaving for 20 minutes at 15 psi (1.05 kg/cm') on liquid cyck. \\'hen the medium 
i5 removed from the autodave, swirl it gentIl' to distribute the mclted agar or agarose ewnh 
throughout the solution. Bc coreful! The t1uid may be superheated and n1<1\' boil over when 
swirled. AlIow the medi um to (00] to 50-60°C before adding thermolabile substances (e.g., 
antibiotics). To avoid producing air bubbles, mix the medium by swirling. Plates can then be 
poured directly from the t1ask; allow ~30-35 ml of medium per 90-mm plate. To remove bubbks 
from medium in the plate, t1ame the surface of the medium with a Bunsen burner before the agar 
OI' agarose hardcl1s. Set up a color code (e.g., two rcel stripes for LB-ampicillin picHes; one black 
stripe for LB plates, etc.) and mark the edges of the plates with the appropria te colored markers. 

When the medium has hardened completely, invert the plates and storl' them <lt 4"C until 
needed. The plates should be removeel from storage 1-2 hours before they are used. If the plates 
are fresh, they will "sweat" when incubated at 37°C. When this condensation drop~ on the 
agar/agarose ~lIr[ace, it al\ows bacterial colonies or bacteriophage plaqucs to spread and increas
es the chances of cross-contamination. This problem (an be avoided b)' wiping off the condensa
tiol1 from the lids of the plates and then incubating the plates for several hoUl's at 37"C in al1 
inverted position before they are used. Alternatively, remove the liquid by shaking the lid \\'ith a 
single, quick motion. To minimize the possibility of contamination, hold the open plate in an 
inverted positiol1 while removing the liquid from the lido 



A2.6 Appelldix 2: Media 

STORAGE MEDIA 

ANTlBIOTICS 

... IMPORTANT Use distilled deionized HP in ali recipes. 

Liquid Cultures 
Bacteria growing on pIates, or in liquid culture, cao be stored in aliquots of LB medium 
containing 30% (v/v) sterile glycerol. Aliquots of 1 ml of LB with glycerol should be pre
pared and vortexed to ensure that the glycerol is completely dispersed. Alternatively, bacte
daI strains may be stored in LB freezing buffer: 

LE freezíng buffa: 
36 mM K

2
HP0

4 
(anhydrous) 

13.2 mM KHl04 
1.7 mivl sodium citrate 
0.4 mM MgS04·7Hp 
6.8 mM ammonium sulfate 
4.4% (v/v) glycerol 
in LB 

LB freezing buffer (Zimmer and Verrinder Gibbins 1997) is besl made by dissolviog the salts 
in 100 ml of LB to the specified cooceotratiollS. Measure 95.6 ml af the resulting solution 
ioto a fresh cootaioer, and then add 4.4 ml of glycerol. Mix the solution well and then ster
ilize by passing it through a 0.45-/1m disposable Nalgene filter. For more information 011 

storage of bacterial cultures, please see Appendix 8. 

Stab Cultures 
Prepare stab cultures in glass vials (2-3 m!) with screw-on caps fitted with rubber gaskets. 
Add molteo LB agar until the vials are two-thirds full. Autodave the partially filled vials 
(with their caps loosely screwed on) for 20 mioutes at 15 psi (1.05 kg/cm2) on liquid cyde. 
Remove the vials from the autoclave, let them coaI to roam temperature, and then tighten 
the caps. Store the vials at room temperature until needed. 

TABlE A2-1 Commonly Used Antibiotic Solutions 

WORKING CONCENTRATlON 

STRINGENT RELAXED 

CONCENTRATlON STORAGE PLASMIDS PLASMIDS 

50 mg!ml in HP -20°C 20 ~gfml 50 ~gfml 
Carbenicillin 50 mg/rnl in HP -20°C 20 ~g/ml 60 )..Ig/rnl 
Chloramphenicol 34 mg/rnl in ethanol -20°C 25 )..Ig/ml 170 )..Ig/ml 
Kanamycin lO mg/rnl in H,Q -20°C 101lg/rnl 50 pg/ml 
Strcptomycin lO mg/rnl in HP -20°C 101lg/ml 50 )..Ig/rnl 

5 in ethanol -20°C 10 

:\lagll~,illm ions are antagonists oftetracycline. Use media without magnesiul11 salts (e.g., LIl medium) for selcction ofbac
tni,l re.,istant to tetracycline. 

"Sterilize stock sollltions of antibiotics dissolved in HP by filtration through a O.22-1l1TI filter. 
h:\ntibiotics dissolved in ethanolneed not be sterilizcd. Store solutiolls in light-tight containcrs. 



TABLE A2·2 Antibiotic Modes of Action 

A~ T1BIOTlC 

\diIWl11\'Cln ('I 

, ,1(\ i lIol11lci 11 J)) 

\lIlpicillin 

Ilk'()Il1I(ill 

( ,llh,'l1icillin 
,di",dilllll \al\) 

( ,hloralllphenio)1 

( ;ClIct Ícin I <;4 I ii 
~l'nl'ti .... Ín di,ulfalc I 

K,III,IIllI'cin 
!l1OI1( "til fa Il' 

.\ kth(ltrl'\~l1c' 

l'e'llÍ .... illin (, \odillJ1l ,<11t 

I'UI'OIllI'cill 
...11 hn!ro(hloride' 

l\iLlIllpicin 

~t r,'~'tonl\(in ,ulfat<: 

ktl,I(\clinl' Il\drochloride 

'lU, il1díC.lll" l](ll ,II.1ilahlc, 

MOLECULAR 

WEIGHT Mo DE OF ACTlON 

':)24.1 

wu 

n.a:' 

422.4 

32,'\,1 

692,7 

527.3 

5H2.6 

334.33 

356.4 

5·J.l,·j 

ii23.0 

1437,4 

4HO,9 

lnhibih s:'1I1hcsi'i of RNA lll' hinding to dOllblcstrandcd 
DNA, 

Ilroad~'pcctrul11 ,1I1tifungal agent ti'OI11 Strcp to 111) 'C('.', 

Inhibíb cdl~wall synthesís b)' intcrft'ríng wíth pcptído
glvcan (ross~linking, 

Inhibib IJ:-:A s)'nthcsís; c1eal'cs single-stranded 1.l!\:,A, 

Inhibits bactcrial wall synthesis, 

Inhibits translation by blockíng peptidyl transferase 
011 lhe 50S ríbosl1mal subunit; at higher col1ccntrations 
can inhibit eukaryotic DNA s\'nthesís. 

Aminoglycosíde is toxíc to a broad range of ccll types 
(bacterial, higher plan\. yeasl, 111am111ali<1m, pro\ozoans, 
helininth,); used in selection of eukaryotic (dls trans
ttlrlllCd with neomycin resistal1cc genes, 

Inhibits protcin synthesis lw binding to Lb protein of the 
50S rib()somal subunit. 

Inhibits protcín synthesís. 

Broad-Spectrull1 antibíotic; binds to 70S ríbosomal sub
unit and inhibíts growth oI' gram-positive and gram
ncgatíve bacteria and mycoplasmas, 

A folic acíd analog; a powerful inhibitor of lhe cl1Z)'llle 

dihydrofolatc reductasc. 

lnhibits [):-:t\ s\'l1thcsis; antibacteríal to gram-posith't', 
gram-ncgatíl'c, and acid~fast bacílli, 

Binds to 30S ribosoll1al subullit and ínhíbíts bacteríal 
protein synthcsis, 

Bacteríostatíc antibiotic; inhibits growth of gram-positil'c 
bacteria, 

Inhibits pcptidoglycan synthesis in bactcrial (ell walls. 

Inhibits protein synthesis by allillg as an analog 01' amino 
<leyl tRI\;\ (c,llIses prcmature chain termination) . 

Strongly illhibíts prokaryotíc R~A polymerase and 
mal11J11alian RNA polymerase to a lesser degree. 

Inhibits protcin synthesis; bind, to .'lOS ribosomal subunit. 

Inhihits baéteríal protein synthesis; blocks ríbosomal 
binding (lf aminoacyl-tRNA, 

Anti/Jiotics A2.7 

FURTHER INFORMATION 

I'kase seI..' the' inttlJ'm,ltion p,JIle'l 
011 AMPICILLlN ANO 
CARBENICllLIN at the md 01 
Chapter I. 

PIc~ISC Sl'C thl' intórmation pancl 
on CHLORAMPHENICOL ,It 
lhe cnd oI' (:h,lptcr I, 

Pkase see the informatio!1 pand 
on KANAMYClNS at the cnd 01' 
Chaptcr I, 

Pkase seI.' lhe inforll1~lti(l!1 p~lncl 
on TETRACYClINE at the md 
oI' Chapter I, 



A2.8 Appclldix 2: j\;lcdia 

SOLUTIONS FOR WORKING WITH BACTERIOPHAGE À 

... IMPORTANT Use distilled deionized H20 in ali recipes. 

Maltose 

SM 

IM 

Maltose, an inducer of the gene (lamB) that encodes the bacteriophage À receptor, is often 
added to the mediUI11 during growth of bacteria that are to be used for plating bacterio
phage À. Add I 1111 of a sterile 20% l11altose solution for every 100 ml of l11ediul11. For a fur
ther discussion of the use of maltose, please see the Materiais list in Chapter 2, Protocol I. 
Make up a sterile 20% stock solution of maltose as follows: 

l11altose 20 g 
HP to 100111\ 

Sterilize the solution by passing it through a 0.22-l-lm filter. Store the stcrilc solution at 1'00111 

tcmperature. 

This buffer is used for storage and dilution of bacteriophage À stocks. 
Per liter: 

NaCI 
MgS04·7Hp 
1 M Tris-Cl (pH 7.5) 
2% gelatin solution 
H20 

5.8 g 
2g 

50 ml 
5 ml 

to 1 liter 

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cm2 ) 011 liqllid cycle. 
After the solution has cooled, dispense 50-ml aliquots into sterile containers. SM may be 
stored indefinitely at room temperature. 

A 2')'iJ gelatin sollltion is made by adding 2 g of ge1atin to a total volume of 100 ml oi H ,0 and 
<lutodaving lhe solution for 15 minutes at 15 psi (1.05 kg/em2) 011 liquid cycle. 

Per liter: 
I M Tris-CI (pH 7.5) 
MgS04·7Hp 

HP 

50 ml 
2g 

to I liter 

Sterilizc the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cm2 ) on liquid cycle. 
After the sollltion has cooled, dispense 50-ml aliquots into sterile containers. IM may be 
stored indefinitely at room temperature. 



Media fé)r tlle Propagmioll (/I/(i Scctioll o/Tcllj/ A2.9 

MEDIA FOR THE PROPAGATION AND SHECTION OF YEAST* 

.6. CAUTION Please see Appendix 12 for appropriate handling of materiais marked with <! >, 

.6. IMPORTANT Use distilled deionized H,Q in ali recipes, Unless otherwise stated, media dnd sollllion, 
are sterilized by dlltoclaving at 15 psi (1,05 kg!cm 2) for 15-20 milllltes, 

Complete Minimal (CM) or Synthetic Complete (SC) and Drop-out Media 
To tcst the growth requirements of strains, it is useful to havc media in whieh eaeh ()f th" 

eommonly eneountered auxotrophies is supplemented exeept the one of interest (drop-out 

media). Dry growth supplcments are stored premixed, eM (or se) is a mediul11 in whieh 
the drop-out mix eontains ali possible supplements (i,e., nothing is "dropped out"). 

yeast n itrogen base withollt amino aeids* 6.7 g 

gllleosc 20 g 
Baeto Agar 

drop-out mix 
H,O 

20 g 
2g 

to 1000 ml 

'Ycast nitrogcn b,\sl' \\'ithout amino acids (YNB) is sold either with or without <lllllllll
niulll sLllt~\te, Thi, rccipe is forYNB with ammonium sulfate. Ifthe bottle ofY:\B is I,\d~
ing <lllll11oniul11 sulflte. add :; g of aml11oniul11 sulülte and onl:' 1.7 g ofYJ\IL 

Drop-out Mix 

Combine the appropriate ingredients, minus the relevant supplements, ,md mix in a se,ded 
eontainer. Turn the containcr end-over-end for at least 15 minutes; add a te\\' c1ean marbb, 
to hdp mix the solids. 

Adenine 
Alanine 
Arginine 
Asparagine 
Aspartie aeid 
Cysteine 
(;Iutamine 
Glutamie acid 
Clyeine 
Histidine 
Inositol 
Isolcueine 
Lcueinc 
Lysine 
Methionine 
pllw-Aminobenzoic acid 
Phenylalanine 
Proline 
Scrinc 
Thrconine 
'j"ryptophan 
Tyrosine 
Uracil 
Valille 

'I\cprintl'd frum Adill11S et <lI. ( 1Yl)/\ I. 

0.5 g 
2.0 g 
2.0 g 
2.0 g 
2,0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 

10.0 g 
2.0 g 
2.0 g 
0.2 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 
2.0 g 



A2.JO Appel/dix 2: Media 

TABlE A2·3 Components of Supplemented Minimal Media 

STOCI< CONCENTRATION VOLUME FOR 1 LITER OF FINAL CONCENTRATION VOLUME OF STOCI< TO 
CO,"STITUENT (G/l00 ML) STOCk OF MEDIUM (ML) IN MEDIUM (MG/UTER) SPREAD ON PLATE (ML) 

\d,'llillé ,1IlÜlté 0,2" 10 20 0.2 
l'r,kil 0.2,1 10 20 0.2 
[ lnTtophan I 2 20 0.1 
[-Hi,tidilH: HCI 2 20 0.1 
[ -.\rgilliné LiCl 2 20 0.1 
[ -\kthioninc 2 20 0.1 
[ lúosin<.? 0.2 15 30 0.2 
[ -1.'·lIcinc I 10 100 0.1 
[-!s,)!cuciné 3 30 0.1 
[-Iv,inc Hei 3 30 0.1 
1-l'hcllvlalaninc I" 5 50 0.1 
[-(;Iutamic a(id P 10 100 0.2 
[ -:\spartic acid I,,·h 10 100 D.2 
[ -\·,dine..' 3 5 150 0.1 
[ Thrl'oninc 4,1.1> 5 200 0.1 
[ -"nine..' 8 5 400 0.1 

'>lol'c <11 !'Ooll1 IClllpcr,llurl'. 

\dd .lfll'l' ,luto(lal'ing lhe mcdium. 

Supplemented Minimal Medium (SMM) 

SMM is SD (please see below) to which various growth supplements have been added. 
These solutions can then be stored for extended periods, Some should be stored at room 
temperature, in order to prevent precipitation, whereas the other solutions may be refriger
ated. Wherever applicable, Hei sa/ts of amino acids are preferred. 

Prepare the medium by adding the appropriate volumes of the stock solutions to the 
ingredients of SO medium and then adjusting the total volume to 1 titer with distilled Hp. 
Add threonine and aspartic acid solutions separately to the medium after it is autoclaved. 

Alternatively, it is often more convenient to prepare the medi um by spreading a small 
quantity of the supplement(s) on the surface of an 5D plate. Allow the solution(s) to then 
dry thoroughly onto the plate before inoculating it with yeast strains. 

Table A2-3 provides lhe concentrations of the stock solutions, the volume of stock solu
tion necessary for mixing 1 liter of medium, the volume of stock solution to spread on 50 
plates, and the final concentration of each constituent in 5MM. 

Synthetic Dextrose Mínima} Medium (SD) 

SO is a synthetic minimal medium containing salts, trace elements, vitamins, a nitrogen 
source (yeast nitrogen base without amino acids), and glucose. 

yeast nitrogen base without amino acids* 6.7 g 
glucose 20 g 
Bacto Agar 20 g 
HP 1000 rnl 

'Plc,lse see note to rccipe for eM OH p. A2.9. 

X -Gal Indicator Plates for Yeast 

Because 5-bromo-4-chloro-3-indolyl-~-D-galactoside (X-gal <! > ) does not work for yeast 
at the normal acidic pH of SO medium, a medium at neutral pH medium is used. This 
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choice is clearly a tr,lde-off as many yeast strains will not grow well at neutr,\1 p H. For each 
Iiter of X -gal indicator plates, prepare the following solutions: 

Solut;on I 

lOx phosphate-buffered stock solution 
IOOOx mineral stock solution (see recipe below) 
drop-out mix (sec Drop-out Mix above) 

1001111 
I 1111 

2 g 

Adjust the volume to 450 ml with distilled H;O if the mediul11 is to contain glucose or to 
400 ml if it is to contain galactose. 

JOx Plzosplwlc-buf]cred Stock Solutioll 
KH 2PO j (I ,\1) 136.1 g 
(NH4)2S04 (CUS ~1) 19.8 g 

KOH (0.75:--.í) <!> 42.1 g 
H,O 1000 ml 

Adjust the pH to 7.0 and autoclavc. 

IOOOX 1\lilleml StocÃ: SO[lIlior! 
FeCIl (2 m1\1) 
MgS04·7H/) (0.8 ;-'1) 

11,0 

32 mg 
19.72 g 
100 ml 

Autoclave and store. This solution will develop a fine yellow precipitate, which should be 
resuspended before use. 

Solutíon 11 
Mix in a 2-liter flask: 

Bacto Agar 
H,O 

20 g 
500 ml 

• Autoclave Solutio!1s I and II separately. 

• After cooling to below 65°C, add the following components to Solutiol1 I: 
gIucose OI' other sugar to a final 

concentration of 2% 
X-gal (20 mg/ml dissolved in 

dimcthylformamide <!» 
100x vitamin stock solution 

2 1111 

10 1111 

• lnclude any olher hcat-sensitivc supplements at this point. 

• Mix So!utio!1s I and TI together and pour - 30 ml/plate. 

IOOX \'itamirz Stock Sollltion 
thiamine (0.04 mg/ml) 
biotin (2 ~lg/ml) 
pyridoxinc (0.04 mg/ml) 
inositol (0.2 mg/ml) 
pantothcnic acid (0.04 mg/rnl) 
H,O 

4 mg 
0.2 rng 

4 mg 
20 mg 
4 mg 

1001111 

Slerilize by passing lhe solutio!1 through a O.22-llm filter. 



A2.l2 Appelldix 2: Media 

X-Gal Plates for Lysed Yeast Cells 00 Filters 
These plates are used for checking ~-galactosidase activity in cells that have been Iysed and 
are immobilized on Whatman 3MM filters. 

Bacto Agar 20 g 

I M Na2HP04 57.7 ml 
I M NaHll\ 42.3 m! 
MgS04 0.25 g 
HP 900 ml 

After <lutoclaving, add 6 ml of X-gal solution (20 mg/ml in dimethylformamide). 

YPD (YEPD) Medium 
YPD is a complex medium for routine growth of yeast. 

yeast extract 10 g 
peptone 20 g 
glucose 20 g 
H,O to 1000 ml 

To prepare plates, add 20 g of Bacto Agar (2%) betore autoclaving. 



Appendix 3 
Vectors and 8acterial Strains 

TABLE A3-1 VECTORS 

Plasrn ids/Phagern ids 

i. Vectors 

MdrTlmalian Vectors 

Yeast Vectors 

Shuttle Vectors 

Other Vectors 

TABLE A3-2 BACTERIAL STRAINS 

A.L2 

A3.:! 

NU 

A3.) 

A3A 

A3.-t 

A3.:,) 

A3.6 

A3.} 



T AR LE A3 -1 Vectors ). 
~ 

PLASMIDS/PHAGEMIDS SUPPLlER ApPLlCATlON SELECTlON PROMOTERS ~ 
~--------pACYC NEB Cloning (low copy number) Kan,Amp 

~ pBC KS +1- Stratagene DNA sequencing; in "itro transeription Cam n,T7 
~ p B1ueseript [[ Stratagene DNA sequeneing; in \'itro transcription Amp T3, Ti' 

pBlueseript SK- (Chapter 11, Stratagene Cloning; expression; in "itro transcription All1p TJ,T7 ;:. 
Figure I 1-7) ~ 

pBR313 ATCC Cloning Alllp ~ 
~ pBR322 (Chapter 8, Various (NEBl Moleeular-weight markers; subcloning All1p/Tet ~ Figure 8- 11 ) (\ow cop)' nUll1ber) v, 

~ pBR327 ATCC Cloning All1p (derived pBR322) ;:: 
::::... pBS Stratagene DNA reseue; DNA sequencing; expression All1p T7, T3 0:1 
~ af fusion proteins ::;, 
'" pCRIOOO Invitragen Cloning Alllp (derived pUCI9) ~. 

pET series (Chapter 15) Various (Novagenl Protein expression; protein puritleation All1p T7 ~ 
CrJ pGEM series Promega DNA sequeneing; in vitro mutagenesis T7/SP6 §. pGEMT Proll1ega Cloning PCR produets Alllp T7/SP6 ;:: 
v; PGEM-3Z (Chapter 17, Prolllega General cloning; in vitro transeription Amp 

Figure 17-5) 

pGEMZF Promega General cloning; in vitro transeription; Amp 
of single-stranded DNA 

pGEX series ATCC Cloning; GST fusion vector Amp Ptac 
pMAL series (Chapter 15) NEB Protein expression Amp Ptac 
pMBl Cloning Tet 

Cloning Tet 
pMOB45 ATCC Cloning Cam 
pPCR-Script Direet Stratagene 
pSCIOl ATCC Cloning Tet 
pSE280 lnvitrogen 
PSP18119 Cloning Amp T7/SP6 
pSPORTI Life Technologies eDNA cloning; in vitro transcription; and Amp T7/SP6, lacl 

subtraetian library procedures 
pTrx (Chapter 15) E. coli expression; thioredoxin fusion vector !)-lactamase À.h 
pTrxFus (Chapter 15) E. coli expression; thioredoxin fusion vector !)-lactamase À.Pl 
pTZ18 Pharmacia, USB Cloning; mutagenesis; transcription B/w screen 
pue vectors Various General cloning Amp 
pUel7 Stratagene General cloning Amp 
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RúI-': 

/, VECTORS 

f.2001 

ÀllASIl 

À FM HI. serrl" 

Àf'IX 

Àgtll-25 

ÀZAP Express 

ÀZipLox 

<j>X174 

Charon 32-.'5 and 40 

SurfZAP 

MAMMAlIAN VECTORS 

pBK-CMV (Chaptcr 11, 
Figure li-H) 

scries (Chapll'r 17, 
17-5) 

pCAT3 scries (Chapter 17, 
Figurc 17-3) 

pcDNA3,1 (+/-1 
i'igurc 11-13) 

p( :lvlV I ,2,3,4,5,6 

pCMVScript iChaptcr 
Figure 11-12) 

11, 

(Contil/lIe" 011 lhe f()!loH'ill(' pUg"5.) 

\',jri<lus 

\1 ( ( 

I ,ik 'k,hllologil" 

:\Ice 

SUPPLlER 

ATU: 

Stratagenc 

V,lrinu, 

NFB, StratagcIle 

Various (NEB, 
Stratagcnc) 

Stratagenc 

Lifc Technologies 

NEB 

Stratagcl1e 

SUPPLlER 

StraLlgcl1e 

(:U )\lTEC:H 

Stratagene 

Invitrogcn 

ATCC 

Stratagenc 

( ,t'lll"1 

d l:\:\ c\f1rl'"ioIl; ll'clllscriptioll 

ApPLlCATlON 

(;cllomic libraries; rcstrictioll Illapping; 
cbrolllosoll1e walking 

library construction 

(;enomic librarics; restrictiol1 Illapping; 
chromosomc 

cnNA libraries 

c[)NA librarics 

eDNA librarics 

cDNA Iibrarics 

Bcst molecular-weight standard for 
dcctrol1 Illicroscopv 

l'<:colllbinogenÍc seqllences 

l'xpressiol1; in vÍtro 
transcription 

ApPlICATION 

Construction oI' cl lNA libraries 

chloramphenicol acet yltransferase 
reglllatorv e1emcnts 

líl!h-kvel npre,>,>io!l 

(:O!lstrllctio!1 oI' cI )NA cxpre"ío!1 lihr,lrics; high
lcl'elexpressio!1 

Expressio!l 

.\ Illl' 

,\1111' 

\mp 

:\mp 

CAPAClTY 

9-2_' kh 

9-23 kb 

FEATURES 

CCllLTatc, Spi c:I (;alll 
Int Rcd recol1lbin,lfIh 

'1'51'1'7 I'rolllokrs 

SI'i/l'2 scledioll 
rccol11hillants 

T_,/T7 promotcr,; 

nOI1-

/.6 kb (:,lrric.s 11I1I1I<J.l<J d (disruptnl 
h\· inscrtion) 

7.6 kh 

12 kb 

7 kb 
11.<1.,1 

FEATURES 

1'1Ision [)rotcin under 
oI' lllé' prolllllter 

lac promoter; laxP scquences 

reli gmll' rl'colllhinanh 

f3/T7, 11/( promotcrs 

CMV promoter, '1'3/'1'7 promotcrs 

SV40 promotn and cnhallClT 

SV 40 promoter and enhanccr 

',\ 1 \' proll1okr, Nco ','!c'LI iOll 

::-"I\' promotcr, S\'40 l';lrlv I'romotLT and l'llhallCer 

(::\!V immcdialC edl':' pro III II leI 

~ 

"" c.... 



TABU A3-1 (Continued) 

MAMMALlAN VECTORS 
-- -------------_.~ 

pCMV-SPORT-!)-gal 
(Chapter 16, Figure 16-2) 

pd2EGFP series (Chapter 17, 
Figure 17-13) 

pC L3 series (Chapter 17, 
Figure 17-4) 

pIND(SPI )/V5-His A 
(Chapter 17, Figure 17-10) 

pSPL3 (Chapter 11, 
Figure 11 - 17) 

pTet-Splíce (Chapter 17, 
Figure 17-9) 

pTet-tTak (Chapter 17, 
Figure 17-9) 

pVglLXR 

YEAST VECTORS 

pB42AD (pJG-4) 

PEG202 

pGILDA 

pRFHMl 

pSHI7-4 

YAC (e.g., pYAC4) (Chapter 4, 
4-12) 

SHUTTlE VECTORS (REPlICATE 
IN 80TH E. COLl ANO 

S. CEREVlSIAE) 

Ylp (yeast integrating 
plasmid; e.g., pRS303, 
304,305,306) 

SUPPLlER 

Life Technolo,gies 

CLONTECH 

Promega 

lnvitrogen 

tife Technologies 

Life Technologies 

Life Technologies 

Invitrogen 

SUPPLlER 

CLONTECH 

OriGene, 
CLONTECH 

CLONTECH 

OriGene 

OriGene 

ATCC, Sigma 

SUPPUER 

ATCC 

ApPlIC ATION 

Reportcr vedor used to monitor transfection efficiency 

Expression: CFP reporter; analysis of c10ned regulatar)' 
ekmt?l1ts 

Expression: luciferase reportn; analvsis of doned 
regulatory e1ements 

FEATURES 

C:-"I\' promoter preceding the E. co/i !)-galadmida~l' 
gene 

SV 40 earlv prollloter and enhancer 

SV 40 early promoter and enhancer 

Inducible expressíon: ecdysone regulation; expression of 
target gene controlled by modified ecdysone (gluco
corticoid) receptor 

Heat shock mini mal and SV 40 promoter; ecdysond 
glucocorticoid response elements; SPI enhancer 

Exon trappíng Splice donorlsplice acceptor sequences 

Inducible expression: tetracycline regulation Tet promoter 

lnducible expression: produces tetracycline tram-activator Basal CMV promoter and Tet operator 

lnducible expression: ecdysone regulation; produces the 
modified ecdysone (glucocorticoid) receptor 

ApPLlCATION 

Two-hybrid selection: library construction of 
genes fused to the B42 activation domain 

Two-hybrid selection: fusion of LexA DNA
binding domain to bait 

Two-hybrid selection: fusion of LexA DNA
binding domain to bait 

Two-hybrid (control): nonactivating fusion of 
bicoid homeodomain to LexA 

Two-hybrid (control): activating fusion of 
GAL4 domain lo LexA 

Artificial chromosome cloning vedo r 

ApPlICATION 

Plasmid must integrate into yeast 
chromosome to be maintained 

RSV, CMV, and SV 40 promoters 

SElECTlON 

TRPl 

HI53 

H/53 

H/53 

HI53 

Amp,AR51 

SHECTION 

Ycast: H/53, TRPl, 
LEU2, URA3, 
respectively; 
E. cal i: Amp 

REGUlATORY ELEMENTS 

GALl promoter 

ADH I promoter 

GALl promoter 

ADH 1 promoter 

ADHI promoter 

Tetrahymena 
telomere sequence 

REGUlATORY ElEMENTS 

E m/i: pBluescript 
backbonc (fl +/~ 

origin; colE I 

::t
!--> 
01:.. 

).. 

~ 
~ :.:;. 
:-:-' 
~ 

r-" 
~ 
3 
;:::. 

~ 
t:l:l 
;:::. 
<"'. 

~ 
:::. 
;:::. 

~ 
El. 
;::: 
<r. 



i ( I' (n .. hl ,",'111 rOIl1l'rL' 

1,I,lslllid; L'.g" I'){S" 13, 
\ 1\,.\ I 5, 31hl 

YLp ()'l'd'l l'pisol11.11 
1,1.lSlllid; e.g., pRS.'2.>, 
.\24,525, .,26) 

I'JKIOI 

pSH18-34 (01' 

pMWIII,112) 

OTHER VECTORS 

BAC (c,g" pBeloBACII) 
4, Figure 4-2) 

Cosmid (c.g" SuperCos 1 
(Chaptcr 4, Figures 4-4 
and 4-8) 

Cosmid (e,g., p)B8) 
4, Figure 4-7) 

(Phagescript SK) 
(Chapter 3, Figure 3-1 ) 

pAI) 1 OSacBII) 
(Chapter 4, Figure 4·5) 

PAC: (e.g., pCYPACI) 
4, Figure 4-4) 

.\1« 

AT(:< 

ATU.: 

( )rigL'l1L' 

SUPPUERS 

NEB 

Stratagl'lll' 

ATCC 

Stratagcne 

'\1.1illl,lillnl di lo\\' "'1" 1I11111hn; 

\ ny 'Llhk prop.!g.ltioll 

IIí!h-coPV-nlllllher pr0l'agalion oI' 
d{H1Cd gt'lh .. ·~ 

YC .. lSt gcnctic 

Two Iwhrid sekction: test in rL'prcssion 
assa)' 

Two hybrid selcction: test for 
transcriptional activatiol1 assay 

ApPUCATION 

Genomic c1oning: J 20-300 kb 

Cenomic 30-45 kb 

C;cnomic 30-45 kb 

Cloning; sequencing; mutagenesis 

( ;enolllic 70-100 kb 

(;cnomÍc 130-150 kb 

k.l\t: //1,\,. //':'/'/, 
1 f( '':. [RU, 
respect i \ l'i\'; 
l:. w/i: :\ 1111' 

YL'ast: IIlS3, rUI'/, 
UL'.!. L'/U3, 
respecti\'L'ly; 
F. (01i: Al1lp 

YC,lst: UNiU 
E. (oli: Amp 

Yeast: URA3 
F co/i: Amp 
(pMW-K,1Il1 

SELECTlON 

Cam 

Amp, ~co 

Amp 

Kan 

Kan, slIcH 

Yed,l: lo\\' LOp\' 

Illllllher dlll' lo 
Cl'lltrOllll'rl' I:. ,ul/: 

lol LI origi 11 

had;
()rigil1~ 

L n!li: ""In,,,."';'" 

origin; col E I llrigil1 

FEATURfS 

loxP, cosN sites 

T5, '1'7 promoters, 

SV 40 ori 

T3, T7 promoters 

/ox!> sites 

l"xP sites 

fhe detai!> of Table A3-' bave been dssemblcd from various sourees, induding the Amencan Tvpe Culture Collection (ATTC) Web Site (www.atcc.org), the Vector Databasc 
(www.vcclordh.atcg.com). and various company (suprlier) \\'eb Sites. Please note lha! vcetors sold by different companies, cven ",ilh lhe ,ame name. mal' \'ary slightk Figures for vectors tha! are 
included in thí ... nlallual .ue cited~ for other "L"ctor figure ... , ple~i'>c s("c appropri,Hc ~llpplíl'r. 

"ILI. IIHl!l",lIl" not .1\',lilahk. 
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TABLE A]-2 Baclt'ri.ll Strains 

STRAIN 

71/1X 

BB4 

BHB2688 

BHB2690 

BL21 
(DE3 a.k.a. 

BNI': I 02 (C600!J/IA) 

C-la 

C600 (BNN93) 

CES20(} 

CES201 

CJ236 

CSHIX 

DE3 (Origami) 

DHI 

IlH5 

R~UVANr GENOTYPE 

Ihi .\( lac-pro/Ii! 
F' fl'ro:\H' {acl'! Itlc/,\~1151 

,1/1'1-'58 SlIpE44 IrsdR514 galK2 galT22 
upU55 IIlctBl fOI/A ",lI/cU 16'J 
F' [ProAW lad'l Il/eZ !'.M 15 Tn lO( ter 

(N205 rceA [Ài1ll1ll434 ÀeI Is b2 rcd Eam 
-'iam/À I ) 
(N205 rceA [ÀiIl/1I/4.H d fs /12 rcd J)am 
Sam/ÀI) 

(Àdls857 Índl Sam7 lIil15 
gene 

sl/pfA4 hsdR Iili-I thr-I ICl/86 lacYI 
tonA21 hllA 150 I ehr.:Tn 10 (fef) 

W.l,Ltv"p strain 

51/1'1:"44 hsdR fili-I thr-I fel/N6 lacYJ 
fOl/A21 

sbeBI5 rceB21 rceC22 hsdR 

recA sbeBI5 recB21 recC7.2 hsdR 

dutl ungi tlli-I 

thi 
F' 

Please see BL21 

SIIpE44 hsdRI7 rco\! ClldA J gyrA96 
fili-I relAI 

il5dm 7 re,A J cl/dA 1 gyrA96 
rclA I 

F') 

REMARKS 

of phagcmids. Thc F in lhis slrain carril's lI/c/ '11\115, which permih (f-com
the amino lcrminus oI' J)-galactosidase encoded in iJAP. The strain 11J,lkes 

Df L]C rl'pressor anti can he used ti)r inducibk exprcssion of genes thal are undcr lhe contml 01' 
lhe lae proll1otcr and li)]" deleclion oI' recombinanls expressing J)-galallo,idasc fusion proleilb 
(~!cssing ct ai. 1977; llentc ct ai. I 'J1{.\ Rüther and 

A rccA' strain llsed II)r growth of ÀZAP and olher À bacteriophages. The F' in this strain clr-
rics lacL ~M 15, which permits u-complementatiol1 with the amino terminus of ~-galactosidasc 
encodcd in ÀZAP, The F' aUows sllperinfection with an M13 hclper bacteriophage, a step 
required for converting a recombinant },ZAP to a pBluescript plasmid (Bullock et a1. 191{71. 

A bacteriophage À lysogen used to prepare packaging extracts (Hohn and Murrav 1977; Hohn J979). 

A bacteriophage À Iysogen used to prepare packaging extracts (Hohn and Murray 1977; Hohn 197'J). 

A strain used for high-level expression of genes cloned into expression vectors containing the bacterio
phage T7 promoter (e.g., the pET series), The gene encoding bacteriophage T7 RNA polymerase is 
carried on lhe bacteriophage ÀDE3, which is integrated into the chromosome of BL21 (Studier and 
Moffatt 1986). 

An hflA strain used to selecl ÀgtlO rccombinants. The h/IA mulatÍon suppresses 
clt bacleriophages out allows plaquc formalion by recombinant cl- bacteriophagcs 
1983a). 

A wild-type clone of E. co/i straín C that has been maintained on minimal medium for severa! years. E. 
co/i C is r and lacks host restriction and modification activity. lt is a nonsuppressing host strain uscd 
in complementation tests with amber mutants of bacteriophage À (Bertani and Weiglc 1953; Borck ct 
aI. 1976). 

An all1ber supprcssing strain oftcn used for making 
ÀgtlO (Young and Davis 1983a). 

1954) anti for propagation of 

A strain used for growth of Spi- bacteriophages (Nader ct aI. 1985 l, 
A recombination -deflcient strain used for growth of Spi- bacteriophages (Wyll1an and Wertman 1987). 

A dut ung strain used to prepare uracil-containing DNA for use as templates in in vitro mutagenesis 
(Kunkel et aI. 1987). pCJl05 carries an F' and camr; growth ofCJ236 in the presence of chloramphcni
col sclects for retention of the F'. 

An amber suppressing strain used to scrcen recombinants made in lJdLllC •• up"at\lC A veuors carrylllg a 

fac;,'. gene in lhe stuffer fragll1ents, Thcse vectors give rise to blue plaques in the presence of lhe chro
mogcnic suhstrale X-gal; recombinants in which lhe stuffer fragment has been replaced 
DNA give rise to white plaques (Miller 1972; Williams and Blattner 1979). 

A recombination-deficient amber suppressing strain llscd fi)!' plating and growth af hacteri.1 trans-
1'H'llled hy plasmids and (osmids (l.o\\' 1<)68; Meselson anti Yuan 1968; lIanahan 1'J83). 
A recombination-dellcient amber suppressing slrain lIsed li)!, 
mids (l.ow 1968; Meselson and Yuan 1<)61>; Hanahan J91>3). 
efticiency th<ln I)H I. 

and growth of plasmids and (OS

strain has a hil!her lranslimnalion 
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I Jll,u 

llllé'u\ICH 

)II)OB 

DHIIS 

)1'50511/,1' 

ED1'654 

EDS767 

HBIOI 

HMS174 

IM J(lI" 

jMI05 

IMI07h 

1\III)l)h. 

J\IIIO 

,'1II'Hl ,\llId ' 1(,'1 (OXO 

1/1,/\,\11:;) hdUI7 n',/11 (,/rdAI g}'r/\Y(, 

Ilu-) rel,11 

}, lIIerA .'lIIlIlI-llSiIUMS-/llaJ)(:) 
<!lX(J \I(/c/ ,\\ 11 é' I, \Iac/L'\, 

hsdUI7 rcer\ I [,1Ii1;\) grr,\9h 

.'lI /lI/I-II5" UAtS-IIICr/U') lI/erA In';\ 

.'lllac-(>roABj .'l( IccA 1391') 
R/vIS-mcrBC merA dcoR 

rpsL 5rl-) 

lad l lac/ .'lM 15 

5111'1:'44 sllpFé'R IIsdS3( r
B 

1111\ ) dapnR 
ItlcY! gll/\/44 :'I.(g(/!-lIlTHH7 I)'IT5R 
gyrA2':l 10llA ~( 

s/lpE 511pF hsdR metB lacY gal trpR 

supF58 hsdS3(r~ m~) recA5ó 
gllIT22 I/lc/I>1 

slIplc'44 hsdS20(r Il I11
B

) IccA13llm-14 
pmA2 ItlcYI g(/IK2 11'51.20 xr!-5 11//1-1 

recAI hsdR 

Ihi 
F,'ltlllJ)36proAW lilcI'i!tlc/.'lMI5] 

endA sbeB15 hsdR4 rpsL thi 
6.( lac-proAB) 
F' [traD36 proAW lilcIq lacZ.'lM15] 

Ira/ Xl6 proAH ' hldl li/c/.'lM 15 J 

IccA 1 sIIpE44 c/ldA I hsdRl7 gyrA96 
relA I thi M lac-proAB) 
F I fraD36 proAW lacJ'i laeZ:'I.M I 5 J 

"mil dCIII 

li/cY glllf( gll/r i/m /ollA Ihr Isx .\( 
I'roAH) 

I' 1/1<1/)36 1'1'0/\ fi' lilcl'1 lllc/. .'l]Vl 151 

(COlllíllllCd O/I lollOlt'ílW !,ages,) 

,\ rl'u>llIhill,lliollddllil'nl ,lInhel 'lIpPlc"ing ,ll,ul! lI\l'd 101 plaling anel gwwlh oI' pla,mid\ and 
hsdl<. /7' 1'(','11 / CI/i"\ / grrA Wí /11/-/ re/:\ 1 (o,mil\"" Thc oRO li/C/ .','\11:;' lI1ut,llion pcrl11ils u-c'oll1plc
Illclllatioll wilh lhe ,lIllillO ll'rminll\ of !3-galacto,idasc cllcolkd in pL:(: \'cctors (Handhan 1 '-iX-, 

;\ host for pC(: and other u-compklllclltation vector\; used (H gCl1eratll1g gCllolllic libraric\ cOlltaín
ing mdlwl,lll'd c:-'minc or ,ldcllinc 1'C\íduc\, 

;\ rccombination-ticlt:ctivc ,train useti for the propagation of 13ACs, 

A recombination-deficient strain used for growth of phagemids; lhe strain facilitates cloning uI' 
methylated genomic DNA and enhances transformation by large plasmids (Lin el aI. 1992). 

A strain med for isnlation and propagation of bacteriophage f~ recolllbin<lnts (Ledcr et aI. 1977; B. 
B,tchmdnn, per" C0l11111,). 

nants 
suppressing strain commonly used to propagate bacteriophage 'A vectors and their recombi

Murray et aI. 1977). 

A recomhination-deficicnt supprcssing strain used for propagalion of bacteriopha\!e i~ vectors 
(Murray l'l aI. 1977), 

An amber suppressing strain commonly uscd for large-scale production of plasmids. The hybrid 
,train is isolated from an E [Oh K 12 X 1:'. (oh B çross, anti (an be transformed cftlcicícntly by plasmid, 
(Boyer and Roulland-Dussoíx 1969; Bolivar and Backman 1979). 

A recombination-deficient nonsuppressing strain used for high-level expression af genes doned into 
expression vectors containing bacteriophage T7 promoter. Bacteriophage T7 RNA polymerase is pro
vided hy infection with a bacteriophage f~ that carries bacteriophage '1'7 gene 1 (Camphell et aI. 197H; 
Studier anti MotTatt 1986), 

An amber ,uppre,sing F' strain that will support growth of bacteriophage M 1-' vectors 
1979). 

An amber suppressing F' strain tha! wiU support growth of bacteriophage MI3 vectors and will modi
fy but not restrict transfected DNA (Yanísch-Perron et aI. 1985), The F' in this strain carried lacZ 
:'I.M 15, which permits a-complementation with the amino terminus of l3-galactosidase encoded in iJA P. 

An amber slIppressing F' slrain that will support growth of bacteriophage M 13 vectors and will 
but not restriet transfcctcd DNA (Yanisch-Pcrron ct aI. 19R5). The F' in this strain carried lac/ 

6.lvl 15, which permits u-complcmentation with the amino terminus of fl-galaetosida,c encodcd in f_ZAP. 

An amber suppressing F' recombination-deficient straín that wiil support growth of bacteriophage 
,\113 vectors dnd wil! modifv but not rcstrict transfected DNA (Yanisch-Perron et aI. 1985), The F' in 
this strain carried laeZ ~Iv1l5, which permits a-complementation with the amino tenninus of j3-galac
tosidasc cncoded in f~ZAP. 

!\Il ,ulll1L'r \lIl'l'rc"illg f''strain that will nol mcthylate adcnine in (;,·\TC \<'qllCllccS 
gro\\'lh 01' bactl'l'Íophagc :v! 13 H:clor, (Yanisch-I'crron el aI. IY8:; i, Thc I' in this \lrain 
\\'115, ",hich permits u-complclllentalion with lhe <llllino tcrminu, oI' !)-galadosidasc cncoded in I.ZAI', 
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TABU A3-2 (Continued) 

STRAIN 

I\:X02 

"ex 

KK2186 

KW251 

LE392 

1(;90 

M5219 

MBM70145 

!vIC1061 

!vIM294 

1\1 V 1184d 

MVI]93 

M%-l 

NMSI9 

RUEVANT GENOTYPE 

'111'1:' iJ,dl? gal IIJctH 

h,dR IClIH600 Irl'C9830 p)'lI :TIlS 
11i58463 lacj. X74 slrA gol li 

SlIpE ,bcHl5 h,dl?4 rpsL Ihi ~(Ia(
proA H) 

P' ! Irt/{)36 proAW !ad'l lI/c/: ~!VII51 

supE ItsdR lIIuB moA refi) 

supE44 supF58 hsdR514 gaIK2 gaJ722 
I//CIBJ Irp165 JacY) 

JaeZ trpA rpsL (Àbía252 dts857 ~HI) 

hsaR2 /lIam zjj202::TIl 10 (lei') tlmlJ139 
amC1J2Sam M:u'UI69 

hsdR I11crB amDl39 MaraABC
lell)7697 lifacX74 galU galK rpsL thi 

sIIpE44 hsdR cndA I pro t!ti 

ara M lac-l'roABl rpst Ihi (!jl80 
lilú~ li!vl15) li( sr/-rccA )306::Tn 10 (tdi 
F' I traD36 proAW facf l lacZ fiM I sl 
li( fac-proAB) rpsL thi endA sDcBlS 
hsdR4 li( srl-recA)306::Tn 10 
F' /tmD36 pruAW l"dl l,uZ tlMl51 

ga1KliXlI1tLtlHlI1IlN
7
N, \ d 15857 tl 

H 1 his ilv !lia N' 

Il5dR rccBC sbat 

REMARKS 

An ,Imlwr supprl'ssing slrain usnl to propagatl' haLlCriot1ha\2.c À "t'dor, and their rc(olllbin'1Il1s 
(Wood 1966l. 

J\ slrain t()f SL'kClÍn- n:s,:uc or ycasl plasll1id~ Larryíng cithcr Ih\: adivalioll dümaín or LJN:\-[m]dll1g 

domain derivcd from a GALA or LexA two-hyhrid screening, KCR carries the trl'C !C1/J{, and hi5!j 
mutations that may he used for complementation with yeast TRP1, LEU2, ànd HJS3 wild-Iype mark
ers. Note that the Tn5 transposon confers kanamycin resistance. 

A slrain that wiU Sllllport growth of vectors carrying ilmbcr mulations ,lnd will l110difv nUl not 
restrict lransf(:ctcd DNA (%agurskv and Ikrman 19X4). 

A recombination-deficient strain that is permissive for vectors carrying amber mutations, Used for 
propagation of high-titer lysates of bacteriophage À. WilJ modify bllt nol restrict DNA at EcoRI sites; 
permits propagation of cytosine-methyJated DNA, 

An amber Sllppressing strain commonly used to propagate hacteríophage À vectors and their recomni
n<ll1ts, LE392 is a derivatíve of EDR654 (Borck et aI. 1976; Murray et aI. 1(77). 

A strain from which JaeZ is deletcd ~hat is used for detcction of rccombillant~ cxpre~sing ~'galactosi
dase fusion pro~eins iGuarentc and Ptashne 1981). 

A strain used for reglllated expression of genes cloned downstream from the bacteriophage p, 
motel'. It contains a defective À prophage that encodes the bacteriophage À cIts857 repressor 
protein, which is an antaganist af transcription termination (Remaut et aI. 1981; Simatake and 
Rosenberg 1981). 

An IIlcrH strain uscJ for cOllstructioll of librarics in ÀORF8, Librarics are madc wilh UNA (r':<1I-

pro
N 

ed with methyJascs to protect HindlIl and BamHI sites. M AluI methylase is used to protcct HilldlIl 
sites since M HilldllI methylase is not available cOl11mercíally. This strain is defectivc in the rcstrictíol1 
system that recognizes AluI-methylated DNA sites (Raleigh and Wilson 1986). 

An merB strain used for ÀORF8 primar}' libraries as described for the strain MBM7014.5 (Meissner et 
aI. 1987). 

AI1 amber suppressíng strain used for large-scale production of plasmids, ft ís transformed cffíciently 
by plasmids (Mcselson and Yuan 1968), 

A rccolllbinatíon-deficíent strain used to propagatc phagemids pue 118/pUC 119 and to obt,lin 
stranded copies of phagemids (Vieira and Messing 1987), 

A recombinatíon-deficient strain used to propagate phagemids pUCl18/pUCl19 and to obtain single
stranded copies of phagelllids (Zoller and Smith 1984, 1987). 

A temperature-scnsitíve À-Iysogenic strain used as <l host for plasmíds (ontainíng lhe bactcrionhl\2.C À 

h pronwter (Nagai and TI10gersen 1984). 

A recombination-deficient strain used for growth of Spi À bacteriophages; will modifv but not 
restrict UNA at EmRI sites (Arber et aI. 1983), 
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:\ ,\1.,..'..' 

.'\.\1.'d I 

'\.\ 1.;\1{ 

'\1\1.'>3') 

'\1\1554 

I\S3516 

NS,~52<J 

Q358 

Q359 

R594 

RB791 

RRl 

SMR10 

TA 1'90 

TGI 

n;2 

XLl-Rlue 

'11/,1 \( f,1t I''''':\!!I \11I1,,.1i 
h,d\,\[J:> 

I' Ip,.o\H file/'! 1,/(/,\,\11:>1 

'111'1-" II,"R Irpll/<lcr rcc. \ U !IIelH 

,111'1 11,"1< 111'1< 1<1(1' 

'"1'1-" h,dFl. lod' (1'2LW\ 

.4ra/)139 gll/l( 

rccA13 rpsL 
j,!tlcX74 F-

IIsd 1<2 í rl(- 1(1/1' 
j,( a/'{/-/cIi17696 

ere parenl of NS352<J 

rcul l/IuA -'.( IIJIT-hsdJ.!,AIS II!crH(:) 
(1..;111111434 lIú6X I-erc) 
( À.illll//À.LPl 

sllpE hsdR d>80' 

slIpF hsdR (j)RO' 11'21 

gal1(2 gilrJ22 rpsU 7') lac 

\V31 10 lilc/'IUl 

) ara-14 proA2 
-5 mtl-l 

f:, co/i c: 0.cos2 -'.B xis 1 rcd3 
gam am210 d/s857 l/ill5 -'iam7/A) 

s1Ipl:'44 sllpF58 hsdFl pro 1m/; Ihi-I rpsf. 
lacn tonAl rccl)1903::mini-tCI 

proAB+ lad'! lac? il.Íl-IISj 

'"1'1:' hsdil.S tlli -'.( Itlc-proA/l) 
j,( srl-rccA )306::Tn lO I./di 

F' I Im/)36 pro/lll' Ii/c/'I lae/ c'l.M 15 J 

hsdR17 rccA 1 efl(iA 1 grrA4n thi 
lac-

F' I proAW lac!,1 [acZ -'.M 15 Tn f{) ( tel') 

(:o//li//lle" 01/ 1(,/101\'11/1' page,1 

.\ ,lr.Iíll dcfíllL'lll 111 l1lodílil.llíOIl ,lIld rc,tridíol1 lhl·tI lor IJw gr(lwlh uf I'h,lgcIlli,1>; ,dl'l\\'" cllh,IIlLl'd 
of Illdhl"i,!!L'd gc'!lOl1líL 11:\:\ I (;ollgh and .\lurr,!I' 191{3) 

;\ rc'coll1hín,lt;un-dclicicnl supprc"íng slrain used t{l/" propag,lllOn of b.lllL'ri"l'h,lgc í, \(',Iors 1.-\1'10," 
c'I .tI. 191>,\). 

;\ straín m,'d fi)r "",li' and propagaI íon oI' bactcriophagc i, (I'ríschauf l't ,do 191{3), 

:\ ,Irain lI,Sl'l! fil!' ,elcction oi Spí /, h,]CICriophagc" '\.\15,\9 i, a dcril,lIi\l' "I \:,\1:13:-< I hi,(h,llIf l'l .11. 
1983), 

A strain lIscd tór <ln undll1pJiticd cosmid for screl'ning. 

:\ Crc hosl si rain lIsed lo prepare 
Slcrnb,'rgl'laL ]99 .. 1. 

t]lIanlitics (lf rCloll1bín,lIlt DNA c!ollcd in bactcriophauc I' 

;\ 110s1 ,Irain tór preparing baclL'rtoph,l)!e 
livcly; the ill/lI1À. prophage produces the 

An amber suppressing host llsed for growth 

librarie:" The i/IIII1~3~ prophagc produccs Cre (onstÍlu
repressor constitutivelv (Sternberg et aI. 1994 ", 

bacteriophage À. vectors (Karn ct a!. 19801, 
;\n all1bn supprcssing hosllN:C! lo :,clcel Spí À recomhinants (Karn et aI. 19KO), 

A 1l0!lSUpptTs,ing stl'ain lIsed as a nonpermissivc hosl tilr bacteríophagc ;, vedors conlaining ambcr 
OI' ochre mula! íons ( :ampbell 19(5), 

A slrain that makes high leveIs of Lac repressor and is used for indllcible expression of genes under 
the control of the lac and tac promoters (Brent and Ptashne 1981), 

A recA'" deriva tive of HB 1 O I that can be transformed with high eflkiency (Bolivar et aI. 1977; Peacock 
ct aI. 1981; B. Bachmann, pers, ('Omm,). 

A bactcrinnh;"", A Ivs()!.'"i'n ltseu to preparc packaging i'xlracls 191{5), 

A slrain lISCU fór production of Iltgll-tlter hacteriophagc À.lysatcs. This l'Cstriction-ddicient supé' 
5upF strain has a mini-tet insertion in recD, which improves growth of Spi- " bacteriophages 
(Patterson and Dean 1987). 

An EcoK- derivative oOM 101 lhat neither modifies nor restricts transfected DNA (Gibson 1984 i, 

A recot1lbinalion-deticicnt dcrívalil'c of TC;] (l'vL Biggin, pers, CO 111 111, i, 

A recombination-deficicnt strain that will "uppon me growth 01 vectors carrying some amber Illuta
tions, bllt no! those witll the SamlOO mutation (e,g" ÀZAP), Transfected DNA is modified but not 
restricted, XLI-Blue is used to propaga te AZAPII recombinants, which are unstablc in 8B4, The F' in 
Ihi, qraín allo\\'s hluc whitc scrL'cníng IlI1 X-gal and pcrll1its ,upnintectiol1 \Vlth bactcríophagc .\11'\ 
(BlIllock et aI. 191{7), 
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TABU A3-2 (ContinuN!) 

STRAIN 

XL l-BllH: ,\lRI' 

XSHlI 

XSI27 

YIOH9 

Y1090hsdR 

YKS37 

RHEVANT GENOTYPE 

.<1/1'/:.-14 lI,dJ< 17 rccA I {'lidA I gyrA46 thi 
relA I laí" .'l.{ l/IoA) I tU .'l.( ma (,"!i-
h,d SAlH.-lIIrr) 173 

I' 
(te;:) I 

li/di IlIe/ _1;v11:; 'In li! 

rccA I lI,d N. r/,o li3 3 I 
f [kall] 

gyrA thi rpoB33 1 .'l.(lac-proAB) argE 
F' f tra[)36 proAW lac/'I /llc7 .'l.M 151 

!lloll 
/O (fcf)j PMC9 

supF hsdR am]) 139 !l/Oll !llacU 169 
rpsL trpC22::TnlO (tet') pMC9 

supE44 hsdR hsdM recA 1 phoA8 leuB6 
thi lacY rpsL20 galK2 ara-14 xyl-S mtl-l 

REMARKS 

A rct:ombillation-dcficienl slrain Ihat is pennissi"e rór growlh of vcelors LlITving alllbcr Illlllatiolh. 
\ViII modil~' but 1101 reslrid ! )NA aI FcoR! sites; pcrmits u-complementation "f I)-galactmidase in oi 

rccA slraÍn (krpseth el aI. 1992 l. 1I is resislant to tctracvcline, 

A recombinalion-dcfkienl strain Ihat modilles blll docs not rcslrid transfeeled DNA. li carrics an 
episomc contcrring rcsistance to kanamycin and is used for growth 01' phagemids (Levinson ct aI. 
1984 ). 

A strain used for growth 01' phagemids (Levinson el aI. 1984). 

A strain used for protein production from },gtll and Àgt 18-23 recombinanls. Expression oI' the for
eign protcin is controlled by high leveis oI' Lac repressor made hy pMC9, which carries lI/di. 
Y 1089 is detkient in lhe /em protcase, which may enhance stability 01' the foreign prolcins. 
Lysogens are formed at a high frequency in this strain (Young and Davis 1983b l. 
A strain used for immunological screening of expression libraries and propagation of Àgtll and 
f,gt18-23 (Young and Davis 1983b; Jendrisak et aI. 1987). Expression 01' the toreign 
troIled hy the high leveis 01' Lac repressor made by pMC9, which carries lad l • Dctectíon 
loxic to E co/i can be achieved by adding IPTG several hOlll'S afier initialion of p 
Some proteins are unstable in E coZi. Y I 090 hsdJ< is deficient in the 1011 protease, which may ellhallce 
stability of antigens and facilitate antibody screening. The supF marker sllppresses Saml 00 to aIlow 
celllysis (Young and Davis 1983b). 

A recombination-deficient sllppressing strain used for regulated expression 01' genes cloned down
stream from the phoA promoter (Oka et aI. 1985). 

"Strain IM 103 (Messing et aI. 198 I) is d rcstrictionk" dcrivativc of IM 10 I that has been lIsed to propagate bacteriophagc M 13 rccombinants. However, some cultivars of IM 103 havc lost lhe ""dl<"1 
Illlllation (f'e1I"" I 'liU) and are Iysogenic for baclcriophage PI (which codes f"r its own restriction/modifieation system l. IM I OJ is thercfore no longer rceommended as a host for bacteriophage I\113 
veelors. Strain KK21il6 (Zagursky and Berman I 'lH4) i, genctically idcntical lo IM 103 except Ihat it i, nonlysogenic t"r bactcriophage P I. 

hStrains }M I 06 and IM 10H are identical to }M 107 and }M 109. rcspcctivdy, except that thcy do nOI c;lrrr an f' episoIllc. These strains wil! not support the growlh Df bacteriophage 
be used to propagate plasmids. However, 1M] 06 and IM 108 do not carry the lacIq marker (normally present on the F' episome) and are therefore lInable etfectively to suppress the synthesis of poten
tially toxic products encoded by foreign DNA sequences c\oned into plasrnids carrying the JaeZ promoter. 

CStrains lMI08 and IM 109 are defective for synthesis ofbacterial cell walls and form mucoid colonies on minima! media. This trait does not affeet their ability to support the growth ofbaeterio
MIJ. 

original strain "f MV II 84, constructed by M. Volkcrt (pers. eOl11m.), did nol carry an 1" cpisome, Howevcr, the strain "f MVII 84 distributed by the Messing laboratory c1earl} carries al1 !" 
cpiso!l1e. 1I is therefore advisablc to chcek strains of MVllil4 on their arrival in lhe laboralory J{,r Iheir ability lo slIl'port lhe growth of male-specitlc baclcriophagcs. 
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A pendix 4 
Enzymes Used in Molecular Cloning 

MOOIFICATlON/RESTRICTlON SYSTEMS IN E. COLl 

Methylating Enzymes in E. cali 

dam Methyltransferase 

dcm Methyltransferase 

The Modification Component of Modification/Restriction Systerns 

Methylation-dependent Re"triction Systems in E. cali 

Modification of Restriction Sites by DNA Methylation 

Influence of Methylation on DNA Mapping 

Restriction Endonucleases 

ONA POLYMERASES 

DNA Polyrnerase I (Holoenzyme) 

Large Fragment of ONA Polyrnerase I (Klenow Fragment) 

Bacteriophage T 4 ONA Polymerase 

Bacteríophage T7 DNA polymerase 

rhermostable DNA-dependent DNA Polymerase 

Reverse Transcriptase (RNA .. dependent DNA polymerase) 

Terminal Transferase (Terminal Deoxynucieotídyl Transferasel 

DNA-OEPENOENT RNA POLYMERASES 

Bacteriophage SP6 and Bacteriophages T7 and T3 RNA Polymerases 

LlGASES, KINASES, ANO PHOSPHATASES 

Bacteríophage T4 DNA Ligase 

E. co/i DNA Ligase 

Bacteriophage T4 RNA Ligase 

Thermostable DNA Ligases 

Bacteriophage T 4 DNA Polyn ucleotide Kinase 

Alkaline Phosphatases 

NUClEASES 

Ribonuclease H 

Ribonuclease A (Pancreatic) 

Preparation of RNase That Is Free of DNase 

Ribonuclease T1 

M.3 

A .. LI 

M.3 

A .. L) 

M . ..! 

A4.-I 

A-I.5 

M.b 

M.9 

M.l0 

M.l:: 

M.15 

A .. .].,IS 

M.:!:! 

M.n 

M.2-1 

AU7 

M.28 

M.28 

M.30 

M.31 

M.:n 
M.34 

A4.34 

M.35 

1\4.3 7 

M.38 

M.3S 

A4.39 

1\4.39 

A .. U9 

A4.1 



A4.2 Appcl/dix 4: EIlZyll7CS Uscd ill Molecular CIOllillg 

Deoxyribonuclease , (Pancreatic) 

Preparation of DNase That 'S Free of RNase 

BAL 31 N uclease 

Nuclease 51 

Mung Bean Nuclease 

Exonuclease li' 
Bacteriophage í_ Exonuclease 

PROTEOLYTIC ENZYMES 

Proteinase K 

OTHER ENZYMES 

Lysozymes 

Agarase 

Uracil DNA Glycosylase 

Topoisomerase I 

A4.40 

A4.42 

A4.43 

A4.46 

A4.47 

A4.47 

A4.49 

A4.S0 

A4.S0 

A4.S1 

A4.S1 

A4.S1 

A4.S1 

A4.52 



Modifiwtioll/RestriL,tiun S)'stCI/lS in E, coli A4.3 

MODIFICATION/RESTRICTION SYSTEMS IN E. COL! 
--------~-------------------

Moditlcatioll of DNA is llsed by Escherichitl coli to distinguish between its (l\\'I1 g~'nome and for
cign DNAs introduccd br bacteriophage infectiol1, plasmid transfer, OI' tran~fecti()l1. l1NAs ",ith 
t:1I11Íliar pattcrns of Il1etlwlation 011 adenosine or cytosine residues are iml11ul1e to attack, where
as unmethylated DNAs or DNAs with lInfamiliar patterns of methylation are earmarkcd for 
degradation by endogenous restriction enzvmes. 

Methylating Enzymes in E. co/i 

Wild-type strains oI' /:;'. (oli express DNA methyltransferases Ihat transfer a melhd group from s
adenosylmethionine to an adenine or cytosinc residue within a defincd t,lrgct sequence. 
Described below are several types of methylating enzymes. 

dam Methy/transferase 

In da 11 f" strains of E. coli, adenine residues embeclded in lhe sequence:; ... CAIC .. ' c(1rrya metl1\'1 
group attached to the 1'./6 atom (Hattman et a!. 1978). More than 99% of these modifiecl adenine 
bases, which are found 011 both strands of the palindromic recognition sequet1ce, are formed h, 
action of DNA adenine methylase, the product of the dam gene. DNA adenine methylase is a sin
gle-subunit nucleotide-independent (type lI) DNA methyltransferase that transfcrs a methd 
group from S-adenosylmethionine to adenine residues in the recllgnition sequence 
; ..... GATC .... ' (for review, please see Marinus 1987; Palmer and Marinlls I 00"ll. In E. co/i, dOIll 

methylation is required for efficient DNA mismatch repair, for accuratc initi,ltion of DNA repli
cation at oriC, for segregation and partition of chromosomes carrying arie, .11ld for modlllation 
of gene expression (for review, please see Palmer and Marinus 1994). The transfer of a methd 
grollp to the N) atom of adenine places a bulky alkyl residue in the major groo"e of B-form DNA 
and prevents cleavage in vitro by some restriction enzymes whose recognit ion sites contain the 
seqllence :o ••••• CATC .... ' . By contrast, other restriction enzymes reqllire methylation at -CATC
residues to cleave DNA. 

The recognition sites of several restriction enzymes (PI'III, BlllllHL BelI, BglIl, X/IOIl, MIJO!, 
and SilIl3AI) contain this sequence, as do a proportion of the sites recognized lw C/lII (I site in 
4J,Xblll (1 site in 16), TáqI (I sitein 16), MboII (I sitein 16),and Hphl (I sitein 16).Theinhi
bition of M/1ol digestion of prokaryotic DNA presents no practical problem because the restric
tion cnzyme Silu3AI rccognizes exactly the same sequence as A1bol but is unaffected by dalll 

methylation. (Note: Mammalian DNA is not methylated at the N' position 01' adenine, ,Inel thm, 
either Mbol or Sil1l3AI c<ln be useel effectively.) However, when it is neccssary to cleave prnkary
otic DNA at cvery possible site with ClaI, Xb(/1, TilqI, MboIl, or HplzI OI' to cle<\"e it at ali with lkn, 
the DNA must be prepared frol11 strains of E. coli that are dlllll (Backman 101\0; Roberts ct aI. 
1980; McClelland 1981). 

Lists of restriction enzymes whose pattern of cleavage is affected by dalll l11ethylation ha\C 
been assembled by Kessler and Manta (1990) and McClelland and Nelson (\092); additional 
information is available in the brochures of most commercial suppliers of enzvmcs and in a data
base of restrictÍon and modification enzymes (REBASE) that is accessible at rebase.neb.com/ 
rebase. 

dcm Methy/transferase 

dCIII introduces methyl groups at the CC; posltlon of the internai cytosine in lhe sequcl1ce 
:; ... C:CAGG ... ' or ' ... CC:TCC ... ' and therefore prevents or suppresses c1ea\'agc by rt'striction 



A4.4 Appel/dix 4: Enzyrnes Used in Molecular Cloning 

enzymes such as EcoRI (Marinus and Morris 1973; May and Hattman 1975). For most purposes, 
this problem can be avoided by using BstNI, which recognizes exactly the same sequence as EcoRII 
(although it cuts the DNA at a different location within the sequence). If BstNI cannot be substi
tuted for EcoRII, the DNA must be prepared from straíns of E. coZi that are dcm - (Marínus 1973; 
Backman 19RO; Roberts et a!. 19RO). Certa in other enzymes may cleave at sequences that partial
Iy overlap the modified dcm recognition sequence. Detailed information on the methylation sen
sitivity of individual restriction enzymes is provided by the REBA5E Web 5ite 
(rebase.neb.com/rebase). dcm- mutants af E. coli show no phenotype, and the biological signifi
cance of dcm methylation i5 obscure (for review, please see Palmer and Marinus 1994). 

The Modification Component of Modification/Restriction Systems 

• Type I modification/restriction systems. The classical type I modification/restriction system in 
many wild-type strains of E. coli is encoded by the three hsd (EcoK) genes. Twa of the polypep
tides encoded by these genes (hsdM and hsdS) are needed to transfer methyl groups to the W' 
position 01' two adenines in lhe recognition sequence sA,AC(N6)GIGC3 (Kan et aI. 1979). This 
type 01' modification, which accounts for -1 % 01' W' adenine methylation in E. coli, protects 
DNA against cleavage by the heterotrimeric EcoK restriction endonuclease (encoded by the 
IzsdRMS genes), a type I restriction endonuclease which, at the expense of ATP hydrolysis, pro
duces double-stranded breaks at a variable distance from the recognition site (Bickle 1987). 
Many strains af E. coli used for molecular cloning carry mutations in the hsd genes . 

• Type II modification/restriction systems. Classical (type lI) modification/restriction systems 
have two components, a restriction endonuclease and a DNA methyltransfcrasc; both compo
nents recognize the same target sequence. In vivo, type II restriction endonucleases cleave 
unmethylated sequences, whereas methyltransferases prefer hemimethylated substrates gener
ated during DNA replication. The modifying enzymes of many prokaryotic type II modifica
tionlrestriction systems are monomers that transfer a methyl group to the 5-carbon af the 
pyrimidinc ring of cytosine, creating 5-methylcytosine. The catalytic mechanism of this reac
tion involves nucleophilic attack on C6 01' the target cytosine by a cysteine residue to generate 
a covalent intermediate. The addition of the nucleophile allows the transfer of a methyl group 
from S-adenosylmethionine to the activated 5-carbon. Abstraction of the proton at the 5-posi
tion yields an enzyme that undergoes conjugative elimination to yield the product 5-methyl
cylosine (Wu and Santi 19R7; for reviews, please see Kumar et aI. 1994; Verdine 1994; Winkler 
1994). 

Contacts between type TI restriction enzymes and their recognition sequence involve amino 
acids that are widely separated in the primary protein sequence, resulting in bending and kinking 
01' the target DNA (Kim et aI. 1990; Winkler et aI. 1993). Type TI methylases produce a more rad
ical change in DNA structure by forcing the target cytosine to flip out of the plane of the DNA 
helix and into the active site 01' the enzyme. This flipping mechanism, which was first established 
for M·HhaI (Klimasauskas et aI. 1994), is believed to be universal among 5-methylcytosine trans
ferases, alI of which share a well-conserved set of sequence motifs and a common architecture (for 
review, please see Winkler 1994). 

Methylation-dependent Restriction Systems in E. coli 

E. calí K contains at least three different methylation-dependent restriction systems that recognize 
different target sequences only when methylated: mrr (6-methyladenine [1l16AJ), merA (mSCG 
[111:;C := 5-methylcytosineJ), and mcrB (PUIl15C) (Raleigh and Wilson 1986; Heitman and Model 
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1987; Raleigh ct aI. 1988). DNAs that are methylated at such sites are inefficjtently donted jnto 
wild-type strains of E. coli (Whittaker et aI. 1988). For example, human DNA, which is cxtensi"c 
Iy methylated i n vivo at I11;CG, is restricted by //lerA. Nonrestricting strains o( E. co!i (Rakigh <Ind 
Wílson 1986; Raleígh et a!. 1988) are therefore preferred for tnmsformation and cloning (lf 
methylated DNA. 

lvI·EeoR! methylase catalyzes the transfer of mcthyl groups frolll S-adt'nos~'1 L-methionínc 
(SAlvI) to the adenines marked with a star (*) in the EcoRI recognition sequence in ~ , 

. GAATTC 
the figure at the right. The modification ot adenine to 6-methylaminopurine pro- C T T ~ A G 

tects the DNA from cleavage by EcoRI (Greene et aI. 1975). . ___ ---.J 

Modification of Restriction Sites by DNA Methylation 

For many of the type 11 restriction enzymes, a corresponding methylase has bcen isolated that 
modifies the cognate recognition sequence and renders it resistant to c1eavagc. Thcsc methylases, 
a number of which are available from commercíal suppliers, are use fui in a number of tasks in 
molecular cloning. For example, in the construction of genomic DNA libraries (t\laniatis et aI. 
1978), random fragments of genomic UNA generated by partial cleavage with the restriction 
ellzymes A/III and HacIII can be treated with M·EcoRI methylase prior to the addition of synthetie 
EcoR! linkers. When the linkers attached to genomic UNA are subsequently digested with EcoR!, 
the natural restriction sites withill the genomic DNA are protected from cleavage. The same strat
egy may be uscd to spare natural restriction sites when preparing double-stranded eDNA for 
cloning. 

Methylases can also be used to alter the apparent cleavage specificity nf certain rtestriction 
enzymes (Nelson et a!. 1984; Nelson and Schildkraut 1987). These alterations are accomplished 
in vitro by methylation of a subset of the sequences recognized by certain restric- G T C G A C 

tion enzymes. Only the methylated subsets will be resistant to cleavage. For l'xam- G T C A A C 

pie, the restriction enzyme Hi1lcIl recognizes the degenerate sequence GTPrPuAC ~ ~ ~ ~ ~ g 
and will therefore cleave the four sequences shown at the right. 

The lvI· TClqI methylase recognizes only the sequence TCGA and methylates the adenine 
residlle (McClelland 1981 ). The subset of HillcIl recognition sequences that contains the internai 
sequence TCGA will therefore be resistant to cleavage after methylation by M· 7;U11, whereas the 
other three recognition sequences will remain sensitive to HillcIl. 

A second class of overlapping methylation and restriction sites occurs ,1t the boundaries of 
the recognition sequences of a restriction enzyme and a methylase. for example, a BalllHI si te 
(GGATCC) that happens to be preceded by CC or followed by GG partially overlaps a site 
(CCGG) that can be methvlated by the enzyme M.Mspl. Because M.Mspl methylates the 5' cyto-
sine of its recognition sequence (1115CCGG), the BamHI site becomes methylated at an internai 

cytosine residue (GGATll1sCCGG) and therefore is resistant to c1eavage lw 
13all1HI. Another example is provided by Bg/I and lvI· HaclIl illustrated at 
the left. As in the cases of HillcII!M· TaqI and BamHI/;Vl·Mspl, the methy
lation blocks the cleavage of a previously existing restriction site. Finall>', 

certain adenine methylases can be llsed in conjunction with the methylation-dependent restric
tion enzyme DpllI to produce highly specific cleavages at sequcnces ~~ 12 bp in length 
(lvIcClclland et aI. 1984; lvIcClelland and Nelson 1987; Weil and lvIcClelland 198LJ). 

M.Taql methylase (') " 
.,.,T C G A T C G A"" on both sites .... T C G A T C G A. .. 
.... A G C T A G C T... ------........ . ... A G C T A G C T... 

'------' '------' 
Taq I Taq I 
site site 

Opnl 
site 
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TABLE A4·' Isoschizomer Pairs That Differ in Their Sensitivity to 
Sequence-specific Methylation 

ISOSCHIZOMER PAIRSa 

METHYLATED SEQUENCE b 

TC'"'CGGA 

GCWCI1lSC 

TCC:CC;I1l(;A 

CI1l \CWGG 

(;GrACI1l 'C 
CIll;CCC 

CIllICCC 

GlllbATe 

TCGCGIll1,A 

RGl1lhATCY 

CC lll5CCGG 

CUT BY 

AceIlI 
AceIlI 

AjTI 
BspMIl 
BstNI (Ml'lll) 

Kpnl 
MspI 

MspI 

Sau3AI (Fl1l1EI) 

5bo131 

XhoII 

Xmal 

NOT CUT BY 

BspMIl 
BspMII 
AVIlII (Eco471) 

AccIlI 
EcoR11 

Asp7181 
HplllI (HapIll 

Hpall 

Mbol (NddI) 

Nrul 

Mtn 
SI/Ial 

In each rol\', lhe tirst colulTIn lists a methylated sequence, the second colulTInlisls an isoschi70l11cr 
that cuts Ihi, scquence, and the Ihird column lisls an isoschizomer Ihal does not cul Ihi, sequcnce. 
ror refcrences. pleasc sec I\kClelland and Nelson (\988 l. (Reprillted, with permission, from 
McClelland and Nelson \988.) 

"An cnz)'me is c1assifted as insensitive lo methvlation if il CUIS the methylated sequence at ,1 1\11<:' 

that is at least ol1e tenth the mte at which il culs the unmethylated sequcnce. An enzyl11e is dassitied 
as sensitive lo I11cthylation if il is inhibited at least 20-fold by methylation relalive to the ullmcthy
latcd sequencc. 

hSequences are in 5' ~3' order. R G 01' A; Y ~ C or T; W A or T; mlC .j -melhylcytosÍne, 
"'\: ~ S-methylcytosine, and mhA 6-methyladellillc. 

This example differs from thosc above in that the strategy aeates a site in DNA that other
wise would not be cleaved by Dpnl. This general strategy of using specific methylases in conjunc
tion with restriction enzymes has produced >60 new cleavage specificities and many more are 
possible (for references, please see McClelland and Nelson 1988). A compilation of the sensitivi
ties of individual restriction enzymes to site-specific modifications may be found at the REBASE 
Web Site: rebase.neb.com/rebase. 

Several pairs of isoschizomers differ in their sensitivity to site-specific methylation (see 
Table A4-1). Such endonuclease pairs are useful for studying the levei and distribution of site-spe
cific methylation in cellular DNA, for example, m5CG in mammals, m5CG and m5CNG in plants, 
and GlllóATC in enterobacteria (Waalwijk and Flave1l1978; McClelIand 1983; Bird et aI. 1985). 

Scnsitivity to site-specific DNA methylation is clearly not limited to restrictíon enzymes but 
is a property of DNA-bínding proteins in general (see Sternberg 1985; Wang et aI. 1986 l. 1ll4C, 
mSc, hm5e, and 1116 A site-specific modification at "noncanonical" sites wiU block several type II 
methylases. The data are summarized in Table A4- 2. 

Influence of Methylation on DNA Mapping 

Mammalian DNA contains m
5c residues in addition to the four normal bases. These residues are 

found primarily at the 5' side of G residues. Although only a portion of CpG doublets are methy
lated, the pattern of methylation is highly cell-type-specific (Bird and Southern 1978); any given 
CpC doublel is methylated in the majority of cells of a given population or in only a few of them. 

Nearly ali restriction enzymes used for long-range mapping of mammalian chromosomal 
DNA recognize sequences that contain CpG. Because this dinucleotide occurs approximately five-
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TABlE A4-2 Methylation Sensitivity of Type ~IDNA Methylases 

METHYlASE (SPEClFICITY)" 

;-'1.:\1111 (A(; m5C]'J 

;-'1·}jilIllHI (;C;,\T' l1ICU 

:-'1·C/í'61 (CACm '(lC) 
;-, 1· C!<11 (ATC(;111flATI 

i\1·C\'iBIII (TCU""A) 

:-'1·!:toRI (CA I11I'\TTCi 

i\1'!:(oRII (C"' 'c:WC;C) 

E (nli dillll (C I11('ATCl 

\l.FokIA ((;C;I11(',YIC) 

:-'1·HlliIl (C111\~(;Cl 
\1.HhlllI (Gl11hA~TCI 

i\1.HpilII (C'11)C(;(;) 

I\I.Hpill (T"L'CACCl 

1\1·,\//)01 l GI11('ATC 1 

:-'\.,\1/'011 (GAACmiA) 

1\\.M"pl (1115(((;(;1 

1\1.,\11'1l1 (C" 1CW(;C;) 

I\I,P\'IIII (CA(; 1111CT(;) 

\1·'1'2 dOIll (CIll"ATCi 

I\j.T4 drllll (GlllhATe) 

1\1. (TC(;1116;\) 

NOT BlOCKED 

BY PRIOR 

MODIFICATlON AT b 

""'AleCAT 

,\T',,5CCAT 

T'lliCGA 

GAATT'l1'C 

(;A1I11 '(> 

(;ATbm"c 

CATCI11\~ 

U:C I11Sc 
GAr\T I1l5C 

GGlem!'A 

GAT'lliC 

TmiCTT l11iC 

Cm'CWGG 

CAThl11iC 

GAThm3C 

p13CGA 

BlOCKED BY 

PRIOR 

MODIFICATION AT b 

t\( ;1111( :'1 

C( ;ATC''' 'e 
l:M;nl\n; 

GI11"AATIC 
C'"IC\Vl;( ; 

Reprinted, wilh p"rlllissiol1, frolll I\IcUdl,lIld ,md Nelson (1 YKill. For rcfl'rCIl(,>, ple',hL' SL'e' 
:--kCklland and !\cbon (19HHI, 

'Scqucnccs arc il1 3 -;.3 ordcL W :\ ,Ir T;:\ A OI' C nr (; ,Ir 'I; 11< le ~ 4'1111'1111 k '!PSinL" 
111\: ~-111l'thylc)'t()sinc, h",,(: 5-hydroXl'l11élh)'lc\'tosine, and 111(':\ 6-IlI<:th\'ladellil1e, 

1>,-\11 emyl11c is cl.lssilicd as insensiti\'c to ll1ethdation ir it l11L'th)'lates the Illl'thylatl'd SL'l]lICIlc'L' ,lt 
,I r,lte that is at It~a,st (lIlC tel1th lhe mle aI II'hich it methylatcs the ul1l11clhybtcd Sl'CjlleI1CL' :\11 L'I1/~J1ll' 

is el,,,,it,ed as scmiti,'c to l11ethylatinn if it i, inhibill'd ai kast 2o-t(,ld b~' i11clhylatiol1 rel.lIilL' to the' 
LIIllllcthyl.ltl'd seqllél1CC, 

'F (oli d(/(II l110ditlcs (;:\T"1'C at a reduccd rate. 

fold less frequently in mammalian DNA than expected (Normore 1976; Setlow I 976~ Shapiro 
1976). restriction enzyme recognition sites lhat contain the CpC dinucleotide are extremely rare 
(Lindsay and Bi rd 1987; MeClelland and Nelson 1987). Furthermore, 1110st of these dinucleotides 
are methylated, and almost ali enzymes with CpG in the recognition sequence fail to cleaw 
rnSCpG-methylated DNA (Nelson and McClelland 1987); for examplc, BspMII, ClilL CpL Eilgl, 

M/III, NaeJ, NarI, Notl, NrIlI, PVlII, RsrIl, SalI, XhoI, and XorII are ali sensitive to Ill"CpG methy
lation, Finally, methylation of CpG dinucleotides in preparations ot maml11alian DNA is rardy 
complete. lhis variabilitv in methylation of sites that are recognized by rarcly cutting restrietion 
enzymes can be a seriollS problel11 in mapping of mammalian DNAs by pulsed-field gel elec
trophoresis. Among the known restriction enzymes suitable for generating verv large fragments 
of mal11malian DNA, only a handful are capable of deaving DNA modified ar lll:;CpC doublets. 
These indude AcdIl, As/dI. Cji'9I, Sfil, anel Xliii/I. Propagation of mammalian DNAs in E. (o/i \ViII 
free CpC dinucleotides from methylation. lhe pattem of deavage of the samt' segment of mam
l11alian genolllic DNA will therefore differ in cloned and undoned preparations. 
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The CpG dinucleotide is not as rare in many other species as it is in mammalian DNA, and 
it is not methylated in Drosophila and Caenorhabdítis DNAs. Thus, the fragments produced by 
digestion of these DNAs with rarely cutting restriction enzymes are less 1han half the size of those 
produccd from mammalian DNA (sec Table A4-3). Enzymes that are not sensitive to certain site

specific methylations are particularly useful for achieving complete digestion of modified DNA. 
For procedures such as the physical mapping of heavily methylated plant DNA, it is desirable to 

TABLE A4-3 Average Sizes af ONA Fragments Generated by Cleavage with Restriction 

ENZYME SEQUENCE CEl ORO ECO HUM MUS YSC XEL 

A.po! GGGCCC 40,000 6,000 15,000 20,000 5,000 

Ascl GGCGCGCC 400,000 60,000 20,000 80,000 100,000 500,000 200,000 

A.vrll CCTAGG 20,000 20,000 150,000 8,000 7,000 20,000 15,000 

BlilllHI GGATTC 9,000 4,000 5,000 5,000 4,000 9,000 5,000 

BgfI GCCN.GGC , 25,000 4,000 3,000 3,000 4,000 15,000 6,000 

BgnI GCGCGC 4,000 4,000 6,000 3,000 3,000 4,000 3,000 

BssHI/ GCGCGC 30,000 6,000 2,000 10,000 15,000 30,000 20,000 

Dm\ TTTAAA 1,000 1,000 2,000 2,000 3,000 1,000 2,000 

Etlg1 CGGCCG 20,000 3,000 4,000 10,000 15,000 20,000 15,000 

EcoR1 GAATTC 2,000 4,000 5,000 5,000 5,000 3,000 4,000 

HilldIll AAGCTT 3,000 4,000 5,000 4,000 3,000 3,000 3,000 

Noel GCCGGC 15,000 3,000 2,000 4,000 6,000 15,000 6,000 

Narl GGCGCC 15,000 3,000 2,000 4,000 6,000 15,000 7,000 

Nhe\ GCTAGC 30,000 10,000 25,000 10,000 10,000 10,000 10,000 

Not\ GCGGCCGC 600,000 30,000 200,000 100,000 200,000 450,000 200,000 

PaeI TTAAfTAA 20,000 25,000 50,000 60,000 100,000 15,000 50,000 

PlIleJ GTTTAAAC 40,000 40,000 40,000 70,000 80,000 50,000 50,000 

Rsrl [ CGGWCCG 50,000 15,000 10,000 60,000 60,000 60,000 70,000 

Saci GAGCTC 4,000 4,000 10,000 3,000 3,000 9,000 4,000 

SoeIl CCGCGG 20,000 5,000 3,000 6,000 8,000 20,000 15,000 

SofI GTCGAC 8,000 5,000 5,000 20,000 20,000 10,000 15,000 

sm GGCCN.GGCC 1,000,000 60,000 
o 

150,000 30,000 40,000 350,000 100,000 

SgrAI CXCCGGXG 100,000 20,000 8,000 70,000 80,000 90,000 90,000 

SlIlllI CCCGGG 30,000 10,000 6,000 4,000 5,000 50,000 5,000 

Spcl ACTAGT 8,000 9,000 60,000 10,000 15,000 6,000 8,000 

5phl GCATGC 15,000 5,000 4,000 6,000 6,000 10,000 6,000 

Sr!1 GCCCGGGC 1,000,000 90,000 50,000 50,000 90,000 600,000 100,000 

Sscl CCTGCAGG 200,000 50,000 40,000 15,000 15,000 150,000 30,000 

SspI AATATT 1,000 1,000 2,000 2,000 3,000 !,OOO 2,000 

Swal ATTTAAAT 9,000 15,000 40,000 30,000 60,000 15,000 30,000 

XbaI TCTAGA 4,000 9,000 70,000 5,000 8,000 4,000 6,000 

Xho! CTCGAG 5,000 4,000 15,000 7,000 7,000 15,000 10,000 

Averagc sízc fragments predicted f()r Caenorhabditis e/egans (CEL), Drosophi/a I/le/ollogastcr (]) RO), Eschcrichia col i (ECO), 
hlllllan (HUM), mouse (MUS), Saccharo1lJFff5 ccrevisiae I YSC), and Xenopus /aellis (XEL). 

Listed are those restrictiol1 enzymes lha! are known ar predicled to c1eave infreqllently in seven coml1lon1y studied 
genol1lcs. ractors affecling the abílity 01' restriction cnzymes to c1eave a particular genome include (I) perccnt.lge <3+C contcllt, 
(1) spccíflc dínuclcotide, trinucleotide, and/or tetranucleotide frequencies, Jnd (3) methylatioI1. Using ilvaílablc int(,rmatíol1 
on pcrçentage C+C content, dinucleotide frequencies, and a few kilobases of DNA sequence, predictiolls (<In be made about 
potential c1eavage with restriction enzymes. 

Modified, wíth permission, from New England Biolabs. 
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choose restriction enzymes that are insensitive to I11'iCG and llloCNC. Examplcs of such enzymcs 
are Bel!, EstE II , BstNI, Cl'iQl, EcoRV, HillcIl, HPIlI, KpIII, A1/1oIl, NdcI, NddJ, RsaJ, Spcl, Sphl, 
7ilql, TtilHBI, and XIIlIlI. The Asd, DraI, MseI, and SspI enzymes have recognition sequences tha! 
do no! contain cytosine, so thel' can be uscd to cleave heavily cytosinc-mcthdated DNA. 

Restriction Endonucleases 

Reslriction enzymes bind specifically to and deave double-stranded DNA at specific sites within, 
01' adjacent to, a particular sequence known as the recognition sequence. These enzymes have 
been classified into three groups ar types. Type I and type III enzymes carry modification (methy
lation) and ATP-dependent restriction activities in the same protein. Type III enzymes cut the 
DNA al the recognition site and then dissociate from the substrate. llowever, tvpe I enzymes bind 
to lhe recognition sequellce but cleave at random sites when lhe DNA 100p5 back to the bOllnd 
enzyme. Neither typc I nor typc III rcstriction enzymes are widely used in molecular c1oning. 

Type II moditIcation/restriction systems are binary systems consisting 01' a restriction 
endonuclease that cleaves a specific seqllence of nucleotides and a separate methylase th,lt modi
fies the same recognition sequence. An increasingly large number of type II restriction endonu
cleases have been isolated and characterized, a great many of which ,ue useful for cloning and 
other molecular manipulations. 

The vast majority 01' type II restriction endonucleases recognize specific sequences that are 
four, tIve, or six nucleotides in length and display twofold symmetry. A few enz"mes, however, 
recognize longer seqllences or seqllences that are degenerate. The location of deavage sites with
in the axis of dyad symmetry differs from enzyme to enzyme: Some cleave both strands exactly at 
the axis of symmetry, generating fragments of DNA that carry blllnt ends, whereas others cIeave 
each strand at similar locations on opposite sides of the axis of symmetry, crcating fragments of 
DNA that carry protruding single-stranded termini. 

The restriction enzyme database, REBASE, contains a complete listing of all knowI1 restric
tion endonucleases, including the recognition seqllences, methylation sensitivitv, commercial 
availability, anel references. The database, llpdated daily, is available at rebase.I1cb.com/rcbase. 
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DNA POLYMERASES 
-----------------------------------------------------------------

Many steps in molecular cloning involve the synthesis of DNA in in vitro reactions catalyzed by 
DNA polymerases. Most of these enzymes require a template and synthesize a product whose 
sequence is complementary to that of the template. Most polymerases strongly prefer DNA tem
plates, but they wiU also copy RNA, albeit at lower efficiencies. The most frequently used DNA

dependent DNA polymerases are E. coli DNA polymerase I (holoenzyme), the large fragment of 
E. co/i DNA polymerase I (Klenow fragment), the DNA polymerases encoded by bacteriophages 

T4 and T7, modified bacteriophage T7 DNA polymerases (Sequenase and Sequenase version 2.0), 
and thermostable DNA polymerases. One polymerase, reverse transcriptase (RNA-dependent 
DNA polymerase), prefers to copy RNA; it will also accept DNA templates and can therefore be 
used to synthesize double-stranded DNA copies of RNA templates. Finally, one DNA polymerase 
does not copl' a template at ali but adds nucleotides onll' to the termini of existing DNA mole
cules. This DNA poll'merase is called terminal transferase (terminal deoxl'nucleotidyl trans
ferase). 

The properties of the template-dependent poll'merases are summarized in Table A4-4 and 
are described in greater detai! in the following pages. The data presented in this table have been 
collected from several publications. The values serve as accurate guidelines for using the enzl'mes, 

but optimal conditions will always vary slightly with the enzl'me preparation (degree of purity) 

and the DNA preparation or when carrying out a sequence of enzymatic reactions in one mix
ture. For a discussion of the relative advantages of various DNA polymerases used in sequencing 
reactions, please see Chapter 12. 



TABLE A4-4 Comp.ui .. on ()f Tt>ml}l,llt>-dependenl DNA Polymerasl's 

K!.ENOW 

Reactio1/s 
111':;\ l1oil"mt'Lh" :;'->5 
Fxolludease 

doubk-stranded J)~A 5'->3' 
sillgk slranded DNA 3->5 

])~J\ 3'->5 

Nick Iranslation 
Exchange 

Template 
Intact douhlc-slranded DN:\ 

sI rands oI' ])N:\ 
gaps or singlc-stranded 

Requirements 
Divalcnl calion 
pH optimum 

RNA 

rcagcnls 

Structure 
,\101ecular mass (kD) 

Nurnbcr of suhunils 

DNA 

E. COll DNA 
POlYMERASE I 

(HOLOENZYME) 

+ 
+ 
+ 

+ 
+ 

+ 

+ 
+d 

7A 

+ 

09 

FRAGMENT Of 

E. (OU DNA 
POLYMERASE I 

+ 

+ 
+ 

ta 

7A (phosphateJ 

76 

BACTERIOPHAGE 

T4 DNA 
POlYMERASE 

+ 

+ 

n,i. 

8.0-9.0 
(50% as active 

at pH 7,5) 

+ 

114 

SEQlJENASE,1 

(BACTERIOPHACE 

T7 DNA 
POLYMERASE) 

+ 

+ 

11.1. 

7,6-7.8 

92 

2 

TAC) DNA 
POLYMERASE 

(AMPuTAQ) 

+ 

+ 
Jl,i, 

n.i. 
n.i. 

8.3 a1 room 
tempo (Tris) 

(50()!" as active in 
phosphatc I pH 71 ) 

94 

REVER~I 

TRANSCRIPTA~E 

+ 

+ 

+ 

7,6 (Mo-I'vILV) 
8.3 (AIVIV) 

+ 

tI4 (Mo-;\1 LV) 
170 (AI\IV) 
(;\lo-I\ILV) 

'\,\1\ 
Reprinted, wílh pennÍ ....... ion, fnHll Korllherg ,111d t-:()rnherg r 107,11 .lnd I.Chfll,Hl i ILJK 11. 

ISl'qUl'll,lSC i .... d dcri\'at i\'l' of h..h.."tcriophagc T7 I )\;:\ P01YI11l'f<hC Ih.ll h,l'" hl'l'll 11lodificd h~ dk'lni~al tn .. ·~1t 111t.'lll 1 ~t.'qlll'IlJ~l') or h~· gcnctic l'flginl'l'ring (~l'qUl.·ll.l ... l' \'cr ... i\ Jl1 2.0 I to "'lIp~)rl''''\ ) 
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DNA Polymerase I (Holoenzyme) 
(E. co/i) 

Mg2. 

3' 

dAIP 
dCTP 
dGTP 
dITP 

~ 

DNA polymerase I consists of a single polypeptíde chaín (Mr 109,000) that can function as a 
5' ~3' DNA polymerase, a 5'--73' exonuelease, and a 3' ~5' exonuelease (Kelley and Stump 1979) 

and that has an inherent RNase H activíty. The RNase H activity is essential for cell viability in E. 
coli but has nol been u5ed in molecular eloning. For further details, please see the information 
panel 011 E. COLl DNA POLYMERASE I AND lHE KLENOW FRAGMENT in Chapter 9. 

USES 

1. Labelíng of DNA by nick translatíon (please see Figure A4-1). Of all the polymerases, only E. 
co/i DNA polymerase I can carry out this reaction, sínce it alone has aS' --73' exonuelease activ
ity that can remove nueleotides from the DNA strand ahead of the advancing enzyme. 

2. The holoenzyme was originally used for synthesis of the second strand of cDNA in cDNA 
c10ning (Efstratiadis et aI. 1976), but it has since been superseded by reverse transcriptase and 
the Klenow fragment of E. coli DNA polymerase I, which do not have 5'--73' exonuelease activ
ities. The 5'--73' exonuelease of E. coli DNA polymerase I degrades olígonucleotides that may 
serve as primers for the synthesis of the second strand of cDNA. 

3. End-labeling of DNA molecules with protruding 3' tails. This reaction works in two stages. 
First, the Y --75' exonuelease activity removes protrudillg 3' tails from the DNA and creates a 
recessed 3' termin uso Then, in the presence of high concentrations of one radiolabeled pre
cursor, exonueleolytic degradation is balanced by incorporation of dNTPs at the 3' terminus. 
This reaction, which consists of cyeles of removal and replacement of the 3'-terminal 
nucleotides from recessed or blunt-ended DNA, is sometimes called an exchange or replace
ment reaction. If this type of reaction is used for the end-labeling, bacteriophage T4 DNA 
polymerase is the enzyme of choice. Although both E. coli DNA polymerase I and bacterio
phage T4 DNA polymerase can carry out this type Df reaction, the bacteriophage enzyme car
ries a more potent 3'--75' exonuelease activity. 

In many cases, a single buffer can be used both for c1eavage of O NA with a restriction enzyme 
and for the subsequent end-labeling. However, not all restriction enzymes work in buffers used 
for DNA polymerase reactions, and it is advisable to carry out pilot reactions with the particu
lar batch of enzyme on hand. If the restriction enzyme does not work in the DNA polymerase 
buffer, it will be necessary to carry out the restriction enzyme digestion and end-labeling in two 
separate steps. In this case, cleave the DNA in the appropriate restriction enzyme buffer, remove 
the restriction enzyme by extraction with phenol:chloroform, precipitate the DNA with 
ethanol, dissolve it in TE, and add the appropriate volume of a lOx DNA polymerase buffer. 

3' 

5' 
DNase I 

3' 3' 

3' 5' 

E. colí DNA polymerase I 
(holoenzymel 

~ 
3' 

OIIIJ\ 
5' 

~--'IIVWVV\r ... _3' 

------~·~~~--------------~5 

FIGlJ~~~4.1 N.i~k lranslation Using E. co/i DNA Polymerase 

Single-stranded nicks are introduced into the DNA by treatment with 
DNase I. E. coli DNA polymerase (Pai I) binds to the nick ar short gap 
in duplex DNA, and the 5' ~3' exonuclease activity of DNA paly
merase I then removes nucleotides from the one strand of the DNA, 
creating a template for simultaneous synthesis of the growing strand of 
DNA. The original nick is therefore translated along the DNA molecule 
by the combined action of the 5' __ 3' exonuclease and the 5' ~3 ' 
polymerase. In lhe reaction presented here, the nick in the upper strand 
oi the duplex DNA is translated from left to right by E. co/i DNA poly
merase in the presence of dNTPs. In the lower strand oi duplex DNA, 
nick translation occurs from right to left. The stretches of newly syn
thesized DNA are represented by the colored arrows. 
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E. COL! ONA POLYMERASE I (HOLOENZYME) 

Adivity: 5' -73' DNA polymerase 

Substrate: Single-stranded DNA template with a DNA primer bearing a 3' -hydroxyl group. 

Readion: 

For example: 

E. coli 
DNA polymerase I 

--------;.) DNA (pdN)n + nPPi 
Mg2+ 

dATp, dTIp, dCTp, dCfP 

C' :3' 
) ... pC pC pC OH 

1 ... Cp Cp Cp T p Ap T p Cp Cp Ap ... 5 

dATp, dTIP E. coli Mg2+ 1 
dCTp, dCfP DNA polymerase I 

Activity: 5 ' -73' Exonuclease 

Subsfrate: Double-stranded DNA ar RNA-DNA hybrids. Degrades double-stranded DNA from the 5' termi
ni; also degrades the RNA component of an RNA-DNA hybrid (i.e" this nuclease possesses inher
ent RNase H activity). 

Readion: 
E. co/i 

DNA polymerase I 
5' -' double-stranded DNA ______ --;.) pNOH + J pN(pN)npNoH 

For example: 

SpCpApTpCpT ... l 

,CpCpCpCpCp TpApCp~"'5' 

(Continued on following page.) 

+ single-stranded DNA 
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f. COLl DNA POLYMERASE I (HOLOENZYME) 

Adivity: 3' ~5' Exonuclease 

Substrate: Double-stranded or single-stranded DNA containing 3' -hydroxyl termini. Degrades DNA from 3'
hydroxyl termini. Exonuclease activity on double-stranded DNA is blocked by 5 ' ~3' polymerase 
activity and is inhibited by dNMPs with 5' phosphates. 

Readion: 

For example: 

E. cali 
DNA polymerase I 

double- or single-stranded DNA ---------») .5' pN
OH 

Mg2+ 

5 ..• pC pC pC pApTpC pP' 

3' ... Cp Cp Cp 5' 

Mg2+ 1 E. coli 
DNA polymerase I 

5' C C C 3' 
"'pppOH' 

3' .. Cp Cp Cp 5' 

+ 5 A + 5' C + 5' pT 
p p 

Adivity: Exchange (replacement) reaction 

Substrate: If only one dNTP is present, the 3' ~5' exonuclease activity will degrade double-stranded DNA 
from the 3' -hydroxyl terminus until a base is exposed that is complementary to the dNTP. A con
tinuous series of synthesis and exchange reactions will then occur at that position. 

Readion: 

Exonuclease 
Activity 

DNA Polymerase 
Activity 



Large Fragment of DNA Polymerase I (Klenow Fragment) 
(E. (Oli) 

DNA Pol)'lIlcmscs A4.15 

lhe 5'~3' exonuc!e<!se aetivity of E co/í DNA polymerase I is often trullbkso!l1e beG1USl' it 
degrades the :1' terminm of primers that are bound to DNA templ<ltes and rel110\'e5 :1' phosphates 
frum the termi ni of [)~A fragments that are to be used as slIbstrates for ligation. 'The :1 ~3' 
exolluclease aetivi!y e<ln be removed proteolytically from lhe holoenzyme without art<:cling eithcr 
the polymerase aetivity or the 3' ~5' exonuclease aetivity (Klenow and HenningsC'n [970). Thl' 
Kkno\\' fragment of E. coh DNA polymerase I that is available toda)' frOI11 commercial sources 
consists of a sillgle polypeptide chain (M, = 76,0(0) produeed by cleavage of intact DNA poly
merase I with subtilisin or by c!oning (Jacobsen et a!. 1974; foyee anel Grinclky [983). ror further 
details, pkase scc lhe information panel 011 E. COL! DNA POlYMERASE I AND THE KL.ENOW FRAG

MENT in Chapter 9. 

USES 

1. Filling lhe recessed 3 tcrmini created by eligestion of DNA with restrietioll enzymes. In many 
cases, a single buffer can be useel both for cleavage of DNA with a restriction C'nzylllt: and for 
the subsequent filling of reeessed 3' termini (or end-labeling of DNA moleeub with prutrud
ing 3' tails [please see ese 3]). The Klenow fragment works well in virtualh ali buffers used for 
digestion of DNA with restriction enzymes. However, not ali restriction enzymes work in 
bulTers used for DNA polymerase reactions, and it is advisable to carry out pilot reactions \\'ith 
the particular batch of t:nzyme on hand. If the restriction enzyme does not work in the DN:\ 
polymerase buffer, it will be necessary to carry out the restriction enzyme digestjoJ1 anel filling 
of rt:ccssed 3' termini in two separate steps. In this G1St:, e1eave the DNA in the appropriatt: 
restriction eI1Zyme buffer, remove the restriction enzyme by extraction wilh phenol:chloro
fórm, precipitate the DNA with ethanol, dissolve it in TE, and add lhe ap!:'ropriate volume of 
a IOx DNA polymerase buffer. 

2. Labeling the termini of DNA fragments by using [32PjdNTPs to tlll recessed 3' tn'mini (end
labeling). 

3. End-labeling of DNA molecules with protruding 3' tails. This reaction works in two stages, 
First, the Y~5' exonuclease activity removes protruding 3' tails from the UNA anel creates a 
recessed 3' terminus, Then, in the presence of high coneentrations of one radiolabeled prt:
cursor, t:xol1udeolytic degradation is balanced by incorporation of dNTPs at lhe Y terminus. 
This reactioI1, which consists of cyeles of removal and replacement of the 3' -terminal 
nuc!eotides from recessed or blunt-ended DNA, is sometimes ealkd an e:\change OI' replace
ment reactiol1, If this type of reaction is used for end-labeling, bacteriophage T 4 DNA poly
merase is the enzyme of choice. Although both the Klenow fragment oI' E coli DNA poly
merase I anel bacteriophage T 4 DNA polymerase can carry out an exchangt: reactiol1, the bac
teriophage enzyme carries a more potent 3' ~5' exonuclease activity. 

4. Synthesis of the second strand of cDNA in cDNA cloning. 

5. Synthesis of double-stranded DNA from singlc-stranded tt:mplates during il1 vitro lllutagel1c
siso The Klenow fragment can displace hybridized oligonucleotide primers from the lCmplate, 
Jeading to low frequeneies of mutagenesis. This problern (an be avoided lw using bacterio
phage T4 DNA polymerase, which does not cause strand displacement (NossaI1974). 

6. Sequencing of DNA using the Sanger dideoxy-meeliated chain-termination mClhod (Sanger ct 
aI. 1977), 
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7. At one time, the 3'---t5' exonuclease activity of the Klenow fragment was used to digest pro
truding 3' termini created by some restriction enzymes. Lately, bacteriophage 14 DNA poly
merase has become the enzyme of choice for this purpose because of its greater 3' ---t5' exonu
dease activity. 

8. The Klenow fragment has also been used in the polymerase chain reaction to amplify genom
ic DNA sequences in vitro that are to be used as probes or for direct cloning of mutant alleles 
of known genes. However, the Taq DNA polymerase has now become the enzyme of choice for 
this purpose beca use it is stable in heat and therefore need not be freshly added after each 
round of synthesis and denaturation. 

NOTES 

• End-Iabeling with the Klenow fragment provides an alternative to the use ofhacteriophage 14 
polynucleotide kinase for generating labeled DNA fragments that can be used as size markers 
during gel electrophoresis. Because DNA fragments are labeled in proportion to their molar 
concentrations and not their sizes, both small and large fragments in a restriction digest 
become labeled to an equal extent. It is therefore possible to use autoradiography to locate 
bands of DNA that are too 5ma11 to be visualized by staining with ethidium bromide or SYBR 
dyes. 

• The end-filling and end-Iabeling reactions work well on relatively crude DNA preparations 
(e.g., minipreparations of plasmids). 

E. COLl DNA POLYMERASE I KLENOW FRAGMENT 

Adivity: 5' -13' DNA polymerase 

Substrate: Single-stranded DNA template with a primer containing a free 3'-hydroxyl group. 

Reaction: 

For example: 

Klenow fragment 
of E. co/i 

DNA polymerase I 

Mg2+ 
dATp, dTTp, dGTp, dCTP 

5· ..• pCpCpGlpTlpGpCpT ... 3' 

3 ••• Cp Cp Cp Tp \ Tp Cp Gp \ .•• 5 
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E. COLl DNA POLYMERASE I KLENOW FRAGMENT 

Activity: 3' -.5' Exonuclease 

Substrate: Double-stranded or single-stranded DNA degrades from free 3' -hydroxyl termini; exonuclease 
activity on double-stranded DNAs is blocked by 5'-.3' polymerase activity. 

Reaction: 
Klenow fragment 

of E. co/i 
DNA polymerase I 

double- or single-stranded DNA ) \' N 
P OH 

For example: 

, , 

1 ... Cp Cp Cp 3' 

Mg2+ 1 Klenow fragment of 
E. co/i DNA polymerase I 

+ 5' A + 5 C 'I,T 
P I' 

Activity: Exchange (replacement) reaction 

Substrafe: If only one dNTP is present, 3 --.5' exonuclease activity will degrade double-stranded DNA from 
the 3' -hydroxyl terminus until a base is exposed that is complementary to the dNTP. A continuous 
series of synthesis and exchange reactions will then occur at that position. 

Reaction: 

I ..• Cp Cp Ap Cp Cp Cp 5' 

Mg2+ 1 Klenow fragment of 
[a-32 PldTTP E. cali DNA polymerase I 

l'" . 

i' CC*T 3 
... P P P OH 

Exonuclease 
Activity 

DNA Polymerase 
Activity 
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Bacteriophage T 4 DNA Polymerase 
(Bacteriophage T 4-infected E. coli) 

Bacteriophage T4 DNA polymerase (M
r 

= 114,000) and the Klenow fragment of E. coli poly
merase I are similar in that each possesses a 5' ~3' polymerase activity and a 3' ~5' exonuclease 
activity that is more active on single-stranded DNA than on double-stranded DNA. However, the 
exonuclease activity of bacteriophage T4 DNA polymerase is more than 200 times that of the 
Klenow fragment. Because it does not displace oligonucleotide primers from single-stranded 
DNA templates (Nossal 1974), bacteriophage T4 DNA polymerase works more eftlciently than 
the Klenow fragment in mutagenesis reactions in vitro. 

USES 

1. Filling or labeling the recessed 3' termini created by digestion of DNA with restnctlOn 
enzymes. Labeling reactions must be carried out in the presence of high concentrations of 
dNTPs in order for the polymerization (filling) reaction to overwhelm the powerful 3' ~5' 
exonuclease activity. 

2. End-labeling of DNA molecules with protruding 3' tails. This reaction works in two stages. 
First, the potent 3' ~5' exonuclease activity removes protruding 3' tails from the DNA and cre
ates a recessed 3' terminus. Then, in the presence of high concentrations of one radiolabeled 
precursor, exonucleolytic degradation is balanced by incorporation of dNTPs at the 3' termi
nus. This reaction, which consists of cyeles of rem oval and replacement of the 3' -terminal 
nucleotides from recessed or blunt-ended DNA, is sometimes called an exchange or replace
ment reaction. 

In many cases, a single buffer can be used both for cleavage of DNA with a restriction 
enzyme and for the subsequent end-Iabeling. Bacteriophage T4 DNA polymerase will func
tion at -50% of maximal activity in many buffers that are commonly used for digestion of 
DNA with restriction enzymes. However, not ali restriction enzymes work in buffers used for 
DNA polymerase reactions, and it is advisable to carry out pilot reactions with the particu
lar batch of enzyme on hand. If the restriction enzyme does not work in the DNA poly
merase buffer, it will be necessary to carry out the restriction enzyme digestion and end
labeling in two separate steps. In this case, cleave the DNA in the appropriate restriction 
enzyme buffer, remove the restriction enzyme by extraction with phenol:chloroform, pre
cipitate the DNA with ethanol, dissolve it in TE, and add the appropriate volume of a 10x 
DNA polymerase buffer. Filling and end-labeling reactions with bacteriophage T4 DNA 
polymerase can be carried out at 12°C to maximize the ratio of polymerase activity to 
exonuclease activity. However, these reactions are often carried out at room temperature or 
at 37°C without adverse effects. 

3. Labeling DNA fragments for use as hybridization probes. The recessed 3' termini created by 
partial digestion of double-stranded DNA with the 3' ~5' exonuclease activity are filled with 
1>2PldNTPs (replacement synthesis) (O'Farrell et aI. 1980). Hybridization probes prepared by 
this technique have two advantages over probes prepared by nick trans)ation. First, they lack 
the artifactual hairpin structures that can be produced during nick translation. Second, they 
can easily be converted into strand-specific probes by cleavage with suitable restriction 
enzymes (please see Figure A4-2). 

By contrast to nick translation, however, this method does not produce a uniform distrib
ution of label along the length of the DNA. Furthermore, 3' exonuclease activity degrades sin
gle-stranded DNA much faster than it degrades double-stranded DNA, so that after a molecule 
has been digested to its midpoint, it will dissociate into two half-length single strands that wiII 
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purify strand,speciflc probes by gel electrophoresls 

FIGURE A4·2 Production of Strand-specífic Hybridization Probes 
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be rapidly degraded. lt is therefore important to stop the exonudease reaction before the 
el17yme reaches the center of the molecule. Consequently, the replacement s\'nthesis method 
yields a population of moJecules that are fully labeled at their termini but CllJ1tain progressi\'e
Ir decreasing quantities of la bel toward their centers. 

4. Conversion of terminí of double-stranded DNA to blunt-ended molecules. Protrllding Y ter
mini wil! be removed frorn double-stranded DNA hy the potent 3' ~S' exonudcase activitv 01' 
bacteriophage T4 DNA polymerase. In the presence of high concentrations of dNTPs, further 
dcgradation of the double-stranded region of the template will be balanced by synthcsis. Thc 
ability to convert protruding Y termini to blunt ends is an extremely valuable reaction that is 
frequently used when preparing DNAs for addition of synthetic linkers. As described abo\'e. 
molecllles with recessed 3' tennini can be repaired by bacteriophage T4 DNA p()l~'merase in à 

filJing reaction similar to that catalyzed by the Klenow fragment. Thus, Dl\As \\'ith a mixture 
Df protruding 5' and Y termini (e.g., double-stranded cDNAs synthesized from RNA tem
plates) can be converted to blunt-ended molecllles (polished) by bacteriophage T4 DNA poly
merase in the presence of high concentrations of dNTPs. 

5. Extension of mutagenic oligonucleotide primers that are bOllnd to single-stranded DNA tem
piates. Bacteriophage T 4 DNA polymerase is preferred in thi5 reaction to the Klenow fragment 
because it cal1not dispbce the short oligonucleotide from the template. The l'fficiency of muta
gcnesis is therefore increased approximately twofold. 
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BA(TERIOPHAGE T4 DNA POLYMERASE 

Activity: 5'-+3' DNA polymerase 

Substrate: 3'-hydroxyl, single-stranded DNA template-primer complex. The enzyme cannot displace the 
strand ahead of the nick. However, addition of bacteriophage T 4 gene 32 protein allows the enzyme 
to begin synthesis at a nick in buffers of low ionic strength. 

Reaction: 

for example: 

bacteriophage T 4 
DNA polymerase 

Mg2+ 
) 

dATp, dTIp, dGTp, dap 

Activity: 3' -+5' Exonuclease 

Substrate: Considerably more active on single-stranded DNA than on double-stranded DNA; exonuclease 
activity on double-stranded DNAs is blocked by 5'-+3' DNA polymerase activity. 

Reaction: 

For example: 

single-stranded DNA 

bacteriophage T 4 
DNA polymerase 

Mg2+ 

bacteriophage T 4 
DNA polymerase 

-, 3' 
, ... pC pG pC OH 

3 .. • GpCpGps 

+ 5' A + 5' C + 5' pT 
p p 
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BACTERIOPHAGE T4 DNA POLYMERASE 

Activity: Exchange (replacement) reaC1:ion 

Substrate: If only one dNTP is present, 3'-75' exonuclease activity will degrade double-stranded DNA from 
the 3'-hydroxyl terminus until a base is exposed that is complementary to the dNTP. A continuous 
series of synthesis and exchange reaction~ will then occur at that position. 

Readion: 

3 •.. Cp Cp Ap Cp Cp Cp 5 

Mg2 + 1 bacteriophage T 4 
[a.-l2PldTTP DNA polymerase 

Exonuclease 
Activity 

DNA Polymerase 
Activity 
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Bacteriophage T7 DNA Polymerase 
(Bacteriophage T7-infeded E. co/i) 

The DNA polymerase synthesized after infection of E. coli by bacteriophage T7 is a complex of 
two tightly bound proteins, the bacteriophage T7 gene 5 pratein and the host pratein thioredox
in. This complex is the most processive of ali known DNA polymerases. In other words, the aver
age length of DNA synthesized by a single molecule of bacteriophage T7 DNA polymerase is 
greater than that of DNAs synthesized by other thermolabile DNA polymerases. 'rhis property 
has considerable advantages, for example, when sequencing DNA by the Sanger dideoxy chain
termination method (Sanger et aI. 1977) (please see Chapter 12), Bacteriophage T7 DNA poly
merase, Iike the Klenow fragment and the holoenzyme of E. coli DNA polymerase I and bacte
riophage T4 DNA polymerase, has a 3' --ctS' exonuclease activity (encoded by bacteriophage T7 
gene 5). As in bacteriophage T4 DNA polymerase, the 3'--ctS' exonuclease activity is potent The 
degree of activity of the 3' --ctS' exonuclease of bacteriophage T7 DNA polymerase is ~ 1000 times 
that of the Klenow fragment. Bacteriophage T7 DNA polymerase does not have a S' --ct3' exonll
c!ease activity (Tabor et aI. 1987). For illustrations of the S' --ct3' DNA polymerase and 3' --ct5' 
exonuclease activities and exchange reaction encoded by bacteriophage T7 DNA polymerase, 
please see the panel on BACTERIOPHAGE T4 DNA POLYMERASE (p. A4.20). For more information 
on wild-type and modified T7 DNA polymerase (Seqllenase and Seqllenase version 2.0), please 
see the information pane! on SEQUENASE in Chapter 12. 

USES 

1. Primer-extension reactions that require the copying af long stretches of template. 

2. Rapid end-labe!ing by either filling or exchange (replacement) reactions such as those 
described for bacteriophage T4 DNA polymerase. 

Thermostable DNA-dependent DNA Polymerases 

Thermüstable DNA-dependent DNA polymerases have been purified and characterized from a 
number of organisms, primarily fram the thermophilic and hyperthermophilic ellbacteria 
Archaebacteria, whose most abllndant DNA polyl11erases are reminiscent of DNA polymerase I of 
l11esophilic bacteria, and thermophilic Archaea, whose chief DNA polymerases belong to the poly
merase a family. Although there is considerable structural variation al110ng thermostable DNA 
polymerases, ali are monomeric with molecular mass values ranging fram 60 kD to 100 kD, The 
significant properties and activities of thermostable DNA polymerases are given in Table A4-5. 

The first well-characterized thermostable DNA polyl11erases were isalated from the extreme 
thermophile Thermus aquaticus (Chien et aI. 1976). One of these early isolates, !cu1 DNA poly
merase, has, along with a nllmber of genetically engineered variants, become an indispensable 
component of reactions to amplify specific sequences of DNA in vitra by polymerase chain reac
tion and in DNA sequencing (please see the introdllctions to Chapters 8 and 12, respectively). Taq 
and its derivatives have a S' --ct3' polymerization-dependent exonuclease activity. For nucleotide 
incorporation, the enzyme works best at 75-80°C, depending on the target sequence; its poly
merase activity is redllced by a factor af 2 at 60°C and bya facto r of 10 at 37°C. In l11any cases, 
however, it is necessary to initiate polymerization reactions at suboptimal temperatures in order 
to prevent dissociation of the primer fram the template. For further information 011 Taq and 
other thermostable polymerases, please see the introduction to Chapter 8 and the information 
panel on TAQ DNA POLYMERASE in Chapter 8. 
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TABLE A4-5 Properties of Thermostable DNA Polymerases 

STABILlTY 

OPTlMUM ERROR (MINUTES AT Km Km 
TEMPERATlJRE EXONUCLEASE RATE SPEClFIED oNTP DNA 

ENZYME MANUFACTURERa ORGANISM (De) ACTIVITY x10-6 TEMPERATURE) (11 M ) (NM) 

/il<! B~\, LT, Pro, T. i/i!lI<lticus 75-80 5-3 20-100 9 min at 97.5"C 10-16 .: 
Strat, l'-E, T 

lil,/ Stofft:l P-E T. (uf/lIlticus 75-80 none 50 21 min at 97.5"C 2 
tr.lgmcnt 

r/tll B:-'l, n, P-r: T. thermophíllls 75-80 5-Y -20 20 min aI 95<>( 115 

Ifl Pro r 17m'lIs 70 nane 100 120 min aI 70"C 63 

1101 Júh :\m r r IIbíqllitllS none 

/"br Amr, finnz r brockimzus 75-80 5-3 150 min aI 96"( 

l 'I1íll<l P-E, Roche ThcmlOloga 75-80 3'-5' 50 min at 95°C 
marítima 

rllSI ET Bacil/us 60-65 5-3 
slcrothermophilus (3-5')b 

bothnlll El. Bio-Rad lJacilllls 60-65 none 7-85 
/hllargc stcrothermophilus 
fragm<.?nt 

1'\\'0 B~l P}'rococc IIS 60-65 3-5' 3.2 >2 hr at 1000l 

lVoeSCl 

!li Pro Therlllococcus 70-80 3-5' 20-45 100 min at 10O"C 66 0.1 

litom/is 
/)ccp \ ('111 ~EB P)'rococcus 70-80 3'-5' 20-45 480 min aI 1 {)O"C 50 0,01 

(strain GB-D) 

Strat 72-78 3-5 1.6 240 min aI 95"<: 

Dat" for thi, tahlc wcrc taken from reúews hy Perler et "I. (19<)6) and Bej and il.bhbubani (1994), from Internet sources. anel fcom litcrature distrib
llh'd \lI' coI11I11<.:r,'ial manllfactllrcr>. For detai], 01 the rcactio!1 conditions that are "plimal for eae\l enzyme, please consult lhe instructions slll'pli,·.! lI'ith 
th,' ,'I1/\'l11e bl' the moll1ufacturer. 

'( B~l) Bo.:hringcr Manl1heim; (ET) Epiccnlre Technologies; (LT) Life Technologies; I Pro) Promega; (:\EB I Ncw England Biolabs; (P- r,) Perkin-
1.lm.:r: I T) 'IJKaRa; (Strat) Stratagene; (Amr) Amresco; (finllz) Finnzymes OY, 

'Suspected activit\', 

DNA POLYMERASE 

Activity: 5' -t3' DNA polymerase 

Substrate: Single-stranded template, primer with 3'-hydroxyl. 

Reaction: 
Taq DNA polymerase 

Mg2+ 
dATp' dlTp' dGTp' dap 
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Reverse Transcriptase (RNA-dependent DNA Polymerase) 
(Murine and avian retroviruses) 

Two forms of reverse transcriptases are commercially available: a preparation made from purified 
avian myeloblastosís vírus (AMVl and an enzyme isolated fram a strain of E. coli that expresses a 
cloned copy of the reverse transcriptase gene of the Moloney l11urine leukel11ia vírus (Mo-MLV). 
Both enzymes lack a 3'-+5' exonuclease active on DNA and catalyze the reactions shown below 
in the panel on REVERSE TRANSCRIPTASE. The murine and avian reverse transcriptases differ fram 
each other in a nUl11ber of respects: 

• The avian enzyl11e consists of two polypeptide chains that carry both a polyl11erase activíty and 
a powerful RNase H activity (Verl11a 1981). The murine enzyme, a single polypeptide chain of 
Mr = 84,000, has a polymerase activity and a comparatively weak RNase H activity (Gerard 
1983). This weak RNase activity is a considerable advantage when attempting to synthesize 

REVERSE TRANSCRIPTASE 

Adivity: 5' -t3' DNA polymerase 

Substrate: RNA or DNA template with an RNA or DNA primer bearing a 3' -hydrox:yl group. 

Reaction: 
reverse transcriptase 

DNAoH or RNAoH -------)0) DNA (pdN)n + nPPj 
Mg2+ RNA - (pdN)n + nPPj 

dATp, dTIp, dGTp, dCTP 

for example: 

Mg2+ 1 
dATp, dTTp, reverse transcriptase 

dGTp,dCTP 

Adivity: RNase H (5' ~3' and 3' -t5' exoribonuclease) 

Substrate: Reverse transcriptase specifically degrades RNA in an RNA-DNA hybrid by a processive mechanism. 

Readion: Degradation of substrates with free ends yielding ribonucleotide products that are 4-20 nucleotides 
in length and contain 5' -phosphate and 3' -hydrox:yl termini. 

reverse transcnptase ) 
5' 3' , .. pU pC 

3"" ,\GpGpCp,\ T 5' 

+5 CGUA3 
p p P P 
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cDNAs complementary to long mRNAs. At the beginning of the reactiol1, lhe lwbrids formed 
between lhe primer and the template mRNA are substrates for RNase H. lhus, ,H tlll' bq;in
ning of cD:\fA synthesis, there is a eompetition between degradation of the templatl' mR:\.\ 

and initiation of Dl\A synthesis (Berger et aI. 1983 l. In addítion, RNase ri c<ln c!cave thc tem
plate near the 3' tcrminus of the growing DNA strand if reverse transcriptase P,llbCS dLlrin~ 

synthesis (Kotewicz et aI. 1988). In conscqucnce, the high leve! of RNase H actÍ\'ity in prepa 
rations of the avian emyme tenels to suppress the yielel of cDNA and to restrict its len~th . 

• The avian t'nzyme works efficiently at 42°C: (the normal body tempel',ltLlre oI' chicken, I, 
whereas the wilel-type murine enzyme is rapielly inactivated at this temperatme. RNAs rich in 
seeondary structure are therefore copieel more efficiently by the <1vian enzyme th.111 hy the 
murine enzyme. Hmwver, preparations of the avian enzyme can be contaminated lw ail 
endonuclease that c1eaves DNA. Thi5 is no\\' less of a problem than it W,lS in the earil' 19HOs, 

when cDNA libraries generateel with comparatively impure prepanltÍons nf the a\'i,1I1 CIlI\'l11l' 

scldom exeeeeled 1 kb in length . 

• The avian enzyme works more effieiently at pH 8.3 than at pH 7.6, the pl-! prefenwi hy lhe 
murine enzyrne. The length of the cDNA synthesizeel hy either enzyme is greatl~' redllced Whl'J1 

reactions are carried out at a pl-! that ditIers from the optimum by as littlc as 0.2 uni\. Since 
the pl-! of Tris changes with temperature, it is essential to check that the pl-! of the realtinli 
mixture is correet at the temperature eh05e11 for ineubation. 

For more informatiol1, please seI.' the information panel 011 Mo-MLV REVERSE TRANSCRIPTASE in 
Chapter 11. 

USES 

1. Reverse transeriptase is useel chiefly to transcribe mRNA into double-str<1ncied cnNA lhat Cdn 

be inserted into prokaryotic vectors. However, reVerse transcriptase can also bt' llsl'd \\'ith 
either single-stranded DNA or RNA templates to make probes for use in ln'bridiza tion expl'r
iments. Three types of primers are used in these reactions: 

• Oligo(dT)12_18' which binds to the poly(A) traet at the 3' termil1us of m<1l11malian 
mRNAs anel primes the synthesis of the first str<1nel of cDNA. [)cpendin~ 011 the qu,lli\\ 
of the rcverse transeriptase and the reactiol1 eonelitions, the sequences at th\.' Y termillU, 
of the template may be overrepresenteel in the cDNA. 

• Oligonucleotides of random sequence (Taylor et aI. 1976 I. lhe aim is to use a populatio!1 
of oligonucleotides whosc sequence eliversity is so largc rhat at Ieast some indi\'idu,li 
oligonucleotides wil! anncal to the template anel serve as primcrs for 1'C\'l'rSl' transcrip
tase. Because different oligol1ucleotides bind to different ~equellces, a Iarge proportÍol1 oj 
the sequences of the template will be eopied by the enzyme, anel if a11 nf thl' primers are 
present at equal coneentrations, aI! sequences of the template should be COpil'd .1t equal 
frcquencies. Oligonucleotides of random sequence can be synthcsized on an <lutomated 
DNA synthesizer OI' ean be generated by hvdrolysis of high-molecular-weight DNA. 

• Oligonucleotides of defined sequence. Oligonucleotieles of defined sequence GlI1 be L1sl'd 
to prime the synthesis of cDNA corresponeling to a particular Il1RNA. lkcallse the ne\\'h 
synthesized DNA is complementary to the sequences of the mRNA th.lt líe lIpstreal11 oI' 
the primer, this method (primer extensionJ provieles an <lccuratc l11t'asuremen! oI' the dis
tance between a fixed point 011 an mRNA anel its 5' terminus. 

2. Labeling the termini of DNA fragments \\'ith protruding .5 termini (fillint! rl'dct Íon!. 
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3. The enzyme can also be used to sequence DNAs by the dideoxy chain termination method 
(Sanger et a!. 1977) when other enzymes (e.g., the Klenow fragment or Sequenase) yield 
unsatisfactory results. 

NOTES 

• Reverse transcriptase lacks 3' ~5' exonuclease activity, which acts as an editing function in E. 
coli DNA polymerase I, and is therefore prone to error. In the presence of high concentrations 
af dNTPs and Mn2+, ~ 1 base in every 500 is misincorporated. 

• Because the Km of reverse transcriptase for íts dNTP substrates is very high - in the millimo
lar range - it is essential to include high concentrations of dNTPs in this reaction to prevent 
premature termination of newly synthesized DNA chains. 

• Reverse transcriptase can be used to synthesize single-stranded copies af DNA templates using 
oligonucleotide primers (please see Figure A4-3, part A). However, both double-stranded and 

single-stranded cDNAs are generated from RNA templates (please see Figure A4-3, part B). 
Self-primed synthesis is much less efficient than synthesis from the added oligonucleotide 

primers. Therefore, self-complementary hairpin molecules usually constitute only a small frac
tion of the synthesized double-stranded cDNA (see Chapter 11). If necessary, both self-primed 
and exogenously primed second-strand synthesis can be inhibited by índuding actinomycin D 

in the reaction mixture at a final concentration of 50 /lg/mL 

A 

B 

3' 5' oligonucleotide DNA primer 

5' 
3' single-stranded DNA template 

dATP j 
~g~: reverse transcriptase 

dTTP 

newly synthesized DNA 
3' ~, _______ 5' 

5' 3' 

first strand cDNA 
3· -4.-'W\IVVWV\MI\MI, ___ 5' 

oligonucleotide DNA primer 
RNA template 

5' 3' 

j RNase H 

~'---

/ or inhibited by 
actinomycin o 

3'~ 5' rvvvvvvvw. 5' "lMIW\r+ 3'-' --
5· I\M.I\MJ\I\MI\I 3' 

+ 
second oligonucleotide primer 

sell-primed synthesis 
01 second strand 

FIGURE A4-3 Use oí Reverse Transcriptase to Generate Probes from DNA (A) and RNA (8) Templates 



Terminal Transferase (Terminal Deoxynucleotidyl Transferase) 
(Calf thymus) 
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Terminal transferase (M
r 

60,000) is an unusual DNA polymerase found only in prelymphocytes 
in early stages of lymphoid differentiation (Chang and Bollum 1986 l. In the pl'esence of a di\'a
lent cation, the purified enzyme catalyzes the addition of dNTPs to the 3 -hydroxyl tel'111ini of 
DNA 1110lecules (Bollum 1974). When the nucleotide to be added is a purine, Mg':- i5 the pre
ferred cat10n; when the nucleotide is a pyrimidine, C02+ is used instead. The minimum chain 
lcngth of the acceptor DNA is three dNTPs, and as many as several thousand dNTPs can be il1cor
porated if the ratio of acceptor to nucleotide is adjusted correctly. Single nucleotides can be added 
to the 3' termini of DNA if modified nucleotides (e.g., ddNTPs or cordycepin triphosphatel are 
used as substrates. Homopolymers of rNTPs can also be synthesized at the 3' termini of DNA 
molecules in the presence of C02+ (for references, please see Chang and Bollum 1986). The 
enzyme strongly prefers to use DNAs with protruding 3' termini as acceptors. However, blunt OI' 

recessed 3' termini are used, albeit less efficiently, in buffers of low ionic strength that contain 
C:02i- or Mn2+ (Roychoudhury et aI. 1976; Nelson and Brutlag 1979; Roychoudhury ,md Wu 1980; 

Michelson and Orkin 1982; Deng and Wu 1983 l. For further information, please see the infor
mation panel 011 TERMINAL TRANSFERASE in Chapter 8. 

USES 

1. Addítion of complementary homopolymeric tails to vector and cDNA. 

2. Labeling the 3' termini of DNA fragments with a 32P-labeled dNTP (Tu and Cohcn 1980 l, 
a ddNTP (Cozzarelli et a!. 1969),01' an rNTP (Wu et aI. 1976). For labeling with rNTPs, 
[aYP] rNTP is used in the presence of Co2+, followed by treatment with alkali (please see 
the panel on TERMINAL TRANSFERASE below). 

TERMINAL TRANSFERASE 

Activity: Terminal transferase 

Substrate: Single-stranded DNA with a 3' -hydroxyl terminus or double-stranded DNA with a protruding 3'
hydroxyl terminus is preferred. Blunt-ended, double-stranded DNA or DNA with a recessed 3'
hydroxyl terminus serves as a template if C02 + is supplied as a cofactor (Roychoudhury et aI. 1976; 
Nelson and Brutlag 1979; Roychoudhury and Wu 1980; Michelson and Orkin 1982; Deng and Wu 
1983). 

Reaction: 
single-stranded DNAoH 

Mn2 
+ or Mg2+ 1 

dATp' dTIp, terminal transferase 
dGTp, dCTP 
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DNA-DEPENDENT RNA POLYMERASES 

Bacteriophage SP6 and Bacteriophages T7 and T3 RNA Polymerases 
(Bacteriophage SP6-infected Sa/monella typhimurium LT2 and bacteriophage T7- or T3-infected f. co/i) 

Bactcriophagc SP6 synthesizes a DNA-dependent RNA polymerase that recognizes and initiates 
synthesis of RNA on double-stranded DNA templates carrying the appropriate bacteriophage
specific promoter. The polymerase is used in vitro to generate large quantities of RNA comple
mentary to one strand of foreign DNA that has been placed immediately downstream from the 
promoter. Vectors carrying the promoter are available to synthesize RNA complementary to 
either strand of the tem pia te by changing the orientation of the promoter with respect to the 
cloned foreign DNA sequences (Butler and Chamberlin 1982; Melton et aI. 1984). Alternatively, 
the promoter can be added to the target DNA during PCR primed by oligonucleotides equipped 
with a concensus promoter (please see Chapter 9, ProtocoI6). 

Bacteriophages T7 and T3 also synthesize DNA-dependent RNA polymerases that recognize 
and initiate synthesis of RNA on double-stranded DNA templates that carry the appropriate bac
teriophage-specific promoter (for further details, please see the information pane! on PROMOT

ER SEQUENCES RECOGNIZED BY BACTERIOPHAGE-ENCODED RNA POlYMERASES in Chapter 7l. 
These polymerases are used in vitro just like the bacteriophage SP6 RNA polymerase. 
Bacteriophages T7 and T3 RNA polymerases have been cloned and expressed in E. coli (Davanloo 
et aI. 1984; Tabor and Richardson 1985; Morris et aI. 1(86), and bacteriophage T7 RNA poly
merase has been cloned and expressed in yeast (Chen et aI. 1987). Vectors carrying the bacterio
phage T7 promoter may therefore be used to express doned genes in vivo (please see point 2 
under Uses below). 

USES 

1. Synthesis (){ single-stranded RNA for use as hybrídization probes, functional mRNAs for in 
vitro translation systems, or substrates for in vitro splicing reactions. Each of the three RNA 
polymerases has a high degree of specificity for its cognate promoter. 

2. lhe bacteriophage T7 transcription system has been used to express doned genes in bacteria 
('Elbor and Richardson 1985; Studier and Moffatt 1986) and in yeast (Chen et a!. 1987). Two 
types of bacteriophage T7 expression systems have been developed for E. co li. In the first sys
tem, stable lysogens are established with bacteriophage 'A carrying the bacteriophage T7 RNA 
polymerase gene under the control o{ the E. coli lacUV5 promoter. Plasmids containing the 
gene of interest under the control of the bacteriophage T7 promoter are then introduced into 
the Iysogens containing the bacteriophage T7 RNA polymerase gene. Activation of the bacte
riophage T7 promoter is then achieved by isopropylthio-~-D-galactoside induction of the 
IllcUV5 promoter driving the bacteriophage T7 RNA polymerase gene. In the second system, 
the bacteriophage T7 promoter/plasmid carrying the gene of interest is introduced into bacte
ria, and the bacteriophage T7 promoter is activated by infecting the bacteria with bacterio
phage 'A containing the bacteriophage T7 RNA polymerase gene. 

In yeast, the bacteriophage T7 RNA polymerase gene is placed under the control of a yeast 
promoter and stably introduced into yeast cells on an autonomously replicating vector. 
Expression is achieved by introducing in to the yeast cells a second plasmid that contains the 
gene of interest lInder the control of the bacteriophage T7 promoter (Chen et a!. 1987). 
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BACTERIOPHAGES SP6, 13, ANO T7 ONA-OEPENOENT RNA POLYMERASES 

Adivity: 5 ' --t3' RNA polymerase 

Substrate: Double-stranded DNA molecules containing bacteriophage SP6, T3, or T7 promoters. 

Reaction: 

For example: 

double-stranded DNA 

bacteriophage SP6, B, 
or T7 RNA polymerase 
-------~) RNA + PPj + templale 

Mg2+ 
rATp, rUTp, rGTp, rCTP 

, GATCATCATCATCGATCGGG .. J 
I SP6 promoter I 

3' . CTAGTAGTAGTAGCTAGCCC ... " 

Mg2+ 1 
rATP, rUTP bacteriophage SP6 
rGTp, rCTP RNA polymerase 

5 ppp G A U C AUC A U C A U C G AU C G G G ... 3 
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lIGASES, KINASES, AND PHOSPHATASES 

DNA ligases catalyze end-to-end joining of pieces of DNA. The ligases used most often in cloning 
are encoded by bacteriophage T4, although there is a less versatile enzyme available from unin
fected E. calí. Both types of ligases are used primarily on DNA substrates with 5' -terminal phos
phate groups. 

RNA ligase is a bacteríophage T4 enzyme that is capable of covalently joining single-strand
ed RNA (or DNA) molecules containing 5'-phosphate and 3'-hydroxyl termini. However, the pri

mary use of this enzyme has been in 3' end-labeling ofRNA. Thís is accomplished using 32P-Iabeled 
mononucleoside 3',5' -bisphosphate (pNp), which is added to the 3' -hydroxyl terminus of RNA. 

The DNA ligases used in molecular cloning differ in their abilities to liga te noncanonical sub
strates, such as blunt-ended duplexes, DNA-RNA hybrids, or single-stranded DNAs. These and 

other properties are summarized in Table 1-12 in Chapter 1 and discussed below. For additional 

information on DNA ligases, please see the information paneI on DNA LlGASES in Chapter 1. 
DNAs that lack the required phosphate residues can be prepared for ligation by phospbo

rylation with bacteriophage T4 polynucleotide kinase. Conversely, DNAs can be rendered resis
tant to ligation by enzymatic removal of phosphate residues from their 5' termini with phos
phatases. The properties ofbacteriophage T4 polynucleotide kinase are summarized in Table A4-
6 and described in greater detail beIow. The data in this table have been collected from numerous 
papers published over the years. The values serve as accurate guidelines for using the enzymes, but 
optimal conditions will always vary slightly with the enzyme preparation (degree of purity) and 

the DNA preparation, or when carrying out a sequence of enzymatic reactions (e.g., digestion, 
end-filling, and ligation) in one mixture. 

TABLE A4-6 P.".n".ti.,,, of 

Nucleíc acíd suhstrate 

K 
111 

pH optimum 

Sulfhydryl requirement 

Mg2+ requirement 

Effect of ionie strength 

Inhibitors 
(50(Jlb inhihition) 

Activators 

Kinase 

FORWARD REACTlON 

double-stranded DNA 
síngle-stranded RNA or DNA 

nick or gap 
oligonucleotíde 

3' dNMP 

double-stranded DNA, 7.6 JlM 
5' dNMP, 22-143 IlM 

ATP, 14-140 JlMb 

7.4-8.0 (Tris-Cl) 

+ 

+ 
stimulated by NaCl and KCI 

excess KCI inhibits on all 
substrates except single-stranded DNA 

(NH4)2S0 4' 7 mM 
Pi,20 mM 
PP i,5 mM 

Dolvarnme.2 mM, 300% 

"These are concentrations that give optimal ilctivity at pH 6.4, not Kms. 
hK", fi)r ATP varies with substrate. 

EXCHANGE REACTlON 

double-strandcd DNA 
síngle-stranded RNA or DNA 

nick 01' gap 
oligonucleotide 

ADP, 300 Jl~[" 
ATP,IOJl:--!" 

6.4 (ímidazole) 

+ 
110 information 

no information 



Bacteriophage T 4 DNA ligase 
(Bacleriophage T 4-infected E. co/i) 

Ligases, KillaSfS, (lIld Pl!osp!/(/tIlSCS A4.31 

Bacteriophage 1'4 DNA ligas e, a polypeptide of!vI
r 

68,000, catalyzes the formation (lf phos
phodiester bonds between adjacent 3' -hydroxyl and 5' -phosphate termini in DNA (Weiss et aI. 
1968). The properties ofthe enzymes are summarízed in Table 1-12 in Chapter I. 

USES 

1. Joining DNA molecules with compatible cohesive termini. lntermolecular ligation is stimulat
ed by low concentrations of agents, such as polyethylene glycol, that pro mote the efficient 
interaction of macromolecules in aqueous solutions (please see the information pand on 
CONOENSING ANO CROWOING REAGENTS in Chapter 1). 

2. Joining blunt-ended double-stranded DNA molecules to one another OI' to synthetic linkers. 
This reaction is much slower than ligation of cohesive termini. However, the rate of blunt -end 
ligation is improved greatly by the addition of monovalcnt cations (150-200 mi\1 NaCO and 
low concentrations of polyethylene glycol (Pheiffer and Zimmerman 1983; Hayashi et aI. 
1986). 

NOTES 

• At least three different assays are used to measure the activity of bacteriophage T 4 DNA ligase. 
Most manufacturers (apart from New England Biolabs) now calibrate the enzymc in Wciss 
units (Weiss et aI. 1968). One Weiss unit is the amount of enzyme that catalyzes the exchange 
of 1 nmole of 32p from pyrophosphate into [y, ~-.l2PlATP in 20 minutes at 37°C. One \Veiss 
unit corresponds to 0.2 unit determined in the exonuclease resistance assay (Modrich and 
Lehman 1970) and to 60 cohesive-end units (as defined by New England Biolabs). 0.015 Weiss 
unit of bacteriophage T4 DNA ligase therefore willligate 50% of the HindlIl fragments ofb<lc
teriophage À (5 Ilg) in 30 minutes at 16°C. Throughout this manual, bacteriophage T4 DNA 
ligase is given in Weiss llnits . 

• Bacteriophage T4 DNA ligase is not inhibited by the presence of dNTPs and works adequate
ly in virtllalJy ali bllffers used for digestion of DNA with restriction enzymes. 
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BACTERIOPHAGE 14 DNA LlGASE 

Activity: Ugation of cohesive DNA termini or nicks 

Substrate: Active on double-stranded DNA with complementary cohesive termini that base pair to bring 
together 3' -hydroxyl and 5' -phosphate termini. In addition, the enzyme is active on nicked DNA 
and active, albeit far less efficiently, on RNA substrates. (For a more complete description of sub
strates, see Engler and Richardson 1982.) 

Readion: 

Activity: Ligation of blunt ends 

HO Cp Cp Ap ... 5' 

bacteriophage T 4 
DNAligac;e 

Substrate: High concentrations of blunt-ended, double-stranded DNA containing 5' -phosphate and 3'
hydroxyl termini. 

Reaction: 
pC pC pT rf ... 3' 

HOGp Cp \ Tp " 'S' 

bacteriophage T 4 
DNAligase 
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E. coli DNA ligase 

E coli DNA ligase eatalyzes the formation of phosphodiester bonds in double-stranded DNA con
taining complementary protruding 5' or 3' termini (Panasenko et a!. 1977, 1978). The reaction 
requires NAlJi as a cofactor. Initial studies indicated that this enzyme would not ligate blunt~ 
ended double-stranded DNA, but subsequent studies revealed tha! blunt-end ligation can be 
achieved in the presence of polyethylenc glycol or Ficoll, compounds that ael as volume exclLld~ 
ers (please see the information panel 011 CONOENSING ANO CROWOING REAGENTS in ChapteJ' 
I). This effectively increases the concentration of DNA termini and enzyml' (Zimmerm,ll1 and 
Pheiffer 1983). E. calí DNA ligas e has been used in cDNA cloning methods based on replacement 
synthesis, as described by Okayama and Berg (1982), because of its inability to join adjaeent RNA 
and DNA scgmcnts that arise during the synthesis of the second strand of eONA. lt is 110t, h()\\'~ 

ever, widely used in other molecular cloning procedures, since bacteriophage T4 DNA ligase is 
capable of efficiently joining blunt ends in the absence of volume excluders. E. co/i DNA ligase 
does not ligate RNA. 

E. COLl DNA LlGASE 

Adivity: Ligation of cohesive DNA termini or nicks 

Substrate: Active on double-stranded DNA with complementary cohesive termini that base pair to bring 
together 3' -hydroxyl and 5' -phosphate termini. In addition, the enzyme is active on nicked DNA. 
Blunt termini can be ligated in the presence of crowding reagents. 

Readion: 

Mg2+ 
ATP 1 E. co/i 

DNA ligase 

5' 3' ... pA pC pC pA pA pT pT pC pC pT .. . 

3 ... Tp Cp Cp Tp Tp '\ '\ Cp Cp '\ ... 5' 
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Bacteriophage T 4 RNA Ligase 
(Bacteriophage T4-infected E. co/i) 

Bacteriophage T4 RNA ligase catalyzes the covalent joining of 5' -phosphate termini in single
stranded DNA or RNA to 3' -hydroxyl termini in single-stranded DNA or RNA (Uhlenbeck and 
Gumport 1982). 

USES 

1. Because small molecules (e.g., pNp) are effective substrates, bacteriophage T4 RNA ligase can 
be used to radiolabel the 3' termini of RNA molecules in vitro (Uhlenbeck and Gumport 
1982). 

2. Ligation of oligodeoxyribonucleotides. 

3. Bacteriophage T4 RNA ligase has been reported to stimulate the activity of bacteriophage T4 
DNA Iigase (Sugino et aI. 1977). However, agents such as polyethylene glycol that increase 
macromolecular crowding are equally effective and much less expensive. 

BACTERIOPHAGE T4 RNA lIGASE 

Adivity: RNA ligase 

Substrate: 5' -phosphate acceptors include single-stranded DNA and RNA. Phosphate donors include single
stranded DNA and RNA and nucleotides such as pNp. 

Readion: 
DNAorRNA 

ATP 
1 

Thermostable DNA Ligases 

RNAor DNA 

5' 3' 
pApApT l pC ... OH 

bacteriophage T 4 
DNA ligase 

The genes encoding thermostable ligases from several thennophilic bacteria have been cloned, 
sequenced, and expressed to high leveis in E. calí (e.g., please see Takahashi et aI. 1984; Barany and 
Gelfand 1991; Lauer et aI. 1991; Jónsson et aI. 1994). Several of these enzymes are available from 
commercial sources. Like the E. calí enzyme, almost all thermostable ligases use NAD+ as a cofac
tor and work preferentially at nicks in double-stranded DNA. In addition, thermostable ligases, 
like their mesophilic homolog, can catalyze blunt-end ligation in the presence of crowding agents, 
even at elevated temperatures (Takahashi and Uchida 1986). Because thermostable ligases retain 
activity after multiple rounds of thermal cycling, they are used extensively in the ligase amplifica
tion reaction to detect mutations in mammalian DNAs. 



Bacteriophage T 4 DNA Polynucleotide Kinase 
(B,Htl'riophage T 4-inferted E. coli) 

Ligilses, Kil/Ilses, mui PiIosplwtllscS A4.35 

Bacteriophage T4 polynudeotide kinase catalyzes the transfer of the y-phosphate of ATP to a :; 
terminus of DNA or RNA (Richardson 1971). Two types of reactions afe commonly used. In the 
jórward reaction, the y-phosphate is transferred to the 5' terminus of dephosphorylated DNA 
(Richardson 1971). In the exclwllge reaction, an excess of ADP causes bacteriophage T1 polynu
deotide kinase to transfer the terminal 5'-phosphate from phosphorylated DNA to ADP; the 
DNA is then rephosphorylated by transfer of a radiolabeled y-phosphate from lyJ'PjATP 
(Berkner and Folk 1977). In addition to its phosphorylation activity, bacteriophage T4 polynll
deotide kinase carries a 3' phosphatase activity (Richardson 19R1 l. The propnties of this enzyme 
are summarized in Table A4-6 and in Richardson (1981). 

USES 

1. Radiolabeling 5' termini in DNA for sequencing by the Maxam-Gilbert technique (Maxam and 
Gilbert 1977), for nuclease 51 analysis, and for other uses requiring terminally labeled DNA. 

2. Phosphorylating synthetic linkers and other fragments of DNA that laek terminal 5' phos
phates in preparation for ligation. 

NOTES 

• Bacteriophage T4 polynucleotide kinase is difficult to purify fram infected cells, and impure 
preparations are not uncommon. Wherever possible, use bacteriophage T4 polynucleotide 
kinase that has been purified from cells expressing high leveIs of a cloned copy of the baete
riophage T 4 gene. 

• When setting up reactions involving the termini of nucleie acid mo\ecules, the coneentration 
of the reacting species can be calcu/ated using Table A4-7 as a guide. 

• Spermidine stimulates incorporation of lyYP1ATP and inhibits a nuclC<lse present in some 
preparations of bacteriophage T4 po/ynucleotide kinase. 

• ATP should be present ai a concentration of at least 1 ~lM in lhe forward rc~\(tion and at !east 
211M in the exchange reaction. Maximum enzyme activity requires slill higher concentrations 
(please see Table A4-6). 

• 'lhe DNA to be phosphorylated should be rigorously purified by gel electrophoresis, density 
gradient centrifugation, or chromatography on columns of 5epharose CL-4B in order to 
remove low-molecular-weight nucleic acids. Although such contaminants Il1av makc up only 
a small fraction of the weight of the nucleic acids in lhe preparation, they provide a mueh larg
er proportion of the 5' termini. Unless steps are taken to remove them, contaminating low
molecular-weight DNAs and RNAs can be the predominant species of nucleie aeids that are 
labeled in bacteriophage T 4 polynucleotide kinase reactions. 

• Ammonium Íons are strong inhibitors of bacteriophage T4 polynudeotidc kinase. Thercfore, 
DNA should not be dissolved in, or precipitated from, buffers containing ammoniul11 salts 
prior to treatment with the kinase. 

• Low concentrations of phosphate also inhibit bacteriophage T4 po/ynucleotide kinase. 
I midawle buffcr (p H 6.4) i5 therefore the buffer of choice for the exchange reaction, and Tris 
butfer is the buffer of choiee for the forward reaction. 
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TABLE A4-7 Concentration of IE~nJ(jd~s~i~n~~~.!L!R~e~a~c~ti~o~n~s ______ _ 

SIZE DF DOlJBLE-STRANDED DNA 

(IN BASE PAIRS) 

50 
100 
250 
500 

1000 
2500 
5000 

BACTERIOPHAGE T4 POLYNUCLEOTIDE KINASE 

Adivity: Kinase (fOlward reaction) 

AMOUNT DF DNA 

REQUIRED TO CONTRIBUTE 

pMOLE OF 5' TERMINI (IN J..Ig) 

1.7 X 10 2 

3.3 X 10~2 
8.4 X lQ-2 

1.7 X 10. 1 

3.3 X 10-1 
8.4 X 10-1 

1.7 

Substrate: Single- or dauble·stranded ONA with S'-hydroxyl terminus; RNA with a 5'-hydroxyl terminus. The 
enzyme phasphorylates protruding 5' single-stranded termini more rapidly than blunt ends ar 
recessed 5' termini; however, with sufficient enzyme and ATp, such termini can be completely 
phosphorylated. The reaction at nicks ar gaps in double-stranded ONA is less efficient than for sin
gle-stranded termini; however, with sufficient concentrations of ATP and enzyme, gaps can be com
pletely phosphorylated and nicks can be phosphorylated to 70"10. 

Readion: 

for example: 
5' 3' HOC pG pC ... 

bacteriophage T 4 
polynucleotide kinase 

[y-32P1ATP 
dithiothreitol 

Mg2+ 

[y-32PldATP 1 
dithiothreitol 

Mg2+ 

bacteriophage T 4 
polynucleotide kinase 

5'*C G 3' P P pC ... 

+AOP 

Adivity: Kinase (exchange reaction) 

) 5'[32P10NA or S'[32P1RNA 
+AOP 

Substrate: Single-stranded ONA with a 5'-phosphate terminus is most efficiently labeled (96%). Recessed 5'
phosphate termini are labeled to 70% with sufficient enzyme. 5'-phosphate groups at nicks are 
labeled 30-fold less efficiently than single-stranded 5'-phosphate termini. 

Readion: 
5' 3' pC pG pC . . . + excess AOP 

[y-32PldATP 
dithiothreitol 

Mg2+ 1 bacteriophage T 4 
polynucleotide kinase 

5'*C G C 3' P P P ... + AOP + ATP 
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Alkaline Phosphatases 
(E. co/i, calf intestine, and shrimp) 

The three alkaline phosphatases - bacterial alkaline phosphatase (BAP), cair intestinal alkaline 
phosphatase (CIP), and shrimp alkaline phosphatase (SAP) - catalyze the removal of 5'-phos
phate residues from DNA, RNA, rNTPs, and dNTPs. For further details, ple,lse see the informa
tíon pane! 011 AlKALlNE PHOSPHATASE in Chapter 9, 

USES 

1. Removing 5 phosphates from DNA or RNA prior to labeling 5' termini with 3êp. 

2. Removing 5' phosphates from fragments of DNA to prevent self-ligation, 

NOTES 

• BAP is the most active of the three enzymes, but it is also far more resistant to heat and deter
gents. It i5 therefore difficult to inhibit BAP completely at the end of dephosphorylation reac
tions. 

• Proteinase K is used to digest CIP, which must be completely removed if subsequent ligations 
are to work efficiently. An alternative method i5 to inactivate the CIP by heating to 65°C for 1 
hour (or 75°C for 10 minutes) in the presence of 5 mM EDTA (pH 8.0) and then to purify the 
dephosphorylated DNA by extraction with phenol:chloroform. 

• SAP is extremely heat-labile and can be denatured completely and irreversibly by heating to 
65°C for 15 minutes. 

ALKALlNE PHOSPHATASES 
------------------------------------------------

Adivity: Phosphatase 

Subslrale: Single- or double-stranded DNA and RNA; rNTPs and dNTPs. 

Readion: 
alkaline phosphatase 
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NUCLEASES 

Ribonuclease H 

Ribonuclease H (RNase H) catalyzes the endonucleolytic degradation of the RNA moiety of 
DNA- RNA hybrids, generating oligoribonucleotides of varying chain Iengths with 3' -hydroxyl 
and 5' -phosphate termini. RNase H was first recognized and isolated from calf thymus (Stein and 
Hausen 1969; Hausen and Stein 1970), but the enzyme is now known to be present in a wide vari
ety of mammalian tissues, yeasts, prokaryotes, and virus particles. Many types of cells contain 
more than one RNase H. 

In many retroviruses, RNase H is associated with the multifunctional enzyme reverse tran
scriptase and carries out important functions at several stages during the transcription of the viral 
genome into DNA. In eubacteria, RNase H is believed to be required for the removal of RNA 
primers from Okazaki fragments, for processing of transcripts into primers that are used by DNA 
polymerase I to initiate DNA synthesis, and to remove R-Ioops that provi de sites for opportunis
tic initiation of unregulated DNA synthesis at the chromosomal origin of replication in E. co/i. 
RNase H is presumed to carry out similar functions in eukaryotic ceUs. 

RNase H has been reported to increase markedly the inhibition of gene expression by anti
sense oligodeoxynucleotides. Hybrids between these oligonucleotides and specific sequences in 
mRNAs are sensitive to degradation by the enzyme. RNase H is required for initiation of replica
tion at the origin (ori) of colicin El (colEl)-type plasmids in vitro. The enzyme also seems to sup
press initiation of DNA synthesis at sites other than ori. 

X-ray crystaUographic analysis shows that E. calí RNase H consists of two domains, one of 
which contains an Mg2+ -binding 5ite enmeshed in p strands, a fold previously recognized in 
DNase I. For further information and references, please see Crouch (1990), Wintersberger (1990), 
Hostomsky et aI. (1993), Jung and Lee (1995), Kanaya and Ikehara (1995), Rice et aI. (1996), 
Crooke (1998), and the information pane! on RIBONUCLEASE H in Chapter 8. 
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Ribonuclease A (Pancreatic) 
l Bovinl' pancreas) 

RiboI1ucleasc A (RNase A) is an endoribonuclease that specifically attacks single-strandcd RNA 
:\' to pyrímidine residues and cleaves the phosphate linkage to the adjacent l1ucleotide. lhe end 
products are pyrimidine 3 phosphates and oligonucleotides with terminal p~Timidine 3' phos
phates (Davidson 1972). RNase A, which works in the absence of cofactors and divalcnt cations, 
can be inhibiled by placental RNase inhibitor (Blackburn et aI. 1977) OI" by vanadyl-ribonuclco
side complexes (Puskas et aI. 1982). 

USES 

1. Removing unhybridized regions of RNA from DNA-RNA OI' RNA-RNA hybrids. 

2. Mapping single-base mutations in DNA or RNA (Myers et a!. 1985; Winter et aI. 1 <,)85). In this 
method, single-base mismatches in RNA-DNA or RNA-RNA hybrids are rccognized and 
c1eaved by RNase A. A 32P-labeled RNA probe complementary to wild-tvpe DNA OI' RNA is 
synthesized in vitro using a plasmid containing a bacteriophage SP6 or T7 promoter. The R~A 
probe is then annealed to test DNA or RNA containing a single-base substitution. The result
ing single-base mismatch is cleaved by RNase A, and the location of the mismatch is then 
determined by analyzing the sizes of the cleavage products by ge! electrophoresis; ~ 5()t}h of ali 
possible single-base mismatches can be detected by this method. 

Ribonuclease Tl 

-------------------_ .. ~.~._. 

PREPARATIDN DF RNASE THAT IS FREE DF DNAsE 

Dissolve pancreatic RNase (RNase A) at a concentration afIO mg!ml in 0.01 M sodium aeelale (pH 5.2l. 
Heat to 100°C for 15 minutes. Allow it to coai slowly to room temperature. Adjust lhe pH by adding 0.1 
volume of 1 M Tris-CI (pH 7.4). Dispense into aliquots and store at -20°C. RNase precipitates when con
centrated solutions arp heated to 100DC at neutra I pH. 

Ribonuclease II (RNase TI) is an endoribonuclease that specificalJy attacks the Y -phosphate 
groups of guani ne nucleotides and cleaves the 5' -phosphate linkage to lhe adjacent l1ucleotide. 
The end products are guanosine 3' phosphates and oligonucleotides with terminal guanosine-Y
phosphate groups (Davidson 1972). 

USE 

Removing unhybridized regions of RNA from DNA-RNA OI' RNA-RNA hybrids. 
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Deoxyribonuclease I (Pancreatic) 
(Bovine pancreas) 

The endonuclease DNase I f1'om bovine panereas is a glyeoprotein that degrades double-strand
ed DNA by an in-line SN-2 meehanism involving nucleophilie attaek on the scissile phosphodi
este r bond. The phosphate group remains attaehed to the new 5' terminus. DNase I requires diva
lent metal íons for DNA hydrolysis (Kunitz 1950) and displays maximal activity in the presence 
Df Ca2+ and either Mg2+ or Mn2+ (Priee 1972). These eations work synergistically; in the presence 
of both Ca2

+ (0.1 mM) and Mg2+ (lO mM), the rate of hydrolysis is greater than the SUI11 of the 
rates for either cation alone. However, high concentrations of Mg2+ (>50 mM), but not of Ca2+, 
are inhibitory. 

'1 "he mode of action and the specifieity of the enzyme are affeet
ed by the type of divalent cations used. In the presence of Mn2+, or 
when very high eoncentrations of the enzymc are used in the absenee 
of monovalent cations, DNase I breaks both strands Df superhelical 
double-stranded DNA simultaneously at approximately the same site '--___ --'-_~~.~----' 
(Melgar and Goldthwait 1968; Campbell and Jackson 1980). 

In the presence of Mg2+, DNase I works in a totally different fashion and introduces nicks 
into eaeh strand of double-stranded DNA independently. As more and more nicks accumulate, 
the number Df base pairs between adjacent nicks on opposite strands gradually decreases and is 
eventually insuffieient to hold the molecule r-------------------, 
together. The terminal produets of this reaction 5' t t -1 -1 -1 OH 3 

are a eomplex mixture Df acid-soluble 5' -phos-
phorylated oligonucleotides. 

Whether this nicking activity of DNase I 
displays sequence specificity remains a surpris

p-p-p-p-p- p-

Mg2+ 

-p-p-p-p-p-p 

30H I I I t I I 
p - pS 

I 

ingly murky topie, with conflieting data from several groups. On the one hand, biochemical 
analysis of the digestion products of bulk E. coli DNA shows only weak sequence specificity 
(Ehrlich et aI. 1973; Bernardi et aI. 1975). On the other hand, footprints generated by digestion of 
double-stranded DNA with DNase I often show evidence Df preferential cleavage by the enzyme. 
In addition, Seheftler et aI. (1968) showed that DNase I has a very marked preferenee for cleaving 
poly(d[A-T])'poly(d[A-T]) to the 5' side of T residues, a result that was eonfirmed with 
homopolymeric poly(d[A-T]) by Lomonossoff et a!. (1981). However, this apparent specificity 
may be due more to a speeial alternating B conformation thought to be associated with the 
homopolymer, rather than to preference of the enzyme for particular sequences (Klug et aI. 1979). 

Support for this idea comes from analysis of the crystal strueture of complexes between DNase I 
and 5hort double-stranded oligonucleotides (Suck et a!. 1984; Suck and Oefner 1986). An exposed 
loop of the enzyme binds in the minor groove Df B-DNA with both strands Df the nucleic acid 
bending to make contact with the enzyme. Suck et a!. (1988) have suggested that, in contrast to 
the results Df Scheffler et aI. (1968) and Lomonossoff et a!. (1981), A-T tracts in double-stranded 
DNA might be relatively resistant to cleavage with DNase L 

In summary, whether DNase I nicks double-stranded DNA in a sequence-dependent fash
íon appears to be influenced by the structure of the template. The enzyme introduces nieks into 
complex DNAs with limited regard for sequence. However, on synthetic oligonudeotides of 
defined sequence, the enzyme shows a higher degree of preference, perhaps beca use the confor
mation of these substrates limits access of the enzyme to eertain classes of phosphodiester 
bonds. 
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When very short double-stranded DNAs are used as substrates, DN,lSC I also exhibits a 
topngraphical specificity that is manifested as "end-effects." Thc probability that a particllLlr 
phosphodiester bond wiU be cleaved increases as a function of its distancc from the 5' end of a 
UNA strand, at least as far as the eighth phosphodiester bond (Galas anel Schmitz 197t\; 

Lomonossoff et a!. 1981 ). This preference exists because the enzyme eftlciently cleaves only when 
it can interact with three or four nucleotides that are 5' to the cleavage site. The predominant 
prodllCts of complete digestion of dOllble-stranded DNA are therefore 5' -phosphorylated 
tetranucleotides (Bernardi et a!. 1975). Two methods have been llsed in molecular cloning to Iimit 
the action of DNase I to a single endonucleolytic c1eavage per molecule of template UNA: 

• As discussed above, in the presence of a transition metal íon such as Mnc, , DNase I deaves both 
strands of superhe!ical DNA aI approximately the same si te (Melgar and Goldthwait 196t\) to 
yield fragments that are blunt-ended or that have protruding termini onlv one or two 
nucleotides in length. The resulting linear molecules are re!ativcly resista/H to further clea\'age 
by the nuclease. This reaction has been used to generate random ddetions in a segl11ent oI' tar
get DNA cloned in a plasmid or bacteriophage M 13 vector (Frischauf ('t aI, 19RO; Anderso!1 
19t\ 1; IIong 1982). Because the sites of double-stranded cleavage are distributed in a statistical
Iy random f~lshion, the population of dosed circular DNAs is converted into a permuted set of 
linear molecules. These are thcn digested with a restriction enzyme whose unique sitl' of clea\'
age lies at one end of the target DNA. Recircularization of the resulting population generates 
clones that lack sequences lying between the site of DNase I deavage and the restriction site. 

• In the presence of subsaturating quantities of an intercalating dye such as ethidium bromide, 
DNase I randomly introduces a single nick into one strand of dosed circular DNAs. The result
íng relaxed circular molecules are then relatively resistant to further dea\age by the enzyme. 
DNase I can therefore be used to introdllce a single nick into dosed circular DNAs in prepa
ration for resecting prior to bisulfite-mediated mutagenesis (Greenfield ct a!. 1975). 

USES 

1. To remove DNA templates from in vitro transcription reactions and frol11 preparations of 
mRNA. These RNAs are contaminated wíth large amounts of DNA that l11ust be removed 
before analysis by northern hybridization, construction of cDNA libraries, rcverse transcrip
tas e (RT)-PCR, etc. Removal of contaminating DNA is particularly important when purifying 
RNAs from transfected cells or cells infected with DNA viruscs. Unfortunately, many COI11-
mercial preparations of pancreatic DNase I are contaminated with significant amounts of 
RNase. DNase I that is free of RNase can be obtained commcrcially but at great cost. If RNasc
free DNase is used on a regular basis, please see the pane! 011 PREPARATlON OF DNASE THAT IS 
FREE OF RNASE on the following page. 

2. To digest DNA that is left unprotected by interaction with proteins (DNA t'ootprinting) (Galas 
and Schmitz 1978; Schmitz anel Galas 1979). DNase I was the reagent origina]]y L1sed to devel
op DNA footprinting and despite the subsequent discovcry of elegant chemical mcthods to 
cleave DNA in a sequence-independent fashion, DNA footprinting with UNase I remains by 
f~u the most popular way to localize specific illteractions between proteins and DNA. 

3. To introduce random single-stranded nicks into double-stranded DNA to gencrate tcmplates 
for nick-translation reactions (Maniatis et a!. 1975; Rigby et a!. 1977). In this case, very small 
amounts of the enzyme are Llsed to prevent wholesale destruction of the template DNA. 
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PREPARATION OF DNASE THAT 15 FREE OF RNASE 

rnRNA prepared frorn uninfected rnarnrnalian cells contains only srnall arnounts of DNA that generally 
do not cornprornise northern hybridization or other types of RNA analysis. However, rnRNAs prepared 
frolll transfected mammalian cells ar from cells infected with DNA viruses are contaminated with large 
arnounts of DNA that rnust be rernoved by digestion with DNase I. Unfortunately, many commercial 
preparations of pancreatic DNase I, even those that clairn to be RNase-free, are contarninated with sig
nificant arnounts of RNase. In addition, the use of cornrnercíally prepared RNase-free DNase I can 
becorne expensive when rnany sarnples are prepared. DNase I can be treated by heating in the presence 
of iodoacetate to reduce RNase activity by ~98%. The resulting preparations of DNase are acceptable for 
ali but the rnost stringent applications (e.g., this rnethod should not be used to rernove DNA frorn RNA 
to be used in construction of a cDNA library). DNase purified in this rnanner should always be used in 
the presence of a protein inhibitor of RNase (please see the inforrnation panel on INHIBITORS OF 
RNASES in Chapter 7). 

1. Dissolve 10 rng of pancreatic DNase (Sigrna) in 10 rnl of 0.1 M iodoacetic acid, 0.15 M sodiurn acetate 
(pH 5.2). 

2. Heat the solution to 55°( for 45 rninutes. (001 the solution to 00
(, and add 1 M CaClz to a final con

centration of 5 rnM. 

3. Dispense the DNase I into srnall aliquots and store at -20DC. 



BAL 31 Nuclease 
CAI/('roI1l0I1dS psPPjidl1d BAL 31 ) 
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SAL 31 is predominantly a 3' exonuclease that removes mononucleotides fi'ol11 both 3' termini oI' 
the two strands of linear DNA. BAL 31 is also an endonuclease; thus, the single-strandcd DNA 
gcnerated by the 3' cxonllclease activity is dcgraded by the endonucleasc. The l11echan iSl11s oI' thcsc 
reactions are complex and are summarized in the information pane! on BAl~l in Chapter 13. 

Degradatíon is absolutely dependent on the presence of calcium, and the reaction can there
fore be stopped at different stages by the addition of the chelating agent EGTA. Bccause degradation 
occurs relatively uniformly from the termini of DNA, digestion with BAL 31 can bc llsed to map 
restriction sites in smaJl fragments ofDNA (Legerski et aI. 1978). DNA is digestcd \Vith BAL 31, and 
samplcs are withdrawn at different times and placed in a solutioIl conlaining EGTA. After digestion 
of these samples with the restriction enzyme of interest, restrictioIl fragments c<ln be seen to disap
pear in a defined arder. By using a DNA consisting of vector sequences at onc terminus (for which 
the restriction map is known) and unmapped sequences at the other, it is possible to dístínguísh 
fragments from the two termíni and to deduce the order of the fragments in the unmapped DNA. 

SAL 31 can also be used to remove llnwanted sequences from the termini of UNAs before 
cloning. After treatment with the exonuclease/endonuclease, the terrniní of the DNA are I'epaired 
with bacteriophage T4 DNA polymerase or the Klenow fragment of E. co/i DNA polymcrase I. 
Synthetic linkers are added to the DNA, which is then inserted ínto a suitable \'ecto)', In this wav, it 
is possible to generate a set of deletions from a defined endpoint in DNA, Although the t'I1zyme i5 
predominantly a Y exonuc\ease, it also has a DNA endonuclease activity and deaves internally in 
single-stranded regions of DNA ar in double-stranded DNA that contains helical dístortions (Lall 
and (~ray 1979; Gray et aI. 1981; Wei et aI. 1983). BAL 31 wil! also digest RNA, albeít inefficiently. 

USES 

1. Removing nuclcotides frorn the termini of double-stranded DNA in a controlled manner. lhe 
shortened Il1o[ecll!es c<ln bc used for a variety of purposes such as to producc deletiol1s, to 

position a desired seqllence next to a promoter OI' other controlling elemcnt, OI' to attach syn
thetic linkers at desired sites in the DNA. 

2. Mapping restriction sites in DNA (Legerski et aI. 1978). 

3. Mapping secondary structure in DNA, for example, junctions between B-DNA and Z-DNA or 
sites of covalent or noncovalent modifications in double-stranded DNA (Gray et a!. 1981; Wei 
etaI.1983). 

4. Removing nudeotides from double-stranded RNA in preparing recombinant RNAs (Miele ct 
a1. 1983 L 

NOTES 

• When the products of BAL 31 digestion are to be ligated, it is important to consider that the 
3' exonucleasc activity of the enzyme works ~ 20-fold more efficiently than thc DNA endollu
clease. lhus, the avcrage length of single-stranded tails crcated hy digestion of linear double
stranded DNA is dependent on the enzyme concentration. At high enzyme concentratiollS 
(2-5 units/ml), an avcrage of tive nudeotides of single-stranded DNA remain per terminus 
and 10-20% of the molecules can be ligated to blunt-ended DNA without further trcatment. 
At low enzyme concentrations (0.1-0.2 unit/ml), the single-stranded termini may be very long 
and the cfficíency of blunt-end ligation is very low. Repair with bacteriophage T <-\ DNA poly-
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mcrase (or, in some cases, the Klenow fragment) is almost obligatory before cloning DNAs 
treated with either high or low concentrations of BAL 31. 

• Most commercial preparations of BAL 31 contaín two kinetically distinct forms of the enzyme, 
a fast and a slow formo The slow form is a proteolytic degradation product of the fast formo Pure 
preparations of the fast form are available, but they are expensive (Wei et a!. 1983). Results usíng 
mixed preparations will vary, depending on the rei ative amounts of the two forms in the initial 
preparation and the rate of conversion of the fast to the slow form during the assay. 

Preparations rich in the fast form are preferred for such tasks as removal of long (> 1 000 bp) 
segments from the termini of double-stranded DNA; degradation of double-stranded RNA; 
and mapping of restriction sites, B-Z DNA junctions, and lesions in double-stranded DNA. 
The slow form of the enzyme ís used to remove short segments (10-100 bp) from the termini 
of doubIe-stranded DNA. Mixed preparations of the enzyme can be used for any of these tasks, 
although the results will vary as mentioned above. 

• SAL 31 works asynchronously, generating a poplllation of DNA molecules whose termini have 
been resected to various extents and whose single-stranded tails vary in length. Following 
digestion with BAL 31 and repair with bacteriophage T 4 DNA polymerase (or the Klenow 
fragment), it is often more efficient to isolate DNAs of the required size by gel electrophoresis 
rather than to screen very large numbers of randomly generated clones. 

• BAL 31 degrades AT-rich sequences significantly more rapidly than it degrades GC-rich 
regions. Thus, molecules that terminate in AI-rich regions are underrepresented in popula
tion5 of DNAs that have been digested with the enzyme. 

• BAL 31 should not be frozen. Store the enzyme at 4°C. 

8AL 31 NUCLEASE 

Activity: Exonuclease/endonuclease 

Substrate: BAL 31 degrades double-stranded DNA sequentially from both termini. The mechanism is thought 
to involve a rapid exonucleolytic degradation followed by a slow endonucleolytic reaction on the 
complementary strand. Double-stranded DNA with blunt or protruding 3'-hydroxyl termini are 
degraded to shorter double-stranded molecules. The enzyme is al50 active at nicks, on single
stranded DNA with 3'-hydroxyl termini, and on double-stranded RNA molecules. 

Reaction: 

5'---------------------------------
3'---------------------------------

3' 
5' 

Ca2+ 

1 
BAL31 

(rapid (2-3 units/mI 
reaction) [high concentration]) 

5'----------------------- 3' 
3' 

Ca2+ 

1 (slow 
reaction) 

5'---------
3'--------

+ 

5'------- 3' 
3' 

5' 

BAL31 

3' 
blunt ends (-10-20%) 5' 

single-stranded tails about 5 
5' nucleotides long (-80-90%) 
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BAL 31 NUCLEASE 

Activity: Exonuclease (shortens single-stranded DNA) 

Substrate: Single-stranded DNA with 3'-hydroxyl termini. 

Reaction: 
5' 3' 

Ca2+ 1 BAl31 

5' 3' 

Activity: Endonuclease 

Substrate: Single-stranded DNA; supercoiled DNA; DNA with B-DNA, Z-DNA junctions and other non-B
DNA comformations. 

Reaction: 
single-stranded DNA BAl31 

--.-.. mononucleotides 
Ca2+ 

superhelical double-stranded DNA 

BAl31 

truncated, double-stranded 
linear DNAs 

double-stranded 
linear DNA 

Ca2+ 1 BAl31 
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Nuclease S1 
(Aspergil/us oryzae) 

Nuclease SI degrades single-stranded DNA or RNA (Vogt 1973) to yie!d 5'-phosphate mono- or 
oligonucleotides. Double-stranded DNA, double-stranded RNA, and DNA-RNA hybrids are rel
ative!y resistant to the enzyme. However, double-stranded nudeic acids are digested completely 
by nudease 51 if they are exposed to very large amounts of the enzyme. Moderate amounts of the 
enzyme will deave double-stranded nueleic acids at nicks or small gaps (Kroeker and Kowalski 
1978). For further information, please see both the introduction to ProtocollO and the informa
tioo pane! on NUCLEASE Sl in Chapter 7. 

USES 

1. Analyzing the structure af DNA-RNA hybrids (Berk and 5harp 1977; Favaloro et a1. 1980). 

2. Removing single-stranded tails from DNA fragments to produce blunt ends. 

3. Opening the hairpin loop generated during synthesis of double-stranded cDNA. 

NOTE 

• Since the enzyme works at low pH, depurination often occurs, which limits the usefulncss af 
n uelease SI for some applications. 

NUCLEASE Sl 

Activity: Single-strand-specific nuclease 

Substrate: Single-stranded DNA or RNA; more aetive on DNA than on RNA. 

Reaction: 
nuclease Sl 

síngle-stranded DNA ar RNA -------7) 5' dN or 5' rN 
p p 

(pH 4.5) 

nicked dauble-stranded DNA 

Zn2+ 

(pH 4.5) 1 
+ 

nuclease Sl 
(moderate amounts) 
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Mung Bean Nuclease 
(Mung bean sprouts) 

Exonuclease 111 
(E. mli) 

Mung bean nuclease degrades single-stranded DNA to mono- or oligonucleotides with phos
phate groups at their 5' termini (Laskowski 1980). Double-stranded DNA, double-stranded RNA, 

and DNA-RNA hybrids are relative!y resistant to the enzyme. However, double-stranded nucleic 
acids are digested complctely by mung bean nuclease if they are exposed to very large amounts of 

the enzyme (Kroeker and Kowalski 1978). 
Although mung bean nuclease and nuclease SI are similar to each other in their physical 

and catalytic properties, mung bean nuclease may be less severe in its action than nuclease S I. For 

example, nuclease SI has been shown to cleave the DNA strand opposite a nick in a duplex, 

whereas mung bean lludease will only attack the nick after it has been enlarged to a gap several 

nuc\eotides in length (Kroeker and Kowalski 1978). For further details, please see the information 

pane! on MUNG BEAN NUClEASE in Chapter 7. 

USES 

1. Converting protruding termini Df DNA to blunt ends. 

2. Analyzing the structure of DNA·RNA hybrids. 

Exonuclease III catalyzes the stepwise rem oval of 5' mononucleotides from lhe 3' -hydroxyl ter

mini of double-stranded DNA (Weiss 1976). Linear double-stranded DNA and circular DNAs 

containing nicks or gaps are substrates. The activity of the enzyme results in the formation of long 

single-stranded regions in double-stranded DNA. The enzyme ais o carries three other activities: 

an endonudease specific for apurinic DNA, an RNase H activity (Rogers and Weiss 1980), and a 
3' phosphatase activity, which removes 3~ -phosphate termini but does lIot deave internai phos

phodiester bonds. The exonuclease wiU not degrade single-stranded DNA or double-stranded 
DNA with a protruding 3~ terminus (Rogers and Weiss 1980). 

Exonuclease III is nonprocessive and typically generates populations of molecules that have 

been resected to similar extents. This property simplifies the task of isolating DNA molecules 

whose Iengths have been reduced by the desired amount. For further details, please see the infor

mation panel on EXONUClEASE 111 in Chapter l3. 

USES 

1. Generating partially resected DNAs that can be used as substrates for the Klenow fragment 

(e.g., in the preparation of strand-speciílc probes) (for a similar applícation for bacteriophage 
T4 DNA polymerase, please see Figure A4-2 [p. A4.l9)). 

2. Generating nested sets of deletions of the terminal sequences of double-stranded linear DNAs. 
This reaction is usually carried out in conjunction with mung bean nuclease or nuclease SI 

and is an alternative to using BAL 31. Because exonuclease III will degrade DNA with recessed 

3~ termini but not termini with protruding 3' single strands, it can be llsed to create unidirec

tiol1al sets of deletions (Henikoff 1984). Thus, if the sllbstrate molecule carries a protrudil1g 3' 
terminus at one end (e.g., created by digestion with Pstl) and a recessed 3' terminus at the 
othe!', exonuclease III will digest only in one direction (from the recessed .)' terminus). After 
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removal of the resulting single-stranded segments (with nuclease SI or mung bean nuclease) 
and repair with bacteriophage T4 DNA polymerase, the deleted molecules can be inserted into 
an appropriate vector by blunt-end ligation. 

3. Some methods of site-specific mutagenesis use thiophosphate derivatives of the dNTPs for sec
ond-strand synthesis primed by the mutagenic primer. The parental template strand can be 
preferentiaIly degraded with exonuclease IlI, increasing the frequency of mutants obtained 
upon transformation of E. coli, since exonuclease III will not cleave thioester bonds (please see 
the information panel on SELECTING ACAINST WILD-TYPE DNA IN SITE-DIRECTED MUTACENE
SIS in Chapter 13). 

EXONUCLEASE 111 

Adivity: 3' Exonuclease 

Substrate: This enzyme is aetive on 3'-hydroxyl termini of double-stranded DNA with blunt ends or with ends 
containing unpaired 5' termini and recessed 3' termini. 3'-hydroxyl termini at nicks in double
stranded DNA are also substrates. The DNA must contain phosphodiester bonds; thioesters are 
not c1eaved. 

Reaction: 
5' P 

r HO -----------------

Mg2+ 1 exonuc/ease 111 

5' P ___________ OH 3' 

3,HO -----------
5' + pNOH 

For example: 

5' ••• pCpG pA pT pT pA pC pC OH 3' 

l' ... Gp Cp T p Ap Ap T p Cp Gp 5' 

Mg2+ 1 exonuclease 111 

5' }' 
... pC OH 

Activity: 3' Phosphatase 

Substrate: Double- or single-stranded DNA with a 3'-phosphate terminus; internai phosphodiester bonds are 
not c1eaved. 

Reaction: 

5' ____ p3' 
exonuclease 111 5' OH 3' 

+ 2Pj 
3'P---- 5' 3,HO--- s, 



Bacteriophage A Exonuclease 
(Bdt teriophage /.-infected E. coli) 
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Bacteriophage À exonuckase catalyzes the processive, stepwise rekase of :; o mononucleotides 
from double--strandcd DNA. Although the preferred substratc is double-stranded DI\'A with a 
terminal 5' phosphate (Little et aI. 1967), the enzyme will ais o work, albeit 100-fold less efficiel1t
Iy on single-stranded DNA. Doublc-stranded DNAs with nicks or gaps will 1101 serve as sub
strates, 

USE 

Bacteriophage À exonuclease was used for a wide variety of purposes in the earlv days (lf !11o!e;.:

ular c10ning (for review, please see Little 1981). roday, it is used chiefly to modif" the 5' -phos
phate termini of DNAs that are to be used as substrates for other enzymes (c.gOl terminal trans
ferase). 

BACTERIOPHAGE À EXONUCLEASE 

Activity: 5' Exon uclease 

Substrate: Double-stranded DNA with 5' -phosphate termini ar with protruding .5' termini, 

Rcaction: 
5 ••• pC pG pA pT pC pG r pT l pC OH 3' 

lO ••• Gp Cp T p ~ Cp Cp Gp Ap T p Gp 5 

1 bacteriophage À 
Mgl~ exonuclease 
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PROTEOlYTIC ENZYMES 

Proteinase K 

TABLE A4-8 

Pron.lsc·1 

Protein,lsc K 

Proteinase K is a highly active ser in e protease of the subtílisin type (for reviews, please see Siezen 
et aI. 1991; Siezen and Leunissen 1997) that is secreted by stationary cultures of the mold 
Tritirachium album varo Limber (Ebeling et aI. 1974). The K in the enzyme's name indicates that 
the protease can supply the mold's total requirement for carbon and nitrogen by hydrolysis of 
keratin. Proteinase K catalyzes hydrolysis of a wide variety of peptide bonds but exhibits a pref
erence for peptide bonds carboxy-terminal to aromatic and uncharged amino acids. 

The mature enzyme consists of 279 amino acid residues (M
r 

28,930) (Jany et aI. 1986; 
Gunkel and Gassen 1989) and has two binding sites for Ca2+, which lie some distance from the 
catalytic site. The Ca2+ ions are not directly involved in catalysis, but they contribute to structur
ai stability of the enzyme (Betzel et aI. 1988; Müller et aI. 1994). When Ca2+ is removed from the 
enzyme, some of the catalytic activity is lost because of long-range structuraI changes (Bajorath 
et aI. 1988, 1989). Because the residual activity is sufficient to degrade most proteins, digestion 
with proteinase K is usually carried out in the presence of EDTA. In addition, proteinase K 
remains aclive in the presence of urea (1-4 M) and detergents that are routinely used to lyse mam
malian cells (e.g., 0.5% SDS or 1% Triton X-lOO). Because proteinase K efficiently digests native 
proteins, it can rapidly inactivate DNases and RNases in celllysates, which facilitates the isolation 
ofhigh-molecular-weight DNA and intact RNA (Wiegers and Hilz 1971,1972; Hilz et a!. 1975). 

Proteinase K is purchased as a lyophilized powder and should be dissolved at a concentra
tio o of 20 mg/ml io sterile 50 mM Tris-Cl (pH 8.0), 1.5 mM calcium acetate. The stock solution 
should be divided in to small aliquots and stored at -20°C. An aliquot cao be thawed and refrozen 
several times, but it should then be discarded. Unlike much cruder preparations of protease (e.g" 
pronase), proteinase K need not be self-digested before use. The activity of proteinase K is sever
alfold higher at 50°C than at 37°C. Please see Table A4-S. 

STOCK STORAGE CONCENTRATION REACTION 

SOLUTION TEMPERATURE IN REACTION BUFFER TEMPERATURE PRETREATMENT 

20 mg/ml -20°C 1 mg/ml 0.01 M Tris-CI 
inHp (pH 7.8) 

0.01 M EDTA 
0.5% SOS 

20 mg/ml -20°C 50 ~g/ml 0.01 M Tris-Cl nune required 
in H,O (pH 7.8) 

0.005 M EOTA 
0.5% SOS 

proteases 
hSdf-Jigcstion eliminates cnntamination with DNase and RNase. Selt-di~iest(!d pronase is prepared by dissolving powdered pronase in I O m~1 Tris-Cl 

i pH 7.:; i, lO m.\1 NaU to a final concentration of 20 mg/ml and incuhating 1 hour at 37°C. Store lhe self-digested pronase in small aliquots at -20"C 
i" tight"· cappcd tubc'. 
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OTHER ENZYMES 
~------- -~~----------------

lysozymes 

Agarase 

Lysozymes are a family oI' enzymes that catalyze the acid-base hydrolysis of ~-( 1,4) )inkagcs 
between N-acetylglucosamine and N-acetylmuramic acid residues in the proteoglycan of bacter
ial cell walls (Blake et aI. 1967; Fursht 1985). They were discovered bv Alexander Fleming ( 1922), 
who identified an enzyme activity that rapidly lysed suspensions of bacteria. The products of 

digestion by vertebrate Iysozymes of the ceIl walls oI' bactería were identified in the late 1950s, 
which allowed the structure and composition of the substrate to be deduced (for review, please 
see Jollés 1960). 

Lysozymes are widely distributed in nature and are expressed wherever Ihere is a l1eed to Iyse 
bacterial cells, for example, during release of bacteriophages fram infected cclls, on the surt:lCe of 
vertebrate mucosa, and in a great number of secretiol1s of different animais, both vertebrate and 
invertebrate. There is no structural similarity between vertebrate and bacteriophage-encoded 
Iysozymes such as bacteriophage ~. endolysin and bacteriophage T4 endoacetylmuramidase. 

In molecular doning, vertebrate lysozymes (e.g., egg-white lysozyme) are used at pH 8.0 in 
combination with EDTA and detergents to liberate cosmíd and plasmid DNAs from their bacte
rial hosts (GodsOJ1 and Vapnek 1973). For further details, please see the information panel on 
lYSOZYMES in Chapter I. 

Agarase enzymatically digests molten agarose to produce soluble 111onomers and oligosaccha
rides.lt is used in the ísolation of DNA fragments from agarose gels. The enzyme is available from 
a number of manufacturers and Ís active in both Tris-acetate and Tris-borate buffers. Optimum 
activity is achieved at pH 6.0. Iso\ation of DNA using agarase is a very gentle method, which 
makes it suitable for the purification of large fragments. For a protocol on the purification of 
DNA from pulsed-field gels after agarase digestíon, please see Chapter 5, Protocol 19, 

Uracil DNA Clycosylase 

Uracil DNA glycosylase (UDG) cleaves the N-glycosidic bond between the uracil base and the 
phosphodiester backbone of DNA. UDG removes the uracil residues from the sugar moiety of 
single- and double-stranded DNAs wíthout destroying the phosphodiester backbnne, thus pre
vel1ling its uses as a hybrídization target or template for DNA polymerase. The resulting apyrim
idinic DNA becomes susceptible to hydrolysis at high temperatures, UDe will not remove uracil 
from RNA, and it specifically attacks uracil-containing DNA. 

Treatment of uracil-containing DNA with DDG disrupts base pairing in the DNA duplex. 
The use of dUTP in amplification reactions introduces uracil at the sites opposite to adcnine. 
Subsequent treatment of the duplex with UDe results in single-stranJed termini that may be 
used in cloning the amplified fragments of DNA. 

+UDC 

5'-C~AC-C:A-C:AA _____ ~ATGATGAGATGAT-3' 

3'-GATGAGTAGIT -AC-AC- C- AC-A-5' 
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Topoisomerase I 

Topoisomerase I (Topo I) is a crucial component of DNA replication. The enzyme works by 
introducing transient nicks into one strand of the backbone of both positively and negatively 
supercoiled DNAs, thus allowing the structure to untwist, and then resealing the breaks (for 
rev iew, please see Wang 1996). During the course of the reaction catalyzed by topoisomerase I, a 
transient covalent intermediate is formed belween a specific tyrosine residue of lhe enzyme and 
one end of the break in its DNA substrate. This bond between the enzyme and its substrate is bro
ken by the activity of tyrosine-DNA phosphodiesterase, the gene for which has been cloned and 
shown to be highly conserved among higher eukaryotes (Pouliot et aI. 1999). 

In the absence of Mg2+, topoisomerase I works to generate relaxed, covalently closed circles 
(for review, see Kornberg and Baker 1992). The enzyme is sometimes used in molecular cloning 
to enhance the electrophoretic separation of plamid DNAs. Thus, fractionation by gel elec
trophoresis of closed circular DNAs lhat have been relaxed by treatment with topoisomerase I will 
resolve molecules that differ in length by a single nucleotide pair (Wang 1979; Luckow et a!. 1987). 
Topoisomerase I is commercially available from Life Technologies, or it can be purified readily 
from calf thymus as described by Prell and Vosberg (1980). 
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Inhibitors of Enzymes 
TABLE A5-1 Protease Inhibitors 

PROTEASE INHIBITORS 

\n1If',1in c\lh\dlochlorllk 

\nlilhromhln 111 

\I'~I~I 

\ 1'1,'1 Inin 

Ik,I.llin 

t ,11I',1in inhihitol 

I ,t1I',lln inhihll(lJ 11 

;.11 )khloroi,oC()lllll.trin 

1 1,,,1,11 i 11 ,li 

1IIIlldin 

1"c\(),1lc'lil,1cld 

IC'IlI'L'I'lil1 

(( - \ 1.1 c ""Sl"hllllll 

I'c'i,lblilc S< .. \LBSr,I-12-
,11ll i n( lei h\'ll- bCl1/Cl1csul 1'011\'1 
tluori,k h)'cJnJchlmidL' 

1\'1',1,11111 . \ 

i'\I~1 'l,hL'n\II11L'lh\'L,ullol1yl 
IluilJ'lckl 

II~W2 

M.W. 

(177,6 

3~,OIJ() 

252.7 

- 65011 

344.H 

.lH3.'i 

401.h 

607.7 

213.0 

512.6 

(,LJ63.S 

IH6.0 

INHIBITS 

Inhihib papain, trypsin, cathcpsin, A and B, anel to a 
,mall cxtcnt plasll1in. 

Inhihits ali ,cnne proteascs of the blood (oagulation 
sys\cm, as wdl as tn-psin and chymolf\'psin. 

Spccilic ,1I1d i1'l'C\'crsiblc inhibitor of scrinc protcascs. 

Scrinc prokasc inhibitor; inhibits plasmin, chYll1otr)'psin, 
kallikrcin, Jnd trypsin. 

Inhibits mct,llloprotc,lscs, primarily aminopcptidascs. 

Strong compctitive inhibitor of calpain I and to a lesser 
cxtcnt calpain 11; ,liso inhibits papain, cathepsins B and L, 
,md to a sm,lIl extcnt cathepsin H and a-ch)'J11otrypsin. 

:,Irong cOll1pctiti\'c inh ibitor of call'ain I and to a lesser 
extcnt calpain 11; ,liso inhibits papain, cathepsins B Jnd I , 
and to a sm,tll cxtcnt cJthepóin H; \\'eJkl)' inhibits a
,hYl11('tryp,in. 

Inhibih ,crinl' ,lnd c)'sreine protea,cs; 'pecitic inhibitor of 
(X, (3-, y-, ô-chymotr) psin, pap,lÍn, and cathepsins A, !l, 

,md C. 

Inhibiloj' of "erine proteases. 

Irrewrsibk inhibitor ot elastasc. 

Inhibih IhJ'(ll11blll. 

I nhibits cystcinl' prote,lscs. 

473.6 lnhibits scrine ,md n"teine proteascs 

~ 725,()()() Universal pmtt"bl' inhibitor blocking ali cla,ses oI' cndo
protcinases. 

174.2 

Inhibih ,erinc protease, and prevents 11011spcl-itlc 
c-ovalcnt 1110dilic,ltion of protcins. 

J nhibits aciei pwteascs, l',g., pepsin, rcnin, cathepsin D, 
Ch)'lllosin, and man)' l11icrobíal acid P1'Ote'lse,. 

Inhibits serine J'rote'lscs, e.g" chYl11otr)'psin, t hromhin, 
,1I1d papin. 

I1 <i'; I-Lhlllril-5-t",dal1lido- 36'.1.3 

J nhibits lllatnx mctalloprotcinase activity in cnzymatic 
.lssays anti il1 vitro !ll.llignant invasio!1 '1>5<1\'S. 

Irrevcrsibly inhibits trypsin as wel! a, lllan)' other scrine 
and cystcinc pn)tt'usI..'S, e.g., br()mel~lin, ficin, Of' papain. -',\lllIIlP~! "~-ht'pLln()Il(,; 

\'<1-,'-10,':'1-1 -/l',inL' chloro-
I1lL'lllll hL'tolíl: Iwdrllchloridc 

Il'rf,;; l,hlolo-5-1·1-1o",l- 3~J.L) 

,llll ido, --I-I'I1"n\'I- 2 -bul anonc; 
\' lo" I-I -l'hc·n)'I,II,lllinl.' 
chl"l'oll1cth\'1 kc'tonL' 

Il'rcversibly inh1bits ch)'ll1otrypsin, as 1\'cll ," many othel' 
'l'rinc al1d c)',teine proleases, e.g., bromel,lin, ficin, or 
papail1. 

DOES NOT INHIBIT 

!loe, not inhibit CI steinL' ['mle,l"'s, d'~',Jrtic 
proteasc" or llleta\\"proka,es. 

Doe, not inhibit cl1ll11oln p,in (1r dcL'id
cholincstr:r'lse. 

Docs not inhibil Ih I'lllllhin OI' I:,lctor \. 

Doe, nol inhibit C,lrbo\:veptida,e,. 

Does 110t inhibit tr\[',in . 

Doe, not inhibit I1 'p,in. 

Doe, not inhibil l'l1tloprnlL'in\bcs th,ll .trL' 
highh' 'pccilic !(lr "nc OI' ,1 lilllill'd nUlllbl'J' 
of ,cqucnccs, r.g., lissuc' kallikrrin, ul'Oki
n,lse, coagulatiol1 hlClnr \11:\, ,md end,,
pmkinasc Lys-(~. 

J )ocs not illhibit cll\ nHltr)vsin. 

1 )oes nol inhibit m·l',ill. 

AS.] 
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VITAL STATlSTICS DF DNA 

TABLE A6·1 Genome Comparisons 

SIZE OF DNA WEIGHT OF DNA 
ORGANISM (bp) (DALTONS) REFERENCE 

Mammals -3.0 X -1.9 X 

Drosophila mela/lOgaster ~1.8 x JOR ~7.8 X JOiO Adams et a!. (2000) 

Cacnorhabditis elegans -9.70 X lQl 6.59 X 106 C. e/egans Sequencing 
Consortium ( 1998) 

Saccharomyces cerevisiae 1.30 X 107 8.44 X 109 Goffeau et a!. ( 1996) 

Hacmophilus influel1z(/e Rd 1.83 X 106 1.19 X 109 Fleischmann et aI. ( 1995) 

Mycoplasma genilaliltnl 0.58 X 106 3.76 X IOR Fraser et a!. (1995) 

MetfJanococcus jannaschii 1.66 X 106 1.08 X 109 Bult et aI. (1996) 

Synechocystis sp. 3.57 X 106 2.32 X 109 Kaneko ct a!. ( 1996) 

lv/ycoplasma pneumoniae 8.10 X 105 0.53 X 108 Himmelreich et a\. (1996) 

Helicobacter pylori 1.66 X 106 1.08 X 109 10mb et aI. (1997) 

Escherichia coh 4.60 X 106 3.00 X 109 Blattner et aI. (1997l 

Methal10bacterium thermoautotrophicum 1.75 X 106 1.14 X 109 Smith et aI. ( 1997) 

Bacillus subtilis 4.20 X 106 2.73 X 109 Kunst et aI. (1997) 

Arc!laeoglobus fulgidus 2.18 X 106 1.40 X 109 Klenk et aI. ( 1(97) 

Borre/ia bllrgdorferí 1.44 X 106 9.35 X 108 Fraser et aI. (I 997) 

Aquifex aeolicus -1.50 X 106 9.74 X 109 Deckert et aI. ( 1998) 

Pyrococcus horikoshii 1.80 X 106 1.17 X 109 Kawarabayasi et a!. (1998) 

Mycobacterium tllberculosis 4.40 X 106 2.90 X 109 Cole et aI. (1998) 

Trepollema pallidum 1.14 X 106 7.40 X 108 Fraser et aI. ( 1998) 

Chlamydia trachomatis 1.05 X 106 6.80 X 108 Stephens et aI. (1998) 

RickC'ttsia prowazekii 1.10 X 106 7.10 X 108 Andersson et aI. ( 1998) 

Helicobacter pylon 1.64 x 106 1.06 x 10Y Alm et a!. (1999) 

CIz/amydía pnellmoniae 1.23 x 106 7.98 X 108 Kalman et a!. ( 1999 ) 

Deinococcus radiodurans 3.28xl06 2.13 x 109 White et aI. ( 1999) 

Thermotoga marítima 1.80 x 106 1.17 x 109 Nelson et aI. ( 1999) 

Bacteriophage T2 -2.0 x 105 -1.3 X 108 

Bacteriophage À 48,514 3.1 x 107 Danie\s et aI. (1983) 

pBR322 4,363 2.8xl06 Sutcliffe (1978, 1979) 

pUCI8/pUCI9 2,686 1.7 x 106 Yanisch- Perron et a!. ( 1985) 

Source: www.tigr.org For updates, see TIGR Web Site (www.tigr.org) 
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TABU A6-2 
of Restriction Endonuclease Sites in the Human Genome 

AVERAGE ESTlMAHD 
FRAGMENT NUMBER ENZYME SEQUENCE SIZE (kb) OF SITES 

:\pnl GCGCC :2 1..'1 x 10" Asd GGCGCGCC 80 3,7':; x 10 1 
"h'r!! CCTACe 8 .'-75 x lO' BmllHI GGATCC :; 6 x I ()' 
Hgll GCCN"GGC .3 I x lO" IJglIJ AGATCT 3 I x 10" BssHU GCC;CGC lO .3 x ](JY f)mI TTTAAA :2 J.S x !O" 
Eagl CC;(~CCG 10 3 x lOi l:'coRl (;AATTC 5 6 x IOi Hil1dIlI AAGCTT 4 ;-,5 x lOi :Vllel GCCGGC 4 ,,5 x 1 (li 
,\Jild GGCGCC 4 ;',5 x 10' NileI GCTAGC lO 3 x 10i NOIl GCGGCCGC 100 3 x lO I PileI TTAATTAA 60 S x I () 1 
Pl1lcl GTTTAAAC 70 .1.3 x 10 1 RsrI CGGWCCG 60 S x 10 1 Saci CAGCTe .3 I x I{)" S(ldl CCGCC;G (, S x 1 ()' 

Sal! CTCGAC 20 1.5xlOi Sbn CCTGCAGC 15 5,33xllF Sli! GGCCN,GGCC 30 I x ](f' " SgrAI CRCCGGYC 70 4,3 x 10 1 

SmaI CCCGGG 4 ;,:; x I (l" Srcl ACTAGT lO 3 x 105 S1'hl GCATGC 6 :'i x !O' Srfl GCCCGGGC 50 6 x 10 1 

S51'l 
2 1.5 x 10h Sl\'ol 

30 I x lO' XliII! 
X/lO! 5 h x lO' 

.1..', x lO' 
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TABLE A6·3 Restriction Endonuclease Cleavage at the End of a DNA Fragment 
._ .... _ ....... _-----_ .. _ .. _ ... _ ... 

BASE PAIRS % CLEAVAGE BASE PAIRS % ClEAVAGE 

ENZYME FROM END EFFlCIENCY ENZYME FROM END EFFlCIENCY 

Aatll 3 88 KpnI 2 100 
2 100 2 100 

95 99 
AccfJ5 2 99 M/uI 2 99 

I 75 
Ajlll 13 MunI :2 100 

AgcJ 100 NcoI 2 IDO 

I 100 
Apal 2 100 NgoM IV :2 100 
Ascl 97 NheI IOO 

2 82 

Avr!! 100 Not! 7 IDO 

4 100 
98 

BlllIIHI 97 Nsil .3 100 

.3 77 

2 95 

BgIIl 3 100 Pac! 76 

B5lWI 2 ]()O PmeI 94 

BspEI 2 100 Pst! :> 98 

8 2 50 

37 

BsrGI 2 99 SacI 99 

88 

BssHIl 2 100 SIlII 3 89 

2 23 
1 61 

fugI 2 100 SpeI 2 100 
2 100 

fcoRI 100 SphI 2 99 

88 2 97 
]()O 92 

EcoRV 100 XbaI 99 
94 

HindUI 3 90 Xhol 97 

2 91 
O 

Kasl 2 97 Xmal 2 98 

93 2 92 

The r"sults represent the ability of various restrictioll endonucleases to cleave close to lhe end of a DNA fr<lgment. The ckav-
age eftlciency is given for a particular recognition site placed at x bases from the end of a linearizcd vector. As a general rule, 
enZ)'mes not listed above require 6 base pairs on either side oftheir recognition sÍte to c1eave efficiently. (Reproduced, with per-
mission, 1998/99 New England Biolabs Catalog [CôNEBj.) 
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TABLE A6-4 Concentration of Double-stranded DNA in Solution 
MOLECULAR 

MASS 50 ,ug/ml SOLUTlON 

DOUBLE-STRANDED DF DNA MOlECULES MOLAR CONCENTRATION OF 

DNA (50 pg/ml) BP/MoLECULE (DALTONS) DNA/ml MOlES/ml DNA PHOSPHATE TERMINI 

BaLlCri(lphagc í. 4~,514 3,20 x 10 9.4lxlOII 1.56 X 10- 12 1,56 nI\1 I S7 p\1 ,\.1' n \! 

l'\dIIlS,lcllll 30,3()() 2,00 x lO 1.51 X 101' 2.50x 10- 12 l.50 Il~! ! s;- ,lI\! :'i.OO n\! 

f'(\P,\U 19,6()() 1.29 x 10 
-

2.33 X 10\2 3.88 X 10 1' 3.R8 n~1 I:;; .LI\! ,.7h 11\1 

I'Y.\U 11,40(J 7.52 x lO" 4.00 X 10 1, 6.65xIO- I ' 6.6:; n~1 157 ~I\! 1.'.1 11\1 

plkI(lI).\UI ;,·100 4.08 x 10(0 6.17 X 10 1, 1.03 X lO-I \ 10,5 n~1 1:;7.L1\! 20.h 11\1 

1'1)1022 4.363 2,~~xl06 1.05 x 10\5 1.74xIO- 11 17.4 n:ll IS7p\1 ).U; n\ 1 

pU IS/pL'CI9 2,686 1.77 x 10" 1.70 x 10 11 2.83x10 11 28.3 n~1 1:;7,l1\1 5h.h 11\1 

"L'gnlL'llt (lf Il\A ( 1 kb) 1,000 6.6() X 103 4.56 X 10 1' 7.58 X lO-li 75.8 1l.\1 157,ll\! 1:;2 n\1 

()(U111LTÍl' doubk-,tr,l11dl'd 8 5.2R x lO' 5.70 X 10 1' 9.47 x 10-9 9.47 ~l,\1 1 :;;- P\ 1 1 R.L) 11\1 

I 111 Kl'r 

6 7 1N:Jt5 N 
I >8 ~N 4 N9 

I 
H 

the punne ring system the pyrimidine ring system 

FIGURE A6-1 Numbering of Atoms on Purine and Pyrimidíne Molecules 



A6.6 Appclldix 6: Nllc/cic Acids 

TABLE A6·5 Adenine and Related Compounds 

"max Emax OD280/ 

STRUCTUREa M.W. (nm) (xl0-3 ) OD260 

:\tkllillt ,5, 135.1 260.5 13,4 0.13 

l" I > N N 
H 

:\dcllosill\.' NH2 267.2 260 14.9 0.14 

N~N> l"N N 
HOCH2 O~ 

kf r H H 
OH OH 

Alknosinc S-phmphate (S'-AMP) o 347.2 259 IH 0,16 
11 adenine 

'o-roc~ 
H H 

OH OH 

,\dCIlOsilll' )'-diphosphate (5-ADP) O O 427.2 259 15,4 0.16 
11 /I adenine 

,o-rO-rT~(~ 
H H 

OH OH 

\dl'l1osinc :;' -triphosph<ltc (5' -ATP) o o o 507.2 259 15,4 0.15 
11 /I /I adenine 

'o-ro-ro-ro~ 
H H 

OH OH 

2 -[lcllxv,ldcnosinc o o o 
5 ,triphosphatc (5'-dATP) 11 11 11 adenine 

4lJ1.2 259 15,4 
HO-P-O-P-O 

ro~ 
0.15 

I I 
OH OH 

H H 
OH H 

,\1 p)l\'sío)ogíld) pH, a)) of lhe h)'droxvls bound 10 phosphate are ionized. 



Vitill Stati5tÍC5 o( DNA A6.7 

TABLE A6·6 Cytosine and Related Compounds 

"max Ema, OD260, 

STRUCTUREa M.W. (nm) (xlO-3 ) OD2 1>1I 

( :\,tll,in,' ,5 11 I.l 267 6,1 O,:;t1 

O"ÀN I 
H 

\\tidinl' NH2 243,2 271 H __ ~ O.<J3 

N~ O~N I 
H°k;°iJ 

i---r' H H 

OH OH 

(\(idinl' 5-phosphdte (5'-CMP) O 323.2 271 9.1 O.<Jt\ 
II cytoslne 

'OT-OOKíO~ 
H H 

OH OH 

(\(idinl' 5 -diphosphatl' (5' -CllP) O O 403.2 271 <J.l O.<JH 
II 11 cytoslne 

"'-l:o-roc~ 
H H 

OH OH 

(\,tldinl' 3-triphmphate (S'-CTP) O O O 4H3.2 271 'l.0 O.<J; 
II II II cytosine 

'o-ro-c-rOCKíO~ 
H H 

OH OH 

2 -1 kll\:'c)'tidínt: O O O 

:; -triphosphate (:; deIP) II II II cytasine 
467.2 272 

"O-rO-ro-roKío~ 
<J.l O.'lt\ 

H H 

OH H 

"\1 I'ln,iolo!"ic.d f'll, ,111 oI' lhe hydroxyls Imund to ph(hphat~ are ionized. 



A6.8 Appcl/dix 6: NlIclcíc Acids 

TABlE A6·7 Cuanine and Related Com 

Àmax Emax OD280/ 

STRUCTURE a M.W. (nm) (x 10-3) OD260 

( ;U,1l111ll' o 151.1 276 ~.I:; 1.04 

HN:):N) 
H2NA N N" 

H 

( ;U,IIlOSiIlC o 283.2 253 13.6 0.h7 

HN:):N) 
H2NA N I N" 

H0f(;0~ 
~ H H 

OH OH 

l ;ll,lIl<l'iiIlC :;' -pho,phatc (5' -eMP) O 
363.2 252 13.7 0.66 II guanlne 

"0-rOCK{ o rJ 
H H 

OH OH 

( ; li ,1110 S i 11 C :;' -diphosphatc ( 5' -GDP) 
o o 

443.2 253 l.'.7 0.66 II II guanlne 

HO-P-O 

roc~ I 
OH 

H H 
OH OH 

(;ll<lIW,ill l ' 'i-triphosphatc (5',(;TP) o o o 523.2 253 D.i" 0.66 
\I II \I guamne 

HO-P-O-P-O 

r°1«(~ I I 
OH OH 

H H 
OH OH 

, -lko\\'iwanosillc o o O 

11 11 \I guanme 

:; -triphosphatc ()'-dCTPJ 
"O-rO-ro-ro~ 

507.2 253 13.7 0.66 

H H 
OH H 

\1 pll\',jo(<lgj,oI( pll, 0111 (lI the hydroxyls bound to phosphate are jonized. 



TABLE A6-8 Thymine and Related Compounds 

, d,,[\\\,tI1l l11idilll' 

, ,k(l\\(llIIllidilll'.i -pllOsphatc 
., 1.\11'1 

STRUCTURE" 

o 
II thymlne 

"0-ror~í' rJ 
H H 

, dl'pwthl'l11idilll' 

trq'hosph.llt' (5 -1'11' 1 
O 

II 
O 

11 

OH H 

O 

11 
thymlne 

HO-P-O- O P O 

1<rrJ I I I 
OH OH OH 

H H 

OH H 

,\t 1'1l\',i(lI(l~i',ll 1'1 L ali of the Iwdroxd, hound to phosl'h,lte are ionizcd, 

T ABLE A6-9 Uracil and Related Compuunds 

STRUCTURE" M.W. 

112, I 

l ridilll' 244,2 

lndinr 5-plw,phak (5'-UM!') O 

" 
uracil 324,2 

HO-~:O~ 
H 11 H 

OH OH 

lridilll' 'i-triphosphatc (5'-UT!') O O O 

11 11 11 uracil 
4H4,1 

"O-rO-r O -L _ookfo rJ 
H H 

OH OH 

Vitil! StiltÍ5tÍ(S ofI)N,\ A6.9 

Am.1x Em'" 0°280 

M.W. (nm) (xlO-1 ) 002hll 

126, I 264,5 ,,9 0,),1 

242,2 267 9,/ 0,/0 

322.2 267 9,h 0,73 

4HZ,2 267 'l,h 0,71 

À01,1' Em.1' 0°2110' 
(nm) (xl0-J ) 0°260 

2:19 H.2 (l,17 

10,1 (},35 

2hO 10,0 (),3!' 

260 10,0 



A6.1O Appendix 6: Nucleic Acids 

TABlE A6-10 Unusual Bases 

STRUCTURE M.W. 

Hypoxanthine o 136.1 

HN:):N) 
~N N 

H 

Inosine o 268.2 

HN:J:N) 
~N N 

"~ 
H H 

OH OH 

Xanthine O 152.1 

HN:C
N
) 

OJ-N N 
H H 

TABlE A6-11 Nucleoside An'HOI~S Used as Chain Terminators in DNA 

STRUCTUREa 

O o O 

11 11 11 

Àmax 

(nm) 

249.5 

248.5 

267 

Base 

2',3' -DIDEOXYRIBONUClEOSIDE 

5 'TRIPHOSPHATES 

HO-P-O-P-O 

I I 
OH OH L o-kío~ 

H H 
H H 

2 ,3·j)ideoxyadenosine (ddATP) Base := adenine 

2 ,3 Dideoxycytidine (ddCTP) Base ::= cytosine 

2,3 -Dideoxyguanosine (ddGTP) Base guanine 

2 J·lJideoxythymidine (ddTTP) Base thymine 

'AI physiological pH. ali of lhe hydroxyls bound to phosphate are ionized. 

Emax 

(xlO-3) 

10.7 

12.3 

10.3 

OD280/ 

0°2&0 

0.09 

0.25 

0.61 

M.W. 

475.2 

451.2 

491.2 

466.2 
608.2 



OligolllldcOfillcs A6.11 

OLlGONUClEOTIDES 

TABLE A6-12 Commonly Used Oligonucleotide Primers 

PRIMER 

Àg! I O !<lrIvard l'rimcr 

Àg! I O n.'\'l'r'C primer 
Àg! 11 f'lrIvard priml'r 
Àg! I I reversc pri lller 

pUC/1\1 13-40 forward primeI' 

pUC/M ]5-48 reversc primer 
pU( :/i\11 ,~·20 forward primer 

pU( :/i\113-20 rcverse primer 
SP6 universal primcr 

T/uni\cr~al primer 

'1'3 proll1()!er primer 

SEQUENCE 

:; '·ACCAAGTTCA(;CCT(;( ;'1"1,\;\( ;.,' 

5' -CTTATGAGTATTTClTCCN;(;( ;TA·3 
5-GGTGGCGACGACTCCH;( ;\(;CU:( ;-_, 

5'· TTGACACCAGACCAACI'(;( ;TAAJ'(;·_, 

5' -CTTTTCCCAGTCN;( ;A( X;-, 

5' ·AGCGGAIAACAATTTCAC\( :A(;( ;._,' 

5' ·GTAAAACGACGU:(:A(;T-.\ 
5' -GGAAACAGCTATCACCA'I\ ;-3 

:;' -ATTTN;C;n;ACACTATA( ;-_, 

5' TAATACGACTCACTATN;C(;.\ 
:; '-ATTAACCCTCACTAAA(;(;( ;\-3 

For ,ldviLc 011 éllstOIll primer dcsign, pleasc scc lhe introduction to Chapkr 10. 

TABLE A6-13 Molecular Conversions for Oligonucleotides 

SIZE OF 
OUGONUCLEOTlDE MOlECULAR MASS MOLECULES OF MOLES OF 

(NUClEOTIDES) (DALTONS) DNA IN 1 ~lg DNA IN 1 Ilg 

ti 2.64 x 2.28 x 379 Plllolcs 

10 3.30 x lO' 1.82 x 10 1
" 303 Pllloks 

12 3.96 x lO' 1.52 X 10 11 25," pnHlb 

14 4.62 x lO' UOx 10 11 216 plllolcs 

16 5.28 x lO' 1.14 x 10 11 190 Pllloks 

IH 5.94 x lO' 1.01 X 10 11 168 Pllloks 

20 6.60 x 10' 9.12xlO t1 152 



A6.12 Appclldíx 6: Nuc/eic Acids 

NOMOGRAMS 
-------------------------------------------------------------------------

100 nt 
90 

80 

70 

60 

50 

40 

30 

20 

10 nt 3250 D 

Size 01 Oligonucleotide 

(nucleotides and MW in Daltons) 

Assumes 1 bp ONA 649 D 

FIGURE A6-2 

1 mg/ml
gOO 

10 ).191m I 

800 
700 
600 

500 

400 

300 

200 

20 

1 ).Ig/ml gOO 
800 
700 
600 

500 

400 

300 

200 

100 ng/ml 90 

80 
iO 
60 
50 

40 

30 

20 

10 ng/ml 

00
260

= 1 

Concentration 
(mass/volume) 

o -5.1 11M 

1 ~M 
900 

800 

700 

600 

500 

400 

300 

200 

100 nM 
90 

80 

70 

60 

50 

40 

30 

20 

10 nM 

Molarity 

1 pMole/~1 

This nomogram can be used for the conversion of concentration between different conventions and to 
obtain approximate values of ONA concentration from 00260 readings. For example, a solution of an 
oligonucleotide 20 nucleotides in length that produces an 00260 = 1 has a concentration of 33 Ilglml. To 
calculate the molarity of the solution, draw a line from the size of the molecule (in nucleotides or mole
cular weight) on the left-hand scale, through the point of known concentration (33 Ilglml) on the middle 
scale. Extrapolate the line through the third scale and read off lhe molarity (5.1 11M is equivalent to 5.1 
pmoles/lll). (Figure kindly provided by Siân Curtis.) 



30 

20 

10 kb 

2700 bp' 

1360 bp 

649 kO 

400 

30ú 

2UO 

100 bp 

Size 01 dsONA 

(bp and MW in Oaltons) 

1 ~Ig/ml 

Concentration 
(mass/volume) 

f F IIC G~U~R. EE_ !.A~6O::-3~~~~~fo(')JrrJ=Do u ble-str an ded D NA 

10 ftM 

1 flM 

100 nM 

27 nM 

10 nM 

900 

ROa 

?DO 

!)(l() 

'00 

,\00 

i'OO 

30 

No II/OgmI11S 

1 pMole/fll 

Molarity 

A6.J3 

This nomogram Celn be used for the conversion of concentration between different conventions, and also 
to obtain approxirnate values of ONA concentration frorn 00260 readings. A solution containing 50 ).1g!ml 
of doubJe-stranded ONA has an absorbance of 1 at 260 nrn, i.e., A

2
()() 1 50 ).1g/Il1/ oi doub/(>.strand

ed DNA. For example, a solution of pue 18/19 (2686 bp) that produces an 00
260 

J has a concentra
tion of 50 ).1g!ml. To calcu/ate the molarity of the solution, draw a line from the size of the mo/ecu/e (base 
pairs or molecular weight) on the left-hand ~(a/e through the point of known concentration (50 ).1g/m/\ 
on the midd/e sca/e. Extrapo/ate the line through the third sca/e and read off the mo/arity (57 ni\1 is equiv
<11('nt to 57 fmoles/).1/l. (Figure kindly provided by Siân Curtis.) 



A6.14 Appclldix 6: NlIcleic Acids 

SIZE MARKERS 

23130- 8000-

9416-
7000-6557- 1353-

1078-
4361 872-

5000-

603-

2322 
2027- 3000-

310-
281/271-

2000-

234-
194-

118-
1000-

564-

125- 72- 500-

À/Hindlll $x174/Haelll RNA Ladder* 

622-
1517- 12000-

10000-
9000- 527-
8000-

1200 7000-
6000-
5000-

1000- 404-

900-
4000-

800-
3000-

700- 307 

600- 2000-
238/242-

500- 217-
1500- 201-

190-
400- 180-

1000- 160+160 

300- 147+147-

750 123-

200-
110-

500-
90-

76-
100- 250- 67-

h 00 bp DNA Ladder* DNA Kb Ladder* pBR322/Mspl 

FIGURE A6·4 DNA Size Markers 

(100-bp DNA ladder, RNA ladder, and pBR322/Mspl are reproduced, with perrnission, from 1998/99 New 
England Bio/abs Cata/og [©NENj). (DNA Size Markers are reproduced with the express permission of 
Stratagene. Copyright 1999, Stratagene. Ali rights reserved.) 



Appendix 7 
Codons and Amino Acids 

COOONS ANO COOON USAGE 

AMBER MUTANTS ANO AMBER SUPPRESSORS 

AMINO ACIDS 

A7.2 

A7.5 

Ai.h 

A7.] 



A7.2 Appelldi.\: 7: Codolls and Amíno Acíds 

CODONS AND CODON USAGE 

The genetic code is redundant, using 61 codons to specify 20 amino acids. Only two amino acids 
(Met and Trp) are specified by a single codon, whereas the remaining 18 amino acids are each 
specified by multiple codons (please see Figure A7-1). 

The synonymous codons that specify a single amino acid are 110t used with equal frequen
cy (Grantham et aI. 1980, 1981). Instead, biased usage of synonymous codons is the rule in ali 
species and is the norm in most genes. In addition, there is considerable variation in codon usage 
between genes in a single species (Bennetzen and Ha\l 1982; Gouy and Ga utier 1982). This results 
from variation between genes in the G+C content of the third position of synonymous codons 
(lkemura 1985; Mirouchoud and Gautier 1988). The pattern of codon usage is the result of se\ec
tive forces, mutational bias, and genetic drift. For example: 

• Selection during translation so that the codons used most frequently match the most abun
dant tRNAs. Highly expressed and weakly expressed genes display different patterns of codon 
usage in both prokaryotes and eukaryotes (Shie\ds and Sharp 1987; Sharp and Devine 1989; 
Sharp and Cowe 1991). Direct assays of translatability of mRNAs lend further support to this 
view (e.g., please see Ikemura 1982; S0rensen et aI. 1989). 

• "Knock-on" or context eftects, in which mutation of one base influences other bases in the 
neighborhood (Bulmer 1990; Eyre- Walker 1991). 

• Any selection that results in a change in GC content in codons. Bernardi and Bernardi ( 1986) 
have argued that regions of the genome with increased (G+C) content are thermodynamical
Iy more stable and that mRNAs rich in (G+C) have more secondary structures and are there
fore more stable. If correct, this relationship would have effects both on amino acid composi
tíon of proteins and on codon usage. There would be selection for "strong" codons that con
tain G and C at the first two positions (Gly, Ala, Pro) and a selection against weak codons that 
have A and T at both positions (Phe, Ile, Lys, Asn, Tyr) (Karlin and Bucher 1992 l. In addition, 
thcre would be a slow drift to replace A and T in the third position with G or C. Over the COlme 
of time, this gentle evolutionary wind might blow codons, like fallen leaves, into local c1umps 
within individual genes or organisms. However, there are also stabilizing forces that protect 
codons rich in (A+ T). Chief among these is the strong selection against the sequence CG in 
mammalian genomes. The cytosine of this sequence tends to be methylated and is then prone 
to mutation. One result is a bias against C in the third position of codons that precede codons 
beginning with G (e.g., please see Zhang et aI. 1991). 

Codon usage is a concern in molecular cloning if a sequence of amino acids is used to design 
an oligonucleotide for screening cDNA or genomic libraries. No rules guarantee selection of the 
correct codon at a position of ambiguity. However, a probe of 30 or more oligonucleotides would 
be expccted to have at least 76% homology with its target sequence even if ali codon choices were 
made on a random basis (Lathe 1985). If substitutions are chosen 011 the statistical basis of known 
codon utilization in the species of interest, the expected homology increases to 82%; it rises still 
further (to 86%) if regions lacking Leu, Arg, and Ser are chosen (each of these amino acids is spec
ified by six codons). In yeast, still higher accuracy can be achieved by taking into account whether 
lhe gene is highly or weakly expressed. In mammalian cells, this [atter refinement is not general1y 
lIsed beca use of the great variatiun in the levei of expression of genes between tissucs. 



Codolls {lIul Codoll Usogc A7.3 

A database of codon usage in differcnt organisl11s is available at http://w\\'\\'.blllsa.or.ip/ 
codon!' lhe list i~ bast'd on dat<l derived from an analysis of complete coding seqllences in 
CenBank (:";akamura et a!. 199'1). For a more detai/ed analysis of the t1uctuatio!l of codo!l llsage 
in different veast genes, please see Sharp and C:owe (1991 l. C:odon usage in humans i~ sho\\'n in 
'Iilble A 7 I. 

TABLE A7-1 Codon Usage in Humans 
~--~---------------------------

AMINO ACID 

Alaninc 

Arginine 

( :ystcinc 

(illltilmic I\cid 

( ilycinc 

Ilistidinc 

IsolcllcÍnc 

LCllcinc 

,~1cthi()nillc 

Phcn)'lalaninc 

l'rolinc 

~l'rinc 

Thrco\1ine 

l:J'osine 

Valine 

FREQUENCY IN HUMAN 

PROTElNS (%)" 

5.28 

3.92 

5.07 

2.44 

6.~2 

4.47 

7.10 

2,35 

4.50 

9.56 

5.71 

2.23 

3.84 

5.67 

7.25 

5.6f\ 

1.3 H 

3.13 

6.35 

CODONS AND THEIR 

USAGE IN HUMAN PROTEINS ('X,)" 

(;C U 121UJ) 
C;CA 120.0) 

G;l! 1~.9) 
Ce;A (5.41 
ACA (9.9) 

A:\U (42.3) 

(iALJ (42.8) 

UiU 140.6) 

CAA (39.2) 

CAA 124.8) 

CC;U (15,8) 
CiC;A (24.1) 

CAU (39.6) 

:\L'L! (H.I) 
AL'A (12.9) 

UllA Ci.5) 
CliU ( ll.1 1 
O'A (6.5) 

AAA (3~,9) 

Al:C;(IOO) 

LTU (·Il.I) 

CCU (27.3) 
CC\ (25.7) 

UCU(UU) 
lICA (12.91 
ACLT (13.2) 

AO: (22.4) 
r\CA (25.4) 

L(;C (IDO) 

l'Al' (40.0) 

C;UL: (16.4) 
<XA (9.3) 

cu: (-11.(,1 
Cc:(; 110.31 

U;C 121-11 
U;(j I l(l.-II 
1\(;(; 111.11 

.. \:\C (3/.71 

(;(;c: U).1\ 1 

(iCe; (~·U 1 

CAC (60.4) 

Ale (:;4.111 

L'l'(; (11:; 1 
nC(20.KI 
U(;I-I-I.:;) 

cu: (3:;.21 
<:U;111.61 

LICC: (23.1 
l:U; 15.91 
A(i(: (25.91 

,\CC (-10.5) 
:\Ui (, un 

l"r\C (hO.OI 

CL:(: (2:;.1 
CL'C; (-IN./I 

'CalcllLltl'd ti'ol1l ,111 <ll1dlysis "r 14011 hUlllan genes (6111 ,6H5 codons) by Waeld et ,d. I1 Y'i? J. lhe COd"ll Ih,18" I(,r ollll'r I11dl1l' 
111,1(, does 11(11 dilf,'!' grcally frol11 th"se presented hcrc I(lr hUIll<ln genL's. 

I, lh" ligur", in 1',lr"nthc,,-s shp\\ the frequcncy with \\hich ,1 particular codoll is llSl'd to sl'ecif\ <l ,·cr1.1in <ll1lilh' dciel. "01' 

l'''1111 J'Ic, oI' lhe ClI,lnillC residucs I'rl"CI11 in 14<)() IHIIlldl1 proldns, 2H% arc spcciticd b\ (;( :U, 41.(,"" I" (;(:(:, etc'. 



A7,4 Appclldix 7: COdOflS and Amino Acids 

2nd position of codon 

U c A G 

UUU Phe UCU Ser UAU Tyr UGU Cys U 
U UUC Phe UCC Ser UAC Tyr UGC Cys C 

UUA Leu UCA Ser UAA Stop (Ochre) UGA Stop A 
UUG Leu UCG Ser UAG Stop (Amber) UGG Trp G 

(j) w 
:J 
c: 
"E .... c 2 

CUU Leu CCU Pro CAU His CGU Arg 
CUC Leu CCC Pro CAC His CGC Arg 

..., 
o.. 

U "O 

C o 
(J) 
;::;: 

~ 
c: o 

CUA Leu CCA Pro CAA Gln CGA Arg 
CUG Leu CCG Pro CAG Gln CGG Arg 

A õ" 
G 

::J 
o -"O o 

Ü 

(") 
o 
o.. 

'+-o AUU IIe ACU Thr AAU Asn AGU Ser U o 
::J 

c: A o AUC Ile ACC Thr AAC Asn AGC Ser C ~ 
".;::; 
"Cii 
o o.. 
Ui 

AUA IIe ACA Thr AAA Lys AGA Arg 
AUG Met ACG Thr AAG Lys AGG Arg 

A .-+ co ..., 
G 3 

:f 
c: 

!:E-

GUU Vai GCU Ala GAU Asp GGU Gly U 
G GUC Vai GCC Ala GAC Asp GGC Gly C 

GUA Vai GCA Ala GAA Glu GGA Gly A 
GUG Vai GCG Ala GAG Glu GGG Gly G 



Ambcr A1utallts al/d AIII!}('/" Supprcssors A7.5 

AMBER MUTANTS ANO AMBER SUPPRESSORS 

In amber 11111lants, a eodon that specifies an amino aeid in a protein is replaced by the chain-ter
minating codon, LJAG. Beeause there is no tRNA that recognizes LJAG, translalioll ()f mRNA eeas
es at the posítion of the chain-terminating codon, thereby generating <1n incomplete fragment of 
lhe protein. 

Some str,lins of E. (Oli can suppress the ehain-terminating phenotype 01 <lmber eodons, irrc
spcctive of the gene in which the amber mutation is located. Sueh strains carry a l11ut,ltiOl1 thal 
changes the seqllence of the anticodon loop in a particular species of tRNA. lhe suppressor tRNA 
recognizcs the amber codon and inserts its cognate amino acid at the ehain-tcrminating codo\1, 
allowing protcin synthesis to continue. The efficiency of this process is not absolute. I n a strain 
carrying a strollg amber suppressor, suppression of polypeptide chain termination might OCCllr 
50(!,b of the time. In weakly suppressing strains, the cfficiency may be 10% OI' less. Ali of the sup
pressor strains llscd in molecular cloning are strong suppressors. Differenl suppressor tRNAs 
insert different amino acids at the chain-tcrminating LJAG codon. A few amber suppressors can 
<lIso suppress oehre (LJAA) mutations beca use of wobble in the third position of the codon. 

At one time, it was mandatory tor baeteriophage À vectors to carry amber l11u!ations in 
genes encoding coat proteins. lt was believed thal such mutations might redUle the risk of reCOl1l
binant baeteriophages spreading frorn the laboratol'Y in to field strains of E. co li. Hosts for these 
vectors earry one or two strong amber suppressors supE and 511pF - that insert glutamine and 
tyrosine, respectively, at LJAG codons. These suppressors are not interchangeablc. Some amber 
mutations in bacteriophage À vectors are sllppressed only by supE (e.g., Pam3) and others are 
suppressed. ollly by supF (e.g., Sam7 and Sam I (0). The presence of suppressors does no! gencral
Iy affeet the growth of the bacteriophage À vectors that do not carry amber mutations. Most bac
teriophage À vectors ean thercfore be assayed and propagated 011 a strain of E. (O/i such as 1,E31.)2 

that carries slIpE and supF. 

HISTORICAl FOOTNOTE 

Conditional mutations are a special c1ass of mutations that can occur in a great varie!) oí genes in a single 
organismo Although temperature-sensitive mutants of Drosophi/a, Neurospora, and E, co/i had bt'en isolateel 
and charac1erízed years before, the full power of temperature-sensitive and dmber Illutants only became 
apparent in the early 19605 when Edgar, Epstein, and their colleagues isolated and analyzed a large collec1ion 
of conditionallelhal mutations of bacteriophage T4 (Edgar and Lielausisl964; Epstein pt aI. 1964). The first 
conditionallethal mutants of bacteriophage T4 were isolated quite serendipitously by a CalTech graduate stu
dent, Harris Bernstein, during a fruitless search for an entirely different c1ass of phage mutants (Edgar 1966). 
Bernstein, then a student of Neurospora genetics, had wandered into the Epstein-Steinberg laboratory one 
evening hoping to persuade someone to go with him lo lhe movies. Instead he found himself picking bac tp
riophage T 4 plaques as part of a hunl for "anti-rll" mutants that could grow on E. co/i KIÀ) but not on E. co/i 
B. During the course of the evening, there was much debate about whether mutanls of Ihis cla55 muld exist, 
with Bernstein arguíng strongly that they should. Epstein and 5teinberg were more skeptical but as encour
agement to Bernstein, promised lhat any mutants he isolated would be named after his molher. The next day, 
when the results of lhe hunt were analyzed, ~ 20 mutants with the expected phenotypp \Vere found. The 
promise was kept by translating the German word "Bernslein" into its English equivalent "amber." 

Subsequenl work showed lhat the "anti-r/l" mutants were not what they first appeared to be, since Ihey 
grew in many slrains of E. co/i K nol Iysogenic for À. Genetic mapping showed that amber Illutants were wide
Iy distributed over the bacteriophage T 4 genome, and physiological tests showed that their replication was 
blocked aI many different stages in nonpermissive hosts. The hunt for parochial "anti-rll" mutants had !here
[ore uncovered a general c1ass of conditional/y lelhal, suppressor-sensítive mutants located in bactt'riophagt> 

I genes that were previously completely inaccessible. 5trangely enough, none of the first group oi 10 mutanls 
I were picked by Bernstein. II turned out that he had bem flaming his baeterial wire too enlhusiastically dnd 
~lad killed ali oi lhe bacteriophages! 



A7.6 Appendi.\: 7: Codolls alld A1Ili1lo Acids 

AMINO AClDS 

TABLE A7·2 Amber Suppressors Used in Molecular Cloning 

AMINO AClD TRNA GENE FROM WHICH 

SUPPRESSOR CODON RECOGNIZED INSERTED SUPPRESSOR Is DERIVED 

SI/p/) (SI/I) alllbcr (UAG) serine serl' 

Sl/pI: (sI/Il) ambcr (UAG) glutamine gilzL' 
Sl/pI- (sI/lI I) alll[ycr (UAG) tyrosine 1)'1''/ 

SI/pU (suB) alllber (UAG) and ochre (UAA) glutamine gilzL' 
SlIpC (SI/C) amber (UAG) and ochre (UAA) 1)'1'1' 

Of the 20 standard (X-amino acids (Table A7-3) that are incorporated into R 

proteins, 19 have the general structure shown in the figure at the right. R I u 
H3N+~C~COO-

represents the side chain of the amino acid. The twentieth acid, proline, is I 
really an imino acid in which the side chain is bonded to the nitrogen atom H 

of the peptide group. Except in glycine, where the side chain is a hydrogeo atom, the ex-carbon is 
asymmetric and is always the L-isomer. The ex-amino acids can be arranged into several groups 
according to the chemical properties of their side chains (Table A7-4). The amino acids cao also 
be grouped according to various other criteria, including size and hydrophilicity (Chothia 1976; 
Kyte and DoolittIe 1982; Taylor 1986). The relationships among these groupings of amino acids 
can be represented in a Venn diagram (Figure A7-2), which is based on the mutational matrix of 
Dayhoff (1972). The Venn diagram shows the relationships among 20 common amino acids. 
Cysteine is shown in two locations: The reduced form, cystine (CH), contains a polarizable S-H 
bond and is therefore similar in some ways to serine (which carries an O-H bond). The oxidized 
form, cysteine (CS-S), contains no polarizable bond and i5 therefore more hydrophobic in nature. 

hydrophobic 

FIGURE A7·2 Venn 

charged 

positive 

polar 

Venn diagram showing the relationships among 20 common amino acids. (Redrawn, with permission, 
from Taylor 1986,) 
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TABU A7-3 Nomenclature of the 20 Standard a-Amino Acids 

AMINO AClO lHRH-LETTER SYMBOL ONE-LETTER SYMBOL 

MNEMONIC FOR 

ONE-UTTER SYMBOL 
--~~._---------------------------.----------~ .. 

A!anil1" 
Arginilll' 

A~ptlragíl1c 

Aspartic acid 

Cystcinc 
(;IUt.ll1lic aliei 

(;Julaminc 

( ;I)'cinc 

Histidinc 

bolclIcinl' 

LClIcinc 

LysillC 

.'lcthionine 
I'hclI}'laldninc 

I'rolinc 

Scrinc 
Tlm:()ninc 

Iryptophan 

Tvrosinc 
\'alilll' 

;\Ia ;\ 

:\.r1', R 
ASIl l\ 

Asp [) 

eIS c 
C;lu E 

C;ln Q 
CiI' C 

His 

Ik 

Leu 

Lp 
.\lct 

Phc 

I'rn 

Ser 

Thr 

Trp 
'1\1' 

Vai 

H 

L 

K 

M 
F 

P 
S 
T 
W 

Y 

V 

TABLE A7·4 I'rflnp·rti'~G of I a·Amino Acids 

MAJOR PROPERTlES OF SIOE CHAINS 

~o side ehain 

Aliphat ir 

H)'droxyl group 
,kidic grollp 

,\midc groll)1 

Basie group 

Imid.llO!c group 

ArOlllat ie group 

AMINO ACIDS 

Cly 

Alanll1c 

-\Rginil1l' 
.\spar,lgiNc 

.\sparDic 

CI's!l'il1c 
( ;luEtamic 

Q·t,1l11illl' 

Gll'cil1l' 

Hi~tidinl' 

[vlil'u,il1l' 

LCllcinl' 

hdnrc L 

Ml'thiollinc 

Fcndal,lJ1illl' 

Proline 

Serinl' 
Thrconinc 

TWlptophan 

IY li lSi llC 

Valinc 

Ala, Vai, Leu, IIc. l'w 

Ser, Thr 

A5[', (;Iu 
AS11, (;111 

LI'S, Arg 

His 
Phe, Tyr, Trp 

i\let, 

TABlE A7-5 Molar Conversions for Proteins 

MOLECULAR 
WEIGHT OF 

UNMODIFIED 
PROTEIN 

I I 1 (1,1) () 11 

xO,IIOO 

·jll,()()11 

~I 1,111111 

111,111111 

ApPROXIMATE 

NUMBER OF 

RESI DUES 

Yl 

IS3 

MOLECULES Of PROTEIN 
IN 1 ml OF A SOLUTlON 
CONTAINING 1 mg/ml 

6 x 10 1
' 

7.5 X 10 1; 

10 11; 

1.5. X 10 1(' 

3 X IOlt, 

6 x IOlh 

MOlES OF PROTEIN 
IN 1 ml OF A SOlUTlON 
CONTAINING 1 mg/ml 

lO-X 

1.25 x lO-x 

1.66 x 1O-~ 

1,50 x lO-x 

30 x 10-x 

10' 

MOLAR CONCENTRATlON 
OF PROTEIN SOLUTlON 
CONTAINING 1 mg/ml 

10-; \1 

1.23 x 10-; \1 

1.!16x10 \1 

2.3 X 10-' ,\1 

:i.O x 10-; \1 

I U 1\1 
----.----._~-~--~-~~._--~~~~-----------_._---.. _--~------



TABLE A7-6 Properties of Amino Acids ~ 
~ 

M.W. OF RESIDUE IN PK
d 

HVDROPATHY 
Oc 

AMINO ACID PROTEIN AT pH 7.0 FW -COOH -NH 2 R-GROUP INDEX STRUCTURE ::t. 
"::1 --_._--- -------- . _----- - ---------- -_ .. _----- . ----- . __ .. 
"::1 Alanine 71 H9.IO 2 .. :;5 9.H7 l.H 

i 
CH3-C-H 

:::;. 
:':-1 
~ 

Arginine ~, 157 174.20 1.82 8.99 12,48 -4.5 + ::. 
NH3 2 
I ;;: 

- NH -CH2-CH2-CH2 -C- H :::. I ;::: 
~H2 coo· ~ 

Asparagine 114 132.12 2.14 8.72 -3.5 ~ 
C-CH2- H C 

ri' I ;J;. 
<") 

::3..: 
v. 

Aspartic Acid 115 133.11 1.99 9.90 3.90 -3.5 + 

-0" 
NH3 

I 
.;C-CH2-i- H 

o coo. 

Cysteinc 103 121.16 1.92 10.70 8.37 J - + ...... :J 
NH3 

I 
HS-CH2-C - H 

I 
coo' 

Glutamic Acid 129 147.13 2.10 9.47 4.07 -3.5 -o 

" 
NH3 
I 

C -CH2-CH2 -C-H 
;- I 

o coo. 

Glutamine 128 146.15 2.17 9.13 -3.5 
NH2" 

0;-
C- CH2-CH2 

Glycine 57 75.07 2.35 9.78 -0.4 + 
NH3 
I 

H-C-H 
I 
coo' 

Histidine 137 155.16 1.80 9.33 6.04 -3.2 

Hi=i-CH2 

HN NH 
+~C/ 

H 



I"'!c'ulill" 11.\ 151.1 K 2.52 ').7(, 

Il'Ulil1l' 113 UI.IK ) \_) Y.7cf 

Lysine 128 Icf6.19 2.16 9.06 

l"le!hiol1inc u IcfY.21 , 13 9.2K 

147 165.19 2.20 9.31 

Prolinc 97 115.13 1.95 !O.6cf 

Serine 87 105.09 2.19 9.21 

Threonine 101 119.12 2.09 9.10 

Tryptophan 186 204.23 2.46 9.41 

Tyrosine 163 181.19 2.l0 9.21 

Valinl' l)l) 117.15 2.2') ').tA 

KVle ,1Ild lloolillk 119Hêl. 

, 

5.S 

10.5cf -_~.l) 

1.9 

2.8 

-1.6 

-o.S 

-0.7 

-0.9 

10.46 -1.3 

cf.2 

-----

NH] 

fi 

CH:l coo 

H3
C

" I 
CH-CHo-C-H 

/ • I 
H3C coo-

H3N-CH2-CH2-CH2-CH2 

coo-

I 
CH3-s-CH2-CH2 -C- H 

I 
COO-

o-CH
2 

coo-

NH3 
I 

HO-CH2-i- H 

COO-

CJc-=~-CH2 -'1- H 

"" N/
CH coo-

H 

H0-o-CH2-é-H 
- I 

COO-
+ 
NHo 

H 

COO-

.;,. 

)o. 

;.; 
;;:-

~ 
~ 
\O 





Appendix 8 
Commonly Used Techniques in 
Molecular Cloning 

PREPARATION OF GLASSWARE AND PLASTICWARE 

Siliconizing Glassware, Plasticware, and Glass Wool 

Preparation of RNase-free Glassware 

PREPARATION OF DIALYSIS TUBING 

STORAGE OF BACTERIAl CULTURES 

Stab Cultures 

Cultures Containing Glycerol 

ESTIMATION OF CELL NUMBER 

Hemocytometry Counting 

Viability Staining 

PURIFlCATION OF NUCLEIC ACIDS 

Extraction with Phenol:Chloroform 

Drop Dialysis 

CONCENTRATING NUCLEIC ACIDS 

Ethanol Precipitation 

Standard Ethanol Precipitation of DNA in Microfuge Tubes 

Precipitation of RNA with Ethanol 

Precipitation of Large RNAs with lithium Chloride 

Concentrating and Desalting Nucleic Acids with Microconcentrators 

Concentrating Nucleic Acids by Extraction with Butanol 

QUANTITATION OF NUCLEIC ACIDS 

Spectrophotometry of DNA or RNA 

Fluorometric Quantitation of DNA Using Hoechst 33258 

Quantitation of Double-stranded DNA Using Ethidium Bromide 

Saran Wrap Method Using Ethidiulll Brornide ar SYBR Gold 

Agarose Plate Method 

Minigel Method 

AiU 

MU 
AS.) 

A8.-l 

A8.S 

A8.S 

AR.:; 

A8.6 

A8.6 

A8.7 

AS.C) 

AS.C) 

AS.ll 

A8.12 

AS.12 

A8.1-l 

AS.16 

AB.16 

A8.16 

AS.IS 

A8.19 

AB.20 

A8.21 

A8.23 

Aél.2-l 

AB.2-l 

A8.2-l 

AS.} 
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MEASUREMENT OF RADIOACTlVITY IN NUClEIC ACIDS 

Precipitation of Nucleic Acids with Trichloroacetic Acid 

Adsorption to DE-81 Filters 

DECONTAMINATION OF SOLUTIONS CONTAINING ETHIDIUM BROMIDE 

Removing Ethidium Bromide from DNA 

Disposing of Ethidium Bromide 

Decontamination of Concentrated Solutions of Ethidium Bromide (Solutions 
Containing >0.5 mg!mll 

Decontamination of Dilute Solutions of Ethidium Bromide (e.g., Electrophoresis 
Buffer Containing 0.5 ~g!ml Ethidium Bromide) 

Commercial Decontamination Kits 

GEl·FILTRATlON CHROMATOGRAPHY 

Preparation of Sephadex 

Column Chromatography 

Spun-column Chromatography 

SEPARATION OF SINGLE-STRANDED AND DOUBLE-STRANDED DNAs 
BY HYDROXYAPATITE CHROMATOGRAPHY 

FRACMENTATION OF DNA 

Sonication 

Nebul ization 

CENTRIFUCATION 

SDS-POLYACRYlAMIDE GEL ELECTROPHORESIS OF PROTEINS 

Reagents 

STAINING SDS-POLYACRYlAMIDE GELS 

Staining SDS-Polyacrylamide Gels with Coomassie Brilliant Blue 

Staining SDS-Polyacrylamide Gels with Silver Salts 

DRYING SDS-POlYACRYlAMIDE GElS 

IMMUNOBlOTTING 

Transfer of Proteins from Gel to Filter 

Types of Membranes 

Staining of Proteins during Immunoblotting 

Blocking Agents 

Probing and Detection 

A8.25 

A8.25 

A8.26 

A8.27 

A8.27 

A8.27 

A8.27 

A8.28 

A8.28 

A8.29 

A8.29 

A8.29 

A8.30 

A8.32 

A8.35 

A8.36 

A8.37 

A8.39 

A8.40 

A8.41 

A8.46 

A8.46 

AS.47 

A8.50 

A8.52 

A8.52 

A8.53 

A8.54 

A8.54 

AS.54 



Preparatioll O( Glassware m1ii P!llsticwllre AS.3 

PREPARATION OF GLASSWARE AND PlASTICWARE 

CAUTION: Please see Appendix 12 for appropriate handling of materiais marked with <l>. 

Ali glassware should be sterilized by autoclaving or baking. Some, but not ali, plasticware can bc 
autoc\aved, depending on the type of plastic. Nlany items oI' sterilized plasticware are commer
cially available. Ali of the procedures commonly used in molecular c\oning should bc carried out 
in sterile glassware or plasticware; there is no significant 1055 of material by cldsorption onto the 
surfaces of the containers. However, for certain procedures (e.g., handling very small quantities 
of single-stranded DNA or sequencing by the Maxam-Gilbert technique), it is best to use glass
ware or plasticware that has been coated with a thin film of silicone. A sim pie procedure for sil
iconizing small items such as pipettes, tubes, and beakers is given below. To siliconize large items 
such as glass plates, please refer to the note at lhe end of the protoco1. 

Siliconizing Glassware, Plasticware, and Glass Wool 

The following method was supplied by Brian Seed (Massachusetts General Hospital). 

1. Place the items to be siliconized inside a large, glass desiccator. 

2. Add I ml of dichlorodimethylsilane <! > to a small beaker inside the desiccator. 

3. Attach the desiccator, through a trap, to a vacuum pump. Turn on the vacuum and continue 
to apply suction until the dichlorodimethylsilane begins to boi!. Immediately clamp the nm
nection between the vacuum pump and the desiccator. Switch off the vacuum pump. The des
iccator should maintain a vacuum. 

11 is essential to lurn ofr lhe vacuum pump as 500n as the dichlorodimethylsilanê bcgins to boi!. 
Otherwise, the volatile agent \ViII be sucked into the pump and cause irrcparable damagc to the \'ac
uum seals. 

4. When the dichlorodimethylsilane has evaporated (1-2 hours), open the desiccator in a chem
ical fume hood. After the fumes of dichlorodimethylsilane have dispersed, remove the glass
ware or plasticware. Bake glassware and glass wool for 2 hours at 180°C before use. Rinse plas
ticware extensively with H20 before use; do not autoclave. 

NOTES 

• Large items of glassware can be siliconized by soaking or rinsing them in a 5% solution of 
dichlorodimethylsilane in chloroform or heptane. Commercial preparatioI1s for siliconizing 
are also available (e.g., Sigmacoat). 

• As the organic solvent evaporates, the dichlorodimethylsilane is deposited 011 the glasswarc, 
which must be rinsed numerous times with H20 or baked for 2 hours at 180°C before use. 

Preparation of RNase-free Glassware 

Guidelines for the treatment of glassware for use with RNA are given in the informatiol1 panel 011 

HOW TO WIN lHE BAlHE WITH RNASE in Chapter 7. 
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PREPARATION OF DIALYSIS TUBlNG 

The separation of molecules across a semipermeable membrane is driven by the concentration 
differential between the soJutions on either side of the membrane and is constrained by the size 
(molecular weight) of the molecules relative to the size of the pores within the membrane. The 
pore size determines the molecular-weight cut-off, defined as the molecular weight at which 90Q'Íl 
of the solute will be retained by the membrane. The exact permeability af a solute is dependent 
not only on the size of the molecule, but also on the shape of the molecule, its degree of hydra
tion, and its charge. Each of these parameters may be influenced by the nature of the solvent, its 
pH, and its ionic strength. As a consequence, the molecular-weight cut-off should be used as a 
guide and not an absolute predictor of performance with every type of solute and solvent. Dialysis 
membranes are available in an enormous range of pore sizes (fram 100 daltons to 2000 kD). For 
dialysis of most plasmid DNAs and many proteins, a molecular-weight cut-off of 12,000 to 14,000 
is suitable. 

1. Cut the tubing into pieces of convenient length (10-20 cm). 

2. Boil the tllbing for 10 minutes in a large volume of 2% (w/v) sodium bicarbonate and 1 mM 
EDTA (pH 8.0). 

3. Rinse the tubing thoroughly in distilled HzÜ. 

4. Boil the tllbing for 10 minutes in 1 mM EDTA (pH 8.0). 

5. AlIow the tllbing to coaI, and then store it at 4°C. Be sure that the tubing is always submerged . 

... IMPORTANT From this point onward, always handle the tubing with gloves. 

6. Befare use, wash the tubing inside and out with distilled HzÜ. 

NOTE 

• Instead of boiling for 10 minutes in 1 mM EDTA (pH 8.0) (Step 4), the tubing may be auto
claved at 20 psi ( 1.40 kgl cm2) for 10 minutes on liquid cycle in a loosely capped jar filled with 

HzÜ· 
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STORAGE OF BACTERIAl CULTURES 

Stab Cultures 

Tó 5tore a bactcrial culture in solid medium, pick a single, wel!-isolated colony with a sterilc inoc
ulating needle and stab the needle several tímes through the agar to the bottul11 of a stab vial (for 

the preparation of stab Vidls, please see Appendix 2). Replace and tighten the cap, and labcl both 
the vial and the capo Storc the vial in the dark at room temperature. 

Cultures Containing Glycerol 

Storage of 8acteria/ Cu/tures Growing in Liquid Media 

1. To I.S 1111 of bacteríal culture, add 0.5 ml of sterile 60(1'0 glyccrol (sterilized by autoclaving for 
20 minutes at 15 psi [l.OS kg/cm2] 011 líquid cyde). 

2. Vorlex the culture to ensure that the glycerol is evel1ly dispersed. 

3. Transfer the culture to a labeled storage tube equipped with a screw cap and an a ir- tight gas
ket. 

4. frccze the culture in ethanol-dry ice or in liquid nitrogen, and then transfl'r the tubc to -70°C 
for long-term storage. 

5. To recover the bacteria, scrape the frozen surface of the culture with a sterilc inoculating loop, 
and then immedíately streak the bactería that adhere to lhe needle onto the surt~lCI: of an LB 
agar plate containing the appropriate antibiotic. Return the frozen culture to storagc at -70"C. 
Incubate the picHe overnight at 37oC. 

Storage of 8acteria/ Cu/tures Growing on Agar P/ates 

1. Scrape the bacteria growing on the surface of an agar plate into 2 1111 of LB médium in a skr
ile tube. Add an equal volume of LB medi um containing 30 lro sterile glycerol. 

2. Vortex the mixture to ensure that the glycerol is completely disperscd. 

3. Dispense aliquots of the glycerinated culture into sterile tubes equipped wilh screw caps and 
air-tight gaskets. Freeze the cultures as described above. 

This mcthod ió Llseful for storing copies of cDNA libraries established in plasmid \'l'Llors (for dis
cllssion, please SéC Han<lhan 1985). 
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ESTIMATIDN DF CElL NUMBER* 

The number of mammalian cells in a defined volume of medium can be measured using a hemo

cytometer. Automated methods using cell-counting devices such as those produced by Coulter are 
desirable when large numbers of individual samples are to be counted. A method to estimate the 
number 01' live cells in a population by staining with a vital dye also is provided here. 

Hemocytometry Counting 

A hemocytometer contains two chambers, each of which when filled and coverslipped contains a 
total volume of 9 !lI. Each chamber is ruled into nine major squares, and each square is 1 x 1 mm 
with a depth of 0.1 mm. Thus, when coverslipped, the volume of each square is 0.1 mm·l or 
0.1 !lI. Additional subdivisions of the major nine squares are not necessary for counting and 
can be ignored. A representation of the marking on a hemocytometer is shown in Figure AS-I. 

1. Trypsinize the cells (please see Chapter 17, Protocol8: Stage 1, Step 18) and resuspend them in 

growth medi um. 

2. Use Pasteur pipettes to remove two independent samples from the cell suspension to be COllnt

ed. Oeliver each sample of cell suspension into one side of the coverslipped hemocytometer by 

capillaryaction. 

Fluid should just fill the chamber and not overflow into the troughs outside the counting face. Load 
the first sample into one chamber and the second sample into the second chamber. 

3. Count the total number of cells in five of the nine large squares in each of two sides of the 

/ 
I 
\ 

hemocytometer for a total of ten squares. 

"" 

The microscope field using a lOx objective and a IOx ocular should encompass the majority of one 
of the nine squares of the chamber and is a convenient magnification to use for counting. Cells that 
overlap the border on two sides of the square should be included in the cell count and not counted 
on the other two sides. If the initial dilution results in more than 50-100 cells/square, makc a fur
ther dilution to improve counting accuracy and speed the process of determining cell numbers. 

- ......... 

• 
FIGU RE A8-1 Standard Hemocytometer 
Chamber 

The circle indicates the approximate area covered at 
100x microscope magnification (10x ocular and 10x 
objective). Count the cells on top and left touching 
the middle line (open circles). Do not count the cells 
touching the middle line at bottom and right (closed 
circles). Count the 4 corner squares and the middle 
square in both chambers (only one chamber is rep
resented here) . 

• Adapted fram Spector et aI. (1998 Ce/ls: A Laboratory Manual). 



EstÍmation of Ccl/ Nlllllbcr AS.7 

4. Add the number of ceUs in a total of ten charnbers (five frorn one si de and llve from the other) 
to give the nurnber of ceUs in 1 x 10-3 rnl (1 x 10-4 rn1!square x 10 squares = a volume of 10-3 

ml). Multiply the total nurnber of cells by 1000 to give the number of cells/ml in the sample 
counted. 

11' dilulions from lhe original cell suspension have been made, this factor mllst als() be incorporated. 

EXAMPlE: 

1 ml of a 1 O-ml suspension of cells is díluted with 4 ml of medium. The diluted suspension is then sam
pled with â Pasteur pipette twice. The first sample is delivered to one chamber oi lhe hemocytometer. 
The second sample is delivered to the second side. Five squares are counted from each side of the hemo
cytometer. 

Number of cells/square: 45, 37, 52, 40, 60, 48, 54, 70, 58, 60 
Total count: 524 
Dilution factor: (1 + 4)/'1 = 5 

(ells/ml (in original): 524 x 103 X 5 2.62 x 1 Q6/ml cells 

5. Immediatell' after use, c1ean the hemocytometer and coverslip by rinsing in distilled H/) fol
lowed bl' 70% ethanol. Dry with lens paper. 

... IMPORTANT Do no! allow the cell suspension to dry on the hemocytometer. 

NOTES 

Errors that mal' resul! from using hemocytometer counts are due to: 

• Variable samplingfrom the original cellsuspension. The cell suspension must be agitated; do 
not aUow the ceUs to settle to the bottom of the container. 

• Inadequate or excessive filling of the hemocytometer chamber. The volume in the chambers 
counted is based 011 the coverslip resting on the sides ofthe hemocytometer. Overflow increas
e~ the volume counted. 

• Cell clumping. Large clumps of cells may be too large to ente r the chamber through capillary 
action and will be excluded from the cell count. 5rnall clumps that are able to enter the cham
bcr are difficult to count with accuracy. It is important to have a monodisperse sllspension of 
ceUs for accurate counting. The ceUs must be thoroughly mixed to achieve uniformity. 

Viability Staining 

Various manipulations of cells, including passaging, freezing, and dissociation from primary tis
sue, can result in ceU death. Exclusion of the dye, Trypan Blue, can be used to determine the num
ber of surviving ceUs in a population (Phillips 1973). Normal healthy ceUs are able to exclude the 
dye, but Trypan Blue diffuses in to cells in which membrane integrity has been lost. The dye exc1u
sion method is an approximate estimate of cell viability and often does not distingllish within a 
10-20% difference. Additionally, cells that exc1ude dye are not necessarily capable of attachmel1t 
and prolonged survival or proliferation. 

1. Trypsinize the cells (please see Chapter 17, Protocol8: 5tage 1, 5tep 18) and asepticaUy dilute 0.5 
rnl of cells into phosphate-buffered saline to a concentration from 2 x 105 to 4 x 105 cells/ml. 

2. Aseptically transfer 0.5 ml of the diluted cell suspension in phosphate-buffered saline to a fresh 
tube and add 0.5 rnl of a solution ofTrypan Blue (0.4% w/v). 
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3. Allow the ceUs to remain in the dye solution for no les5 than 3 minutes and no longer than 10 
minutes. Use a Pasteur pipette to sample the cells in dye and deliver them to a hemocytometer 
by capillary action. 

4. Count a total of at Ieast 500 cells, keeping a separate count of blue cells. Determine the fre
quency of those that are blue, i.e., have not excluded the dye. 

5. Determine the percent viability from the number of ceUs that have not excluded the dye. 

EXAMPLE: 
A monolayer culture is trypsinized and resuspended in 5 ml of medium; 0.5 ml of cells is Illixed with 4.5 
IllI of PBS, and 0.5 ml of the suspended cells in PBS is transferred to a slllall tube and Illixed wíth 0.5 IllI 
of Trypan Blue solution. 'n the salllple transferred to the hemocytollleter, 540 cells are counted; 62 of the 
cells faíl to exclude the dye anel are blue. The percent viabilíty equals 88.5%. 

540 62 = the number of celb that excludeel the dye 

540 the total number of cells counted 

540 62 x 100 = 88.5% viabílity 
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PURIFICATlON OF NUCLEIC ACIDS 
--~~~~~~~-

CAUTlON: Please see Appendix 12 for appropriate handling of materiais m.uked with <!>. 

Pcrhaps the most basic of <lI! procedures in molecular cloning is the purification of nucleic acid~. 
The key step, the remova I of proteins, can ot1:en be carried out simply by extracting aqlleolls solu
tions oi nuclcic acids with phenol:chloroform <! > and chloroform <! >. Such extractions are 
lIsed whenever it is necessary to inactivatc and remove enzymes that are Llsed in onc stcp of a 
cloning operation before proceeding to the next. However, additionalmeasures are required when 
nucleic acids are purified from complcx mixtures of molecules sLlch as ccl!ly~atcs. In thesc cascs, 
it is usual to remove most of the protein by digestion with proteolytic cnzymcs sllch as pronase 
OI' proteinase K (please sce Appendix 4, Table A4-8), which are active against a bro<ld spectrllm of 
native proteins, before extracting with organic solvents. 

Extraction with Phenol:Chloroform 

lhe standard way to remove proteins from nllcleic acid sollltions is to extract first with phcnol:chlo
rofórm (optionally containing hydroxyquiniline at 0.1 %l) and then with chloroform. This procedun.' 
takes advantage of the fact that deproteinization is more efficient when two different organic sol
vents are used instead of one. Furthermore, although phenol denatures proteins elJiciently, it doe~ 
not completely inhibil RNase activity, and it is a solvent for RNA ll10lecules lha 1 contain long tracts 
of poly(A) (Brawerman et aI. 1972). Both of these problems can be circumvented by using a mix
ture of phenol:chloroform:isoamyl alcohol (25:24:1). The subsequent extracti,ln with chloroform 
removes any lingering traces of phenol from the nucleic acid preparation. Extraction with clher, 
which was widely used for this purpose for many years, is no longer required or recoml11cnded for 
rolltine purification of DNA. 

1. Transfer lhe sample to a polypropylene tube and add an equal volume of phenol:chloroform. 

lhe Illlcleic <!cid will lend to partition inlo lhe organic phase if lhe phenol h,15 IlO! bccll adeljll,1kil
cquilibr,lled to a pH oI' 7.H-H.O. 

2. Mix lhe conlcnts of the tube until an emlllsion forms. 

3. Centrifuge lhe mixture at 80(!'íJ of the maximum speed that the tubcs can bear for I l11inutc at 
room temperature. If the organic and aqlleous phases are not well separatcd, centrifugc again 
for a longer time. 

Normallv, the aqllcolls phasc t()rms lhe llpper phase. Howcver, if the aqueolls phase is dc'IlSC bcc,lUse 
oI' salt I >(L5 M) or sucrose (> I 0%), it will t(1fI11 the lowcr phase. Thc org'lIliç phasl' is c<lsik idl'llti. 
fiab1c bccallse 01' the ycllow color contributrd by lhe 8.hydroxyquillolinc lhat is ,1dded to phcllol 
during cquilibration (pleasc see Appcndix I). 

4. Use a pipette to transfer the aqueolls phasc to a frcsh tube. For small volumes «200 ~I), use 
an <lutomatic pipettor tltted with a disposable tipo Discard the interface and organic phasc. 

'lü achicvc lhe best rcol\'ery, lhe organic phasc and interface Illay be "bacl<cxtr,1ctcd" as foll<l\vs: 
Aftcr lhe tirst aqucous phasc has beén transt~rrcd as described above, add an eqll.li volume oI' TI' 
IpH 7.H i to lhe organic phasc and interface. Mix wcll. Separalé the phases by (clltrifugatioll <lS ill 
SICp 3. Combine lhis second aqucous phase with the first, and procccd to Stcp 5. 
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5. Repeat Steps 1-4 until no protein is visible at the interface of the organic and aqueous phases. 

6. Add an equal volume of chloroform and repeat Steps 2-4. 

7. Recover the nucleic acid by standard precipitation with ethanol. 

Occasionally, ether <! > is llsed to remove traces of chloroform from preparations of high-molec
lllarweighl DNA (please see lhe Notes below). 

NOTES 

The organic and aqueous phases may be mixed by vartexing when isolating small DNA molecules 
« 1 O kb 1 ar by gentle shaking when isolating DNA molecules of moderate size (10-30 kb l. When 
isolating large DNA molecules (> 30 kb), the following precautions must be taken to avoid shear
ing (please see a1so Chapter 6) . 

• Mix the organic and aqueous phases by rotating the tube slowly (20 rpm) on a wheel. 

• Use large-bore pipettes to transfer the DNA from one tube to another. 

HISTORICAL FOOTNOTE ON PHENOL ((6 H60, F.W. = 94.11) 

Until the mid 19505, the standard method of purifying DNA involved stripping protein from the nucleic acid 
with detergent and strong salt solutions (e.g" perchlorate). Final deproteinization was achieved 
by several extractions with chloroforrn laced with isoamyl alcahol (5evag 1934; 5evag et aI. ~H 
1938). The first reported use of phenol to purify nucleic acids was published by Kirby (1956), 
who was aware of the power of phenol to extract proteins from aqueous solution (Grassmann 61 
and Deffner 1953). In his initial paper, Kirby showed that extraction of homogenates oi mam- ~ 
malian tissue with a two-phase phenol-HoO mixture at room temperature led to partitioning of 
RNA into the aqueous layer. DNA remained associated with protein at the interface. Kirby quick-
Iy realized that replacement of HP by solutions of anionic salts released both RNA and DNA into the aqueous 
phase (Kirby 1957; for review, please see Kirby 1964). Although the use of anionic salts to release proteins from 
DNA was quickly abandoned in favor of strong anionic detergents such as 50S, Kirby's original description of 
phenol extraction forms the basis of many purification methods in common use today. The function of the phe
nol is probably the same as that of a protein solvent: It extracts protein that has becn dissociated from nucleic 
dcids by anionic salts or detergents. 50 efficient is this process that pure preparations of nucleic acid are obtained 
after just two or three extractions with phenol. 

Purified phenol has a specific gravity of 1.07 and therefore forms the lower phase when mixed with H,O. 
However, the organic and aqueous phases may be difficult to separate or may invert when phenol is used to 
extract protein from aqueous solutions containing high concentrations of solutes. This problem is largely alle
viated when a 50:50 mixture of phenol:chloroform is used, because the higher density of chloroform (1.47) 
ensures separation of the two phases. Denatured proteins collect at the interface between the two phases 
while lipids partition efficiently into the organic layer. Isoamyl alcohol is often added to the phenol:chloroform 
mixture to reduce foaming. 

Pure phenol is supplied as a white crystalline mass (mp 43°C). However, on exposure to air and light, phe
nol is prone to redden, a process that is accelerated by alkalinity. Crystalline phenol is not recommended 
because it must be redistilled at 182°C to remove oxidation products such as quinones that cause the break
down of phosphodiester bonds or promote cross-linking of nucleic acids. 

The liquefied form of phenol provided by many manufacturers contains -8% H20 and can be stored 
frozen at -20°C. Liquefied phenol, if colorless, can be used in molecular cloning without redistillation. Today, 
only occasional batches of liquefied phenol are pink or yellow, and these should be rejected and returned to 
the manufacturer. 

Before use, phenol must be saturated with H20 and equilibrated with Tris to a pH of > 7.tl to suppress 
partitioning of DNA into the organic phase, which occurs at acidic pH. 
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Drop Dialysis 

Low-molecular-weight contaminants, which may inhibit restriLtiol1 digestí')!1 or DNA sequcl1-:
ing, (<]n be removed ti'oI11 DNA in solution by drop dialysis. 

1. Spot a drop (~50 111) of DNA in the eenter of a Millipore Series \' membrane (0.02511111), tloat
ing shiny side up 011 101111 of sterile H~O in a lO-em diameter Pctri dish, 

2. Dialyze the DNA for 10 minutes. 

3. Remove the drop to a clean microfuge tube, anel use aliquots of the dialyzed DNA for restrÍL
tion enzyme digestion and/or DNA sequeneing. 
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CONCENTRATING NUClEIC AClDS 

CAUTlON: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Ethanol Precipitation 

Precipitation with ethanol is the standard method to recover nudeic acids from agucolls solutions. 
It is rapid, virtually foolproof, and efficient: Subnanogram amounts of DNA and RNA can be quan
titatively precipitated with ethanol, collected by centrifugation, and redissolved within minutes. 

Ethanol depletes the hydration shell from nucleic acids and exposes negatively charged 
phosphate groups. Counterions such as Na+ bind to the charged groups and reduce the repulsive 
forces between the polynudeotide chains to the point where a precipitate can formo Ethanol pre
cipitation can therefore only occur if cations are available in sufficient quantity to neutralize the 
charge O!1 lhe exposed phosphate residues. The most commonly used cations are shown in Table 
A8-1 and are described below. 

• Ammonium acetate is frequently used to reduce the coprecipitation of ul1wanted contaminants 
(e.g., dNTPs or oligosaccharides) with nucleic acids. For example, two sequential precipitatiol1s 
of DNA in the presence of 2 M ammonium acetate result in the removal of >99% of the dNTPs 
from preparations of DNA (Okayama and Berg 1982). Ammonium acetate is also the best 
choice when nucleic acids are precipitated after digestion of agarose gels with agarase. The use 
of this cation reduces lhe possibility of coprecipitation of oligosaccharide digestion products. 
However, ammonium acetate should 110t be Llsed when the precipitated nucleic acid is to be 
phosphorylated, since bacteriophage T4 polynucleotide kinase is inhibited by ammonium ions. 

• Lithium chloride is frequently used when high concentrations of ethanol are required for pre
cipitation (e.g., when precipitating RNA). LiCl is very soluble in ethanolic solutions and is not 
coprecipitated with the nucleic acid. 5mall RNAs (tRNAs and 55 RNAs) are soluble in solu
tions of high ionic strength (without ethanol), whereas large RNAs are not. Because of this dif
fercnce in solubility, precipitation in high concentrations of LiCI (0.8 M) can be L1sed to puri
fy large RNAs. 

• Sodium chloride (0.2 M) should be used if the DNA sample contains SDS. The detergent 
remains soluble in 70% ethanol. 

• Sodium acetate (0.3 M, pH 5.2) is used for most routine precipitations of DNA and RNA. 

Until a few years ago, ethanol precipitation was routinely carried out at low temperature 
(e.g., in a dry-ice/methanol bath). This is now known to be unnecessary. At O°C in the absence of 
carrier, DNA concentrations as low as 20 ng/rnl will form a precipitate that can be quantitatively 
recovered by centrifugation in a microfuge. However, when lower concentrations of DNA or very 
small fragments « 1 00 nucleotides in length) are processed, more extensive centrifugation may 
be necessary to cause the pellet of nucleic acid to adhere tightly to the centrifuge tube. 
Centrifugation at 100,000g for 20-30 minutes allows the recovery of picogram quantities of 
nucleic acid in the absence of carrier. 

TABLE A8-1 Salt Solutions 

SAlT 

Atlll11oniull1 acctatc 

LithiullI chloride 
SodiulI1 chloride 

Sodiutll acetatc 

STOCK SmUTlON (M) 

3.0 

10.0 

8.0 

5.0 

5.2) 

FINAL CONCENTRATION (M) 

2.0-2.5 

().~ 

0.2 

CU 
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\\'hen dealing with ~mall amounts of DNA, it is prudent to save the ethanolic Sllpernatmt 
(rom each step until ali of the DNA has been recovered, This retcntion is especially important 
afte!' precipitates of DNA have been washed with 70(!lo ethano], a treatment that oftell loosens the 
preci pitates from the wall of lhe tube. 

Dissolving DNA Precipitates 

Until a few years ago, Dr\A precipitates recovered after ethanol precipitatioll \\'ere dried under 
vacuum before being redissolved, This practice has now been abandoned ( I ) becallse desiccatcd 
pcllcts of DNA dissolve slowly and inefficiently and (2) beca use small fl\lgl11ents of dOllblc
stranded DNA «400 bp) become denatured upon drying, probably as a resllll of loss of the sta
bilizing shdl of bOllnd water molecllles (Svaren et a!. !987), 

These days, the best practice is to remove elhanol from the nucleic acid pellct and from the 
sides of the tube by gentlc aspiration and then to store the open tube on the bench for ~ 15 min
L1tes to allow most of the residual ethanol to evaporate. The still-damp pellet of nucleic <!cid can 
then be dissolved rapidlv and completely in the appropriate buffer. I f necessarv, the open tubc 
containing the redissolved DNA can be incubated for 2-3 minutes at 45°C in a heating block to 
allow any traces of ethanol to evaporate. 

lhe precipitated DNA is not ali found at the bottom of the tube after centrifugation in an 
angle-head rotOI'. In the case of microfllge tubes, for example, at least 4()(~\J oI' the precipitated 
I )NA is plastered on the wall of the tube, To maximize recovery of DNA, use a pipeltc tip to roll 
a bead of solvent severa! limes over the appropriate segment of the wall. If the sample of UNA is 
radio(lctive, check that no detectable radioactivity remains in the tube after the dissolved DNA has 
been removed, 

Carriers 

Carriers (OI' coprecipitants) are inert substances that are used to improve tllL' recO\'ery of small 
CIlIantities of 1111cleic acids during ethano! precipitation. Insolllble in ethanolil sllllltiollS, carriers 
1'01'111 a precipitate 1l1al traps the target nllcleic acids. During centrifugation, carríers gcneratc a 
visible pellet that facilitates handling of the target nucleic acids, This may be their major virtue: 
As discllssed above, elhanol precipitation - even of small amounts of l1ucleic <]cids in dilutc solu
tio!1- is remarkably efficient. Carriers do little, other than providc visual clues to the location ()f 
the targc( nucleic aLid. Three sllbstances are commonly used as carriers: yea~t tRNA, glycogen, 
and linear polvacrylamide. Their advantages and disadvantages are listed in l;lble AS-2, 

TABlE A8·2 Carriers 

WORKING 

CARRIER CONCENTRATlON 

kht t I{\.\ 10-20 pg/1ll1 

1 i I1c"l I· POh,ICTII,lIllidc 10-20 pg/ml 

ADVANTAGES/DISADVANTAGES 

Yea,t tRi\A i, inexpcnsivc, but it has the disackmtage th,1I it canllot bc lI'l'd Im prc
cipitating nlldeic acids that \ViII be llsed as ,ubstraks in reactiOlb catah-zed [w ['(1)'
nllckotide kÍnase OI' terminal transtCrase, lhe ll'rmÍIlÍ oI' yeast R:\.\ are excdlcnt suh
,trates for thêse cnzymcs and would compete with the tcrlll ill i wl1triblltl'd h~ the 
targl'l nucleic aeid, 

(;lycogcn is lIsual1y used a, a carrier when l1ucleic acids are prl'cipiulcd Ilith O,:; .\1 

amll10nillm acetate and isopropanol. Clycogen is not a nllclcic ,!c'ld and therd(lI'c doc, 
not compete lVith the target nllcleic acids in sllbscquent cl1z)'lllatic re,lctiom, Howcl'cr, 
it G1I1 interfere lVith interactions betwcen DNA and proteins (Caill.lrd anti Strallss 
19901, 

Lincàl' pol:·acrylamide is an effieicnt neutral carrier for prccipitating picogrdlll 
amollllts of nucleic acids \Vith t'thano! anel protl'ins \\'ith aectone i ~tr,lllSS and \'ar
slm,h 19í14; (;aillard <lnd Strauss 1990), 
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HISlORICAl FOOlNOTE 

Ethanol precipitation predates molecular cloning by ~50 years. It was first used as a method to concentrate 
biologically aetive nucleic acid by J. Lionel Alloway, who worked at the Rockefeller Institute in the early 1930s. 
His project was to prepare active cell-free extracts of S-type Streptococcus pneurnoniae tha! would permit 
bacterial transformation of R-type organisms in vitro. At that time, transformation had been achieved only with 
intact, heat-killed donor cells. After many frustrating failures, Alloway reported in 1932 that he could get the 
substance responsible for transformation into solution by heating a freeze/thaw extract of the S organisms to 
60"C, removing particulate malter by centrífugation, and passing the solution through a filter made of porous 
porcelain (Alloway 1932). This last step was included to silence skeptics who belíeved that transformation 
was an artifact caused by an occasional S-type organism that survived the extraetion procedure. 

Alloway's success aI eliminating the need for heat-killed donor cells was a major step on lhe road that 
eventually led to the díscovery of DNA as the transforming material (Avery et aI. 1944). However, not ali of 
Alloway's cell-free preparations worked, and, even when transformation was obtained, the efficiency was very 
low. Alloway must have realized that these problems were caused by the dilute nature of the extraet, for he 
began to search for different ways to Iyse the pneumococci and for different methods to concentrate the trans
forming activity (AllowayI933). Maclyn McCarty ("1985) described Alloway's discovery of ethanol precipita
tion as follows: 

Alloway then introduced another new procedure that became an indispensable part of ali work 
on the transforming substance from that time forward. He added pure alcohol in a volume five 
times that of the extract which resulted in precipitation of most of the material that had been 
released from the pneumococci .... lhe precipitated material could be redissolved in salt solu
tion and shown to contain the aetive substance in transformation tests. Alcohol precipitation and 
resolution could be repeated at will without loss of aetivity. 

Alloway was certainly not the first person to precipitate nucleic acids with ethanol. This technique had 
already been used as a purification step by several generations of organic chemists who were puzzling over 
the structure of the bases in DNA. However, Alloway was the first to use ethanol precipitation to prepare 
material that could change the phenotype of recipient cells. Final proof that the transfonning factor was DNA 
stilllay a dozen or more years into the future. But Alloway could fairly clairn to be the inventor of a technique 
that is now second nature to us alI. 

Standard Ethanol Precipitation of DNA in Microfuge Tubes 

1. Estimate the volume of the DNA solution. 

2. Adjust the concentration of monovalent cations either by dilution with TE (pH 8.0) if the 
DNA solution contains a high concentration of salts or by addition of one of the salt solutions 
shown in Table AS-I. 

lI' the mlume of the tlnal solution is 400 ~l OI' less, carry out precipitation in a single microfuge tubc. 
Largcr volumes can be divided Clmong several microfuge tubes, or the DNA can be precipitated and 
ccntrifuged in tubes that will fi! in a mcdium-speecl centrifuge or ultracentrifuge. 

3. Mix the solution well. Add exactly 2 volumes of ice-cold ethanol and again mix the solution 
well. Store the ethanolic solution on ice to allow the precipitate of DNA to formo 

Usuallv 15-30 minutes is sufficient, but when lhe size of the DNA is small « I 00 nuclcotides) OI' 

whcll Ú is present in small <lmounts «0.1 ~g/ml), extend lhe period of storage to at least 1 hom and 
add MgCI, to a final concentration of 0.01 M. 

DNA (an be stored indefinitelv in ethanolic solutions aI O°C or at -20°C. 

4. Recover the DNA by centrifugation at O°e. 

For most purposcs, cClltrifugatioll at maximum speed for 10 minutes in a mícrofuge is suffkicllt. 
Howcver, as discussed above, when low concentratío1l5 of DNA «20 llg/ml) OI' very small fragments 
are being processecl, more cxtellsi\'e centrifugalÍon may be required. 
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Hold lhe open rnicrofuge tube at an angle, with 
lhe pellet on lhe uppcr side. Use c1 disposable 
pipette lip atlached to d vacuum line to with
draw fluid from lhe lube. Insert the tip just 
beneath lhe miniscus on lhe lower side of lhe 
tub('. Move lhe lip loward the base oi lhe tube 
dS lhe íluid is withdrdwn. Use a gentle suction 
to avoid drawing lhe pellet into lhe pipette tip. 
Keep lhe end of lhe lip away from the pellet. 
Findlly, vacuum the walls of lhe lube to remove 
dny adherent drops oi fluid. 
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S. CarctulIy remove the supernatant with an automatic micropipettor or \Vilh a dispoS<lblc 
pipette tip attached to a vacuum line (please see Figure A8-2). Take care not to disturb the pel· 
let of nucleic acid (which may be invisiblc). Use the pipette tip to remo\'L' ,UH' drops oI' tluid 
lhal adhere lo the walls oI' the tube, 

It i, bcst to savc the supernatant from valuable D\!A samp1cs until recovcrv ofthe prceipitated I )~,\ 
has becl1 vcriflcd. 

6. filI the tuhe half way with 70% ethanol and recentrifuge at maximum spced for .2 minutes aI 

4"C in a microfuge. 

7. Repeat step 5. 

8. Store the open tube 011 the bench at room temperature until the last traces of tluid h,l\'e evap~ 
orated. 

1I \\"<], O/lLt' o.:OIllIllOIl practict' to dry pellets oI' nuclcic acid in a lyopllilizer. TIl/, slL'p " I1ll( lllllr 
1I1l nCCl'SS<] rv, but also undesirablc, since it causes dcnaturatioll oI' small ( <.t()()-nuêleotide I fragmcnts 
of IJ!\'\ (S;'arcn rt aI. 19f\7) and greatly rcduces the recovery of largcr fragmcllts (,I D\',\. ' 

9. Dissolve the DNA pellel (which is often invisible) in the desired volume ()j buffer (usually TE 
[pH between 7.6 and tl.O]). Rime the walls of the tuhe well with the buffer. 

NOTES 

• After centrifugation in a mícrofuge, not ali of the DNA is deposited on the bottoI11 of lhe 
microfuge tube. Up to 50~ú of the DNA is smeared 011 lhe walI of lhe tube. To l'CeO\'er alI of lhe 
DNA, it is necessary to work a beael of tluiel backward anel fonvard nver the appropriate quad
rant ot' \ValI. This step can easily be done by pushing lhe bead of tluid over the surflce with a 
disposable pipette tip dttached to an automalic micropipettor. 

• Onc volume of isopropanol <! > may bc used in place of :2 volumes of dhanol lo precipitale 
DNA. Precipitation with isopropanol has lhe advantage that the volume of liquid to be cen
trifuged is smaller. However, isopropanol is less volatile than ethanol and is Iherefore 1110re dif
tkult to remove; moreo"er, solutes such as sucrose OI' sodiuJ11 chloride are more easih' mprc
cipitated with DNA when isopropanol is used. In general, precipitation with ethanol is prefer
ahle, unless it is neccssary to keep the volume of t1uid to a minimu111. 

• In general, D),JA precipitated from solution by ethanol can be redissolved easily in buffers of 
low ionic strength, such as TE (pH 8.0). Occasionally, difficulties arise whcn butt'ers contain
ing t\lgCl2 or >0.1 1\1 0JaCI are added directly to the DNA pellet. It is therefore prcferable to 
dissolve the DNA in a small volume of low-ionic-strength buffer and to adiusI lhe cOlllposi-
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tion of the buffer later. If the sample does not dissolve easily in a small volume, add a larger 
volume of buffer and repeat the precipitation with ethanol. The second precipitation may help 
eliminate additional salts or other components that may be preventing dissolution of the DNA. 

Precipitation of RNA with Ethanol 

RNA is eftlciently precipitated with 2.5-3.0 volumes of ethanol from solutions containing 0.8 Iv! 

LiCl, 5 M ammonium acetate, or 0.3 M sodium acetate. The choice among these salts is deter
mined by the way in which the RNA will be used later. Since the potassium salt of dodecyl sulfate 
is extremely insoluble, avoid potassium acetate if the precipitated RNA is to be dissolved in 
buffers that contain SDS, for example, buffers that are used for chromatography on oligo( dTl-cel
lulose. for the same reason, avoid potassium acetate if the RNA is already dissolved in a buffer 
containing SDS. Avoid LiCI when the RNA is to be used for cell-free translation or reverse tran
scription. LiCl ions inhibit initiation of protein synthesis in most cell-free systems and suppress 
the activity of RNA-dependent DNA polymerase. 

NOTE 

• Solutions used for precipitation of RNA must be free of RNase (please see Chapter 7). 

Precipitation of large RNAs with lithium Chloride 

Whereas small RNAs (tRNAs and 5S RNAs) are soluble in solutions ofhigh ionic strength, large 
RNAs (e.g., rRNAs and mRNAs) are insoluble and can be removed by centrifugation. 

1. Measure the volume of the sample and add 0.2 volume of RNase-free 8 Iv! LiC\. Mix the solu
tion well and storc it on ice for at least 2 hours. 

2. Centrifuge the solution at 15,000g for 20 minutes at O°e. Discard the supcrnatant, and dissolve 
the precipitated high-molecular-weight RNA in 0.2 volume of H

2
0. 

3. Repeat Steps 1 and 2. 

4. Recover the high-molecular-weight RNA from the resuspended pellet by precipitation with 2 
volumes of ethano\. 

Concentrating and Desalting Nudeic Acids with Microconcentrators 

Ultrafiltration is an alternative to ethanol precipitation for the concentration and desalting of 
nucleic acid solutions. It requires no phase change and is particularly useful for dealing with very 
low concentrations of nueleic acids. The Microcon cartridge, supplied by Millipore, is a centrifu
gai ultrafiltration deviee that can desalt and concentrate nudeie acid samples efficiently. The pro
tocol presented below and the accompanying notes have been adapted from those provided on 
the Millipore Web Site (www.millipore.com). Complete directions may be found on this Web Site. 

1. Select a Microcon unit with a nucleotide cut-off equal to or smaller than the molecular size of 
the nueleic acid of interest (please see Table A8-3). 

2. Insert the Microcon cartridge in to one of the two vials supplied, as shown in Figure A8-3. 

3. To concentrate (without atlecting salt concentration), pipette up to 500 !lI of sample (DNA or 
RNA) into the reservoir. Centrifuge for the recommended time, not exceeding the g force 
shown in Table A8-3. 
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fiGURE AB-3 Concentration/Desalting of Nucleic Acid 

Solu!i.?ns Using Micron Ultracentrifugation 

O
~ sample reS8'.'YOlr 

~ nuclelc aClds 

OU! !rapped by fll!er 

I 

Inverted cartndge 

4. To exchange salt, add the proper amount of appropriate diluent to bring lhe concentrated sam
pie to 500 Ill. Cenlrifuge for lhe recommended time, not exceeding lhe g force shown in Tablc 
AS-3. To achieve a lower salt concentration, repeat the entire step as neccssary. Please see the 
footnote below to Tahle A8-3 . 

.... IMPORTANT Do not overfill the filtrate vidl. 

5. Remove the rcscrvoir from the vial and invert the reservoir into a new vial (save the t1ltratc 
ulltil the sample has been analyzed). 

6. Centrifuge at 500-1000g for 2 minutes in a microfuge to recover nucleic acid in the vial. 

7. Remove reservoir. Cap lhe vial to store lhe sample. 

TABU A8-3 Nucleotide Cut-offs for Microcon Concentrators 
------ -- --

MAXIMUM SPIN TIME 

MICROCON NUCLEOTlDE CUT-OFFa RECOMMENDFD IN MINUTES 

MODEL COLOR CODE SS DS g FORCE 4°( 25°( 

3 ycllow 10 10 14,000 1~5 05 
10 grccll .lO 20 14,000 50 35 
.)0 elear 60 50 14,000 15 ~ 

50 rosc 125 100 14,000 lO 6 

100 blul' 300 125 500 25 I:; 

I\:otc that ultr.ltiltration alolle does no! changc buffcr cOll1po~ili()l1. lhe sall wncel1tl\ltiol1 il1 .! ,.1I11l'k cOl1centrated ],1· 

spinning 111 .1 \Iicrocnn will !Je the samc 'h that il1 lhe original s<ll11plc. For dcsalting, the col1cl'ntrakd sampk is dilull'd IVllh 

11 2() OI' burler to ih original volullle and spun again (cllhl discolltinuous diatiltrationl. lhis reIl1Ov,', the ,.dt lw the COI1(e'n
tr.!tioJlI'lclOr "fthe ultraliltl\ltioll, For example, ifa 501J-ft! sampk containing 11)0 m:-! sall is mnccJlII\I1c'd to 25 pl (20x cnll
cl'Iltr.!!i"n l'lctor), 95% ofthe !otal salt in the salllplc will be re111oved. Thc "dt collccntrdtioJl in the s.lmplc will rClll.lÍn at !tlU 
111.\1. Rcdiluting th,' sal11pk to SOl! "I in H 20 will bring lhe sdll conccntration to ~ 111\1. C()lllentrdtin~ to 2.1 pl oncl' nwre will 
rcmove ')')",,, of the original total sall. lhe concentrated "lmplc wil! now bc in 0.25 nü! sall. For mOll complete' s.llt re'11lOI'.d, 
.111 addition,ll rcdilution ,lnd spinlling cvde will remove '1':1.9% oI' lhe initial sdlt Cllnkn1. 

'" indicatc, ,ingk-stranded anel ds indicates doublc-stranded. 
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Concentrating Nucleic Acids by Extraction with Butanol 

During extraction of aqueous solutions with solvents such as secondary butyl akohol (isobu
tanol) or n-butyl alcohol (fI-butanol <! > ), some of the water molecules are partitioned into the 
organic phase. By carrying out several cyeles of extraction, the volume of a nueleic acid solution 
can be reduced significantly. This method of concentration is used to reduce the volume of dilute 
solutions to the point where the nucleic acid can be recovered easily by precipitation with ethanol. 

1. Measure the volume of the nucleic acid solution and add an equal volume of isobutanol. Mix 
the solution well by vortexing. 

Addition of too much isobutanol can result in removal of ali the H,O and precipitation (lf the nuc\e
ic acid. If this happens, add 11,0 to the organic phase until an aqu~ous phase (which should contain 
the nuc\cic acid) reappears. -

2. Centrifuge the solution at maximum speed for 20 seconds at room temperature in a microfuge 
or at 1600g for I minute in a benchtop centrifuge. Use an automatic micropipettor to remove 
and discard the upper (isobutanol) phase. 

3. Repeat Steps 1 and 2 until the desired volume of aqueous phase is achieved. 

Recause isobutanol extraction does not remove salt, the salt concentration increases in proportion 
to the reductíon in the volume of the solution. The nucleic acid can be transfcrred to lhe desíred 
buffer by spun-column chromatography or by precipitation with ethanol. 
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QUANTITATION OF NUCLEIC AClDS 
------------------------------------~ 

CAUTION: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Two types of mcthods are \Videl)' uscd to measure the dmollnt of nucleic acid in a preparation, lf th,' 
~ampk is purc (i.e., without significant amounts of contaminants sllch as prokins, pht:'llOl, agarost,', 
(li" other l1ucleic acids), spectrophotomctric measurement ofthe <lmOlll1t ofU\' irradiatioll absorbed 
hy the bases i5 simple and accurate. If the amount of DNA OI' RNA i5 very 5111<111 OI' if th,' sampk ml1-

tains significant qllantities of impurities, the dmoLlllt of nucleic acid can bc estill1ated ti'om the illtell
sity oI' fluorescence emitted by ethidium bromide or Hoechst 33258. A SUI11IlUr\' oI' the mcthods 
commonly used to measure the conccntrations of DNA in solution are listed in l~lble :\1l-4. More 
dctailed discllssion of the methods follows after the table. 

TABLE A8-4 Measuring Nucleic Acid Concentrations 

METHOD 

\h"rb,lllC" 
,I t ~()(I IIIll 

II\lh,'IOI1 ,U 

/:i,'illlll illlh" 

~lrl)""\.'lh.!..' uI" 

! f~ll'L'lht .)")~,;s 

1 )1I"li, k 101 kll 
!rUll1 Ill\·jln)~L'Jl, 

Ilhillilllll 
I>I'llllli,k 
'I'"t Il',1 

----------------------------------------------, 
INSTRUMENT COMMENTS 

'I'l.',: tm l'hotollll'tcr purificd prcparations of nudeic ,lcid, ,incc it elctl'cts aI1\' (lllllf1 oul1d Ih,\I abs,'rh, 

Illl(lnllllckr 

,i""illi,'Clnlh, ,\I 260 nm, which il1c111dc" for l"\ample, D:\A, R!'\,\, EllTA, anel phl'I1"1. rhl' r,\lio oI' 
aI1:,orl),1111(e aI 26() 11I11 ,md 2HO 11m is often llScd as a lést for cOI1I,ll1linatiot1 oI' oi prl'p,lr,ltiol1 oI' I l;'\,\ 
,lIlel RN/\ \Vilh prutein, Despilc its popularitl', this test is oI' qllL'stlOl1ablc worth, :'\uckic .lcids ,ll""r["" 
,tn>nglr at 2611 11m th.1t unly.1 signillc,lllt lel'c! of protein contamination will (,lUSl' ,I ,igl1i1iL,lI1t (h,mg" 
in t hl' ratio oI' ,1bsorh,lIKC aI lhe two \\',1I'l:lengths (Warburg anel Chrislian 1042; I ;Lbl'l 190~; ,\ 1.111-
lhcsler ] 9\1S, ] \1'06; \\'iltingcr et aI. IlJ'07) !pkasc sel' the l'anl'1 on ABSORPTION SPECTROSCOPY 
OF NUCLEIC ACJDS 011 the fol!owlllg p.1gcl, 

rIlL' spccific absorption cOl'ftIcicnts of both DNA and R!'\/\ are atfectcd In- the il)IÚ, ,trl'ngth ,lIld the 
pll (lfthe soluti"l1 Ilka\'l'll ct ,11. ]l)55; \\'iltll1ger daI. 19lJ7), ,\ccuratc I11l'<lsurcllll'nls (lf Gll1(L'ntr,lti"n 
(,1Il bc m,ldl' onh \\'hCI1 the pH is carefull\' col1lrolled and lhe iOl1ic strcl1gth oI' the ,olution is lo\\', 

li is diflicllll to nwasure lhe absorbance 01' sl11illl volullles 01' Sollltion and the l11élh"ei i, IL'liclbk onh 
m'cr a r,lirly narrll\,' rall~e oi' (Ollcen\r'ltions (::; ~l~/ml to L)() pg/ml I, 

Iloléchst 3.l25~ is onl' of a cldSS oI' llis-bcnzimidawlc tlllort'sCel1t d,,:, that bind ll\lninterc,d,ltil'L'h ,lml 
\\ith high specilicit\, to d,)ublc-stranlkd ll:'\,\. After bÍnding, the tlllorl'scent yiL'lei inCIl\bCS ([,(ll11 lI,tll 
to 0,6 (Latt ,md \\'ohilch 1975); Hocchsl ,,323H is thcrd(ll'C ,11l"L'flll tlu<lr\lchrnll1c' 1(11' tlumOl1lctril 
delection cll1d qu,llltltatinll oi' dOllbk-,tr'1I1ded DNA, Hocchst ,\32511 intLTacts l'rl'fc-rl'l1ti,1111' \\'ith :\11 
rich rcgions oI' thc 1):\:\ hclix, \Vith thc logl" oI' the intensill' oI' tluoITSCl'nCC inLr'''l,ing in propOrllon 
to the ;\+'1' conll'nt ofthe DNA (Daxhelct el a!. 10f:<;J). The tluorcscl'nt I'idd oI' Hoc'cl"t ,'.l2~K is 
,1pproxil11ately threL't()ld 100vcr with singk-stranded DN;\ (Hill\'ig and (';roPI' I ,ç; I. 

Iluo1'Ol11ctry a'''II',' \\'ith Ilocchsl ,\.125~ do not IVork aI extrell1es of pfl al1e1 ,11\' ,\(kckd !lI b"th lkln· 
~enls and salls (\',ln Lltlckcr and ChcIssens 19H6), Assa\'s ,lrl' therL'flll'L' u,ualll ç,mil'd 01lt il1 (j,2 \t 
~a( llll 111,~1 IIlT,\ at pH 7.4, Thc conccl1tr,ltion oI' DNA in lhe lInkno\\'l1 ,a;11pk i, c,tim,l1L'd f1'Om ,1 
standarei (urve Clll1structcd using a seI nf r<'Íerel1cc DNA, ( I ()-230 I1g/l11l) \\'Illl'l' l1a,,' cot11f'osilioll i, 
the same ,IS th,' 1I1lkll0l1l1 sample, lhe illtcl1sity oI' cmÍssÍoll is l1e.1l'ly lillear OI'l'l .J IIIOO-f"ld r,lIlgL' 01 
[l:'\A CllIlCCl1tr,ltilllh 

lhe llt\A, musl he of high l110lecular \\'eighl since Hocc!1st -,'\25~ dol's nol hind L'lllcic'llt 11' t" ,m,dl 
frolgl1ll'llts oI' ll:'\,\, ,\11 Il

L

NAs ,lnd solutillJ;' I11USt bc frel' of dhidilllll hromidL', ,,'hich Ljllcl'ldles the 
Iluol'csccncl' oI Hocchst _",25K. HO\\'L'I'L'r, bCC,111se Hocchsl 5525K h,ls littlc aftillltl I;,r pl'llkllb OI' 
rR:'\A, I11Ca'lll\'lllellts (,111 bc carried oul using cclllysatcs OI' puriliL'd prepar,ltillll' oI' 1):'\:\ (l :e',lrlll1l' 
L't ,li, IlJ;LJ, ] 0~0; Labarc.J and Paigcll ] tJHO I, 

'I hi, l11l'lhod i, gooc! ullh' for solutions (Oilt,ltJ1ll1g lo\\' CllllcClllr,ltlOI1S oi IlN,\ ,Iml R:'\:\ ( lO pg/mll, 
,lIld is both expellsi\c' ,lIlel rclativclv slO\,' 1311-+0 mil1utcs), 

L', tr,lIl,illllJ11inator \ [1.,t al1d ,'l'llsitiIC l11cthod that utili/l'S Ihl' l'V-indllcl'd tlllorl'sú'nce ellliUed bl' inlc'rc,lIolted L'ihidiulll 
brOll)ÍLk l11olccu!cs, '[ he I lNA prl'parations ullder test Me spotiL'd Ul1to all ,lgaro'C' plaiL' cOllt,tining 
11,5 ,llg/ml ethidillll1 brol11idc, /\ scries of D;\,\s oI' kllowll COilcl'l1lr.JtiOIl ,1I'C llsl'd .1S ,Ulllbrds, 
BL'cause the al11(lunt of tluoreSCl'ilCe i, prOpllrtional to th" tot,ll mass oI' DNA, thl' Ljll,llltilv 011 l:\,\ '-'111 
h,' c,timated by ('lmparing the light ,'mitted ,tt 5911 11m b)' lhe IL'st prep.JI',ltiom ,lIlel the sldllLl<mls, The 
rl'slllts oI' the a,SSa\ (<In bc rl'corded Oll lilm, In a similar, (lIdeI' tesl. dl'vL'inped il1 the' c'arh' 10711" I l;'\,\ 
',llllples and st,lIldards are spottrd OlHo a shL'L't (lI' Saran \\'rap, l11ixed \\ith ,1 diluk ,oluli(l11 (li' cthidi
UIll brol1lidc, and photograplwd, 

lhe' c'hief probkm \\'ilh the method i, Ihat il is sl'llsiti\'e t(l Íllleri'l'rL'IKl' by R:\A, 
'------
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Spectrophotometry of DNA or RNA 

for quantitating the amount of DNA or RNA, readings are taken at wavelcngths of 260 nm and 
280 nm. The reading at 260 nm allows calculation of the concentration of nucleie aciel in the sarn
pie. An OD of I eorrcsponds to ~50 I1g/m1 for double-stranded DNA, 40 I1g/m1 for single-strand
ed DNA and RNA, and ~33 !lg/ml for single-stranded oligonucIeotides. The ratio between the 
readings at 260 nm and 280 nm (OD260:0D280) providcs an estima te of the purity of the nucleic 
acid. Pure preparations of DNA and RNA have OD260:0D280 values of 1.8 and 2.0, respectively. If 
there is significant contamination with protein or phenol, the OD260:0D2H1l will be less than the 
values given above, and aecurate quantitatíon of the amount of nueleic acid will not be possible. 

Because it is rapid, simple, and nondestructive, absorption spectroscopy has long been the 
method of choice to measure the amount of DNA and RNA in concentrated pure sulutions. 
However, absorption spectroscopy is comparatively insensitive and, with most laboratory spec
trophotometers, nueleic aciel concentrations of at least 1l1g/ml are required to obtain reliable esti
mates of A2óO• In addition, absorption spectroscopy cannot readily distinguish between DNA and 
RNA, and it cannot be used with crude preparations of nueleic acids. Because of these limitations, 
a number of alternative methods have been devised to measure the concentration of DNA and 
RNA (please see Table A8-4). 

ABSORPTION SPECTROSCOPY OF NUClEIC ACIOS 

Purines and pyrimidines in nucleic acids absorb UV light. As described by the Beer-Lambert Law, the amount 
of energy absorbed at a particular wavelength is a function Df the concentratiun of the absorbing material: 

where 

c 

intensity of transmitted light 
intensity of incident light 

lo 10-<,dc 

molar extinction coefficient (also known as the molar absorbtion coefficientl 
optical path length (in cm) 
concentration of absorbing 
material (mole/liter) 

f is numerically equal to the absorbance Df a 1 M solution in a 1-em light path and is therefore expressed in 
M-l cm-l . Absorbance data are collected using a UV spectrometer and are generally reported as the 
absorbance A (Iog I/I,). When O == 1 cm, A is called the optical density or 00 at a particular wavelength, À. 

OOÁ e c 

. Because the absorption spectra of ONA and RNA are maximal at 260 nm, absorbance data for nucleic 
acids are almost always expressed in A2bO or 002bO units. For double-stranded ONA, one ~6() or 00260 unit 
corresponds to a concentration of 50 l1g/ml. The Beer-Lambert law is valid at least to an 00 2 and the con
centration of a solution of nucleic acid is therefore easily calculated by sim pie interpolation. For example, a 
solution whose 002bO = 0.66 contains 33 /lg/ml Df double-stranded ONA. For nucleic acids, r decreases as 
the ring systems of adjacent purines and pyrimidines become stacked in a polynucleotide chain. The value of 
f therefore decreases in the following series: 

free base 
~ 

small oligonucleotides 
~ 

single-stranded nucleic acids 
~ 

double-stranded nucleic acids 

This means that single-stranded nucleic acids have a higher absorbance at 260 nm than double-stranded 
nucleic acids. Thus, the molar extinction coefficient of double-stranded ONA at 260 nm is 6.6, whereas the 
molar extinction coefficient of single-stranded ONA and RNA is ~ 7.4. Note, however, that the extinction coef
ficients of both ONA and RNA are affected by the ionic strength and the pH of the solution (Beaven et aI. 1955; 
Wilfinger et aI. 1997). Accurate measurements of concentration can be made only when the pH is carefully 
controlled and the ionic strength of the solution is low. 

(Continued on facing page.) 
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The extinction coefficients of nucle'ic acids are the sum of the extinction coefficienls oi e'ach of tht'ir con
stituent nucleotides. For large molecules, where it is both impractical and unnecessary 10 sum lhe coefficienls 
oi ali lhe nudeotides, em average extinction coefficient is used. For double-stranded ONA lhe averdge extin(
tion coefficient is .'lO (~glml)~1 cm~l; for single-stranded ONA or RNA the' average coefficienl is 3i\ (,ugJllllr I 
em-I. These values Illean that 

1 00260 unit equals 

50 l1g1ml double-stranded ONA 
or 

38 ~glml single-stranded ONA or RNA 

For small molecules such as oligonucleotides, it is best to calculate an accurate extinetion coefficient from the 
base composilion. Beeause lhe concentrations of oligonucleotides are commonly reported as mmole/liler, d 

millimolar extinction cocfficient (E) is convcntionally used in the Beer-Lalllbert equation. 

E = A (15.3) G (11.9) + C (7.4) + T (9.3) 

where A, G, C, dnel T are lhe number of times each nucleotide is represcnted in lhe sequence oi the oligonu
cleotide. lhe numbers in parentheses are the molar extinction coefficients for each deoxvnucleoticle at pH 7.0. 

0°260:0°280 Ratios 
Although it is possible to estimate the concentration of solutions of nucleic acids and oligonucleotides by mea
suring their absorption at a single wavelength (260 nm), this is not good practice. The absorbancC' oI the sarn
pie should be rneasured at several wavelengths since the ratio oi absorbance at 260 nrn to the absorbance at 
other wavelengths is a good indicator of the purity of the preparation. Significant absorption at 230 nrn indi
cates contarnination by phenolate ion, thiocyanates, and other organic cornpounds IStulnig and Amberger I 

1994), whereas absorption at higher wavelengths (330 nrn and higher) is usually caused by light scattering and 
indicates the presence of particulate rnatter. Absorption at 280 nm indicates til(' presente oi protein, because 
arornatic arnino acids absorb strongly at 280 nrn. 

For many years, the ratio of the absorbance at 260 nm and 280 nrn (00
260

:00
2

1\0) has been used as a i 

rneaslIre of purity of isolated nucleic acids. This method dates from Warburg and Christian (1942) who 
showed that the ratío is a good indicator of contamination of protein preparations by nuclC'ic acids. The reverse 
is not true! Because the extinction coefficients oi nllcleic acids at 260 nrn and 280 nrn are so rnuch greater 
than tha! of proteins, significant contarnination with protein will not greatly change the 00'hO:002:11l ratio oi 
a nucleic acid solution (please see Table AB-5). Nucleic acids absorb so strongly at 260 11m that only a signifi
cant levei oi protein contarnination will cause a significant change in the ratio 01 absorbance at the two wave
len/:,'1hs (Warburg and Christian 1942; Glase11995; Manchester 199.'l, 1996; Wilfinger d aI. 1997). 

TABLE A8·5 Absorbance of Nucleic Acids and Proteins 

(}{) ex) % (1<) 
PROTEIN NuclEIc AClo 002hO: 0 0280 PROTEIN NucLElc ACID 0°260:0°280 

--_._-~~----

11111 o 11.57 
45 55 1.~9 YS 1.116 
40 hll 1.91 'lO lO 1.32 

~S 15 I.4R 
55 65 1.'1,\ 

.lO ,O 1.'14 KO ~O J.5'i 
25 75 1.95 7:' 2~ 1.67 
20 KO 1.97 ;11 .lO 1.73 

h5 ,13 J.7R 
15 KS 1.9K 

(lO elO I.HI 
10 911 19N 

"1,1 4) I.H4 
q:; I ,IN 

511 50 J.H7 
o 100 2.1111 

-, ......... _._ .. _-~---~----

l\lIlg the prl'dicted I'alues in this table, (;L!se! (1995) derived an empirical t'qu,lti()11 to describc o'o/\! 1,,1'.1 r,lIlSI' III ( 1\ \,,,;( 11)". 

%.\. Fl111.16J( (>.32 .I~.l" 1(1), where I( O[)~h(l;OD2XI" Note lhal ,'slim,lIl's oi' purit)· ut nudei,· ,l(ids b:N'd on 
r:ltios are aecurate onh II'hen thc preparations are irec of phCllol. \Valer "lturatcd ",itil phcllol .lhsmh, \\ith a c'h,lr,Kll'r, 

at2711111l1 ,mel an ;( lll>, r:ltill of2 (Stulnig ,mel All1bergcr 1094). :\lIckic 'Kid prl'f'aratilllb flce "I pilel101 ,hollld h,lle 
r,Hi", li!' \.2. 
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Fluorometric Quantitation of DNA Using Hoechst 33258 

Measuring the concentration of DNA using fluorometry is simple and more sensitive than spec
trophotometry, and allows the detection of nanogram quantities of DNA. The assay can only be 
used to measure the concentration of DNAs whose sizes exceed 1 kb, as Hoechst 33258 binds 

poorly to smaller DNA fragments. In this assay, DNA preparations of known and unknown con
centrations are incubated with Hoechst 33258 fluorochrome. Absorption values for the unknown 
sample are compared with those observed for the known series, and the concentratio!1 of the 

unknown sample is estimated by interpolation. 

HOECHST 33258 

Hoechst 33258 ís one of a class of bis-benzimidazole f1uorescent dyes lhat bind nonintercalatívely and with 
high specificity into the minor groove of double-stranded DNA. After binding, the f1uorescent yield increases 
from 0.01 to 0.6 (Latt and Wohlleb 1975), and Hoechst 33258 can therefore be used for fluorometric detec
tíon and quantífícatíon of double-stranded DNA in solution. Hoechst 33258 ís preferred to ethídíum bromide 
for this purpose because of its greater ability to differentiate double-stranded DNA from RNA and single
stranded DNA (Loontíens el aI. 1990). 

Like many other nonintercalatíve dyes (Müller and Gautier 1975), Hoechst 33258 bínds preferentíally to 
NT-rich regions of the DNA helix (Weisblum and Haenssler 1974), with the log10 of the intensity of f1uores
cence increasing in proportion to the A+ T content of the DNA (Daxhelet et aI. 1989). The fluorescent yield of 
Hoechst 33258 ís approximately threefold lower with single-stranded DNA (Hílwíg and Gropp 197J). 

Facts and Figures 

• Hoechst 33258 in freI' solution has an excitation maximum at ~ 356 nm and an emission maximum at 492 
nm. However, when bound to DNA, Hoechst 33258 absorbs maximally at 365 nm and emits maxímally 
at 458 nm (Cesarone et aI. 1979, 1980). 

• Fluorometry assays with Hoechst 33258 do not work at extremes of pH and are affected by both deter
gents and salts (Van Lancker and Gheyssens 1986). Assays are therefore usually carried out under standard 
conditions (0.2 M NaCl, 10 mM EDTA at pH 7.4). However, two different salt concentrations are required 
to distinguish double-stranded from single-stranded DNA and RNA (Labarca and Paigen 1980). The con
centration of DNA in the unknown sample is estimated from a standard curve constructed using a set of 
reference DNAs (1 ~250 nglmi) whose base composítion is the same as the unknown sample. The DNAs 
must be of high molecular weight since Hoechst 33258 does not bind efficiently to 5mall fragments of 
DNA. Measurements should be carried out rapidly to minimize photobleaching and shifts ín fluorescence 
emíssion due to changes in temperature. Either a fixpd wavelength fluorometer (e.g., Hoefer model TKO 
100) or a scanning fluorescence spectrometer (e.g., Hítachi Perkin-Elmer model MPF-2A) can be used. 

• The concentratíon of Hoechst 33258 (M, = 533.9) in the reaction should be kept low (5 x 10-: M to 2.5 
x 10"'(, M), since quenchíng of fluorescence occurs when the ratio of dye to DNA is high (Stokke and Steen 
1985). However, two concentrations of dye are sometimes used to extend the dynamic range of the assay. 

• Ali DNAs and solutions should be free Df ethidium bromide, which quenches the fluorescence of Hoechst 
33258. However, because Hoechst 33258 has Iittle affinity for proteins ar rRNA, measurements can be car
ried out using cell Iysates or purified preparations of DNA (Cesarone et aI. 1979; Labarca and Paigen 1980). 

• Unlike ethídíum bromíde, Hoechst dyes are cell-permeant. 

1. Tllrn the f1uorometer on 1 hour before the assay is carried out to allow the machine to warm 
up and stabilize. 

Whcn bound to high-molecular-weight double-stranded DNA, Hoechst 33258 dye absorbs maxí
mally at 365 11m dnd emits maximally at 458 nm. 

2. Prepare an appropriate amount of dilllted Hoechst 33258 dye solution by combining 50 /lI of 
concentrated Hoechst 33258 dye sollltion per 100 ml of fluorometry buffer (please see 

Appendix I). Each tube in the DNA assay requires 3 ml of diluted Hoechst 33258 dye solution. 
Transfer 3 ml Df diluted dye solution to an appropriate number of clean glass tubes. Include 
six extra tubes for a blank and the standard curve. 
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Th.: eOIlccIltraled Hocehst 33258 dye snlution i, prepared in H ,0 aI 0.2 mg/ml ,md (an bc slorcd <lI 
W<l111 tcmpnature in a fóil-wrapped test tubl'. 

3. Prepare a standard curve by adding 100,200,300,400, and 500 ng of [)NA from the reference 
stock solutinn to indi"idual tubes. Mix and read lhe absorbal1cc 011 the prewarmed tllloWl1le
ter of eC}ch tube immediately after additiol1 of the DNA. 

lhe refcrcIlcc stock solutio!1 of DNA is preparcd in TE to a conccntratioll of !()() pg/Illl. BCC.lllSC lhe 
binding of Hoechst 33258 dyc to DNA is intluenced by the base composition, thl' I l:\.-\ lIsl'd to (un
s!rue! the standard cur\'e should bc from the same spccics as the test samplc. 

4. Add 0.1 ~I (i.e., 1 ~I of aI: 1 O dilution l. 1.0 ~I) and 1 O ~I of the prcparation oI' D0JA, whose COIl

centration is being determined, to individual tubcs containing dillltcd dye solution. 
rmmediately read the tluorescence. 

5. C:onstruct a standard curve plotting tluorescence 011 the ordinate and wcight of refcrence UNA 
(in ng) on the abscissa. Estimate the concentration of DNA in the unknown samplc by inter
polation. 

NOTES 

If Ih.: reading for lhe unknoIVIl UNA solution falls outside tha! of the standard lllJ"\l" rc,ld lhe flu
orcsrcl1ü' of a largcr samplc or make an appropriate dilution of the sample and 1\'Pl\lt Ihl' assaI. 

• Binding of Hoechst 33258 is adversely intluenced by pH extremes. the presence (lf detergents 
oear or above their criticai micelle concentrations, and salt concentratiolb abo\'l' 3 1\1. If these 
conditions or reagents are used to prepare the DNA and improbable results are obtained in the 
tlllorometry assay, precipitate al1 aliquot of the DNA with ethanol, rime the pellet nf l1ucleic 
acid in 70% ethanol, dissolve the dried pellet in and repeat the assaI'. 

• If the preparation of test DNA i5 highly \'i5COUS, sampling \Vith standard \'ellow tips mav be 50 

inaccurate that the dilutions of unknown DNA will not track with the standard curve. In this 
case, the best solution is to withdraw two samples (J 0-20 ~I) with an automatiL pipettor 
equipped with a cut-off yellow tip, Each sampk is lhen diluted with -0.5 1111 of TE (pH R.O) 

and vortexed vigorously for 1-2 minutes. Different amounts of the dilutt'd samples can thel1 
be transferred to the individual tubes col1taining diluted dye solution. lhe results obtained 
from the two sets of samples should be consi5ten1. 

• Use scissors or a dog nail clipper (e.g., Fisher 1 to generate cut -off ydlow tips. Alternatively, the 
ti ps can be cut with a sharp razor blade. Sterilize the cut-otf tips before use, cither by autodaving 
or by immersion in 70% alcohol for 2 minutes followed by drying in air. Prêsterilizcd, purpose
made wide-bore tips can be purchased from a number of commercial cOI11p,1l1ies (e.g., Bio-Rad l. 

Quantitation Df Double-stranded DNA Using Ethidium 8romide 

Sometimes there i5 not sufIicient DNA «250 ng/ml) to assaI' spectrophotometrically, or the 1):\,-\ 

Illay be heavily contaminated \\'ith other substances that absorb UV irradiation and therefore 
impede accurate analysis. A rapid way to estimate the amount of DNA in such samples is to use 
the UV-induced fluorescence emitted by ethidium bromide <! > 11101ecules intercalated into th~' 
DNA. Because the amount of tluorescel1ce is proportional to the total mass of DNA, the quanti
ty af DNA in the sample can he estimated by comparing the t1uorescent yield of the sdmple with 
Ihat of a series of standards. As little as 1-5 ng of DNA can be detected by thb l11ethod. For more 
information on ethidi1ll11 bromide, please see Appcndix 9 and Chapter 5, Protocol 2. 
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Saran Wrap Method Using Ethidium Bromide or SYBR Gold 

1. Stretch a sheet of Saran Wrap over a UV transilluminator or over a sheet af black paper. 

2. Spat ]-5 ~t1 of the DNA sample onto the Saran Wrap. 

3. Spot equal volumes of a series af DNA concentration standards (0.1, 2.5, 5,10, and 20 ~g/ml) 
in an ordered array on the Saran Wrap. 

lhe stalldard DNA solutiollS should cOlltaill a sillgle species of DNA approximately the same size as 
the expectcd size of the unknown DNA. The DNA standards are stable for many mOI1ths when 
storcd at -20°C. 

4. Add to each spot an equal volume ofTE (pH 7.6) containing 2llg/ml ethidium bromide or an 
equal volume of a 1 :5000 dilution of dimethylsulfoxide <! > (DMSO)/SYBR Gold <! > stock. 
Mix by pipetting up and down with a micropipette. 

5. Photograph the spots using short-wavelength UV illumination for ethidium bromide, or 300-
nm transillumination for SYBR Gold (please see Chapter 5, Protocol2). Estimate the concen
tration of DNA by comparing the intensity of fluorescence in the sample with that of the stan
dard solutions. 

Agarose Plate Method 

Contaminants that may be present in the DNA sample can either contribute to or quench the flu
orescence. To avoid these problems, the DNA samples and standards can be spotted onto the SUf

face of a 1 % agarose slab gel containing cthidium bromide (0.5 llg/ml). Allow the gel to stand at 
room temperature for a few hours so that small contaminating molecules have a chance to diffuse 
away. Photograph the gel as described in Chapter 5. 

Minigel Method 

Electrophoresis through minigels (please see Chapter 5) provides a rapid and convenient way to 
measure the quantity of DNA and to analyze its physical state at the same time. This is the methad 
of choice if there is a possibility that the samples may contain significant quantities of RNA. 

1. Mix 2 !lI of the DNA sample with 0.4 III af Gel-loading buffer IV (bromophenal blue anly; 
please see Table A 1-6 in Appendix 1) and load the solution into a slot in a 0.8% agarose minigel 
containing ethidium bromide (0.5 llg/ml). 

SYBR Cold ís too expensive to use routinely in this technique. 

2. Mix 2 III of each of a series of standard DNA solutions (0,2.5,5, 10,20,30,40, and 50 llg/ml) 
with 0.4 !lI of GeI-Ioading buffer IV. Load the samples into the wells of the gel. 

lhe standard DNA solutions should contaill a single species of DNA approximatcJy the SJme size as 
lhe expected size of the unkllowll DNA. The DNA standards are stable for many mOllths when 
storcd at -20°e. 

3. Carr}' out electrophoresis until the bromophenol blue has migrated 1-2 cm. 

4. Destain the gel by immersing it for 5 minutes in electrophoresis buffer containing 0.01 M 

MgCI2· 

5. Photograph the gel using short-wavelength UV irradiation (please see Chapter 5 l. Compare 
the intensity of fluorescence af the unknown DNA with that af the DNA standards and esti
mate the quantity of DNA in the sample. 
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MEASUREMENT OF RADIOACTlVITY IN NUCLEIC ACIDS 

CAUTlON: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Radioactive isotopes <! > are used as tracers to monitor the progress of manv reactions used to 
synthesize D:\'A and Rl'\A. To calculate the efficiency of such reactions, it is necessary to measure 
accurately the proportiol1 of the radioactive precursor il1corporated into the desired product. 
'['his goal cal1 be achieved by two methods: (1) differential precipitatÍon of the l111cleic acid prnd
llcts with trichloroacetic acid <! > (TCA) and (2) differel1tial adsorptiol1 of the products OlHO 

positively charged surfaces (e.g., DE-81 paper). 

Precipitation of Nucleic Acids with Trichloroacetic Acid 

1. Use a soft-lead peneil to label the appropriate number of Whatman GF/C glass fiber filters 
(2.4-em dia meter ). Impale each of the filters 011 a pin stllck into a polystyrene support. 

2. Spot an aecurately known vol ume (up to 5 111) of eaeh sample to be ass,l\'ed on the center nf 
each of two labeled filters. 

Une of the filters is used to measure the total amount of radioactivitv in the reaction I i,L'" .lcid-sol
uhl.: and acid-pr<:cipitable radioactivityl. The othe!' filter is used to 'measure onh th" acid-prccip
itable radioactivitv, l:ndcr the conditions described, DNA and R:\A mnlccllks >50 l111clcotidcs long 
\\'ill bc precipitatc'd 011 the surfacc of the filtcr. L 

3. Store the fílters at room temperature until ali of the fluid has cvaporated, This process can bc 

accelerated by using a heat lamp, although this is not usually necessary. 

4. Use blunt-end forceps (e.g., Millipore forceps) to tnmsfer one of each pair of filters to a bcakcr 
containing 200-300 1111 of ice-cold 5% TCA and 20 mM sodium pyrophosphate. Swirl the tll
tcrs in the acid solution for 2 minutes, and then transfer them to a fresh beaker containing the 
same volume af the ice-cold 5% TCA/20 m~l sodium pyrophosphate mixture. Repeat the 
washing two more times. 

[)unng \\'ashing, the llnil1corporated nllcleotide prccursors are duted from the fíltcrs and the 
radioactin: nuclcic acids are fixed to them, 

Commercially availablc, vacLlum-driven tlltration manifolds that hold up to 24 liltc'r, ma:' also Ilt' 
llsed to \\'<]5h lhe fIlters. 

S. Transfer the washcd filtcrs to a beaker containing 70% ethanol and allenv them to rt'I11ain therc 
bricfly. Then dry the filters either at room temperature or lInder d heat lam1" 

6. Insert each of the filters (washed and unwashed) into a scintillation via!. i\kasure the <11110U111 

of radioactivity on each filter. 

'cp can he detccted on dry filters by Cerenko\' collnting (in the 3H channd oI' <l liqllid scintillation 
((Junter). The efficienc\ with which Ccrenko\' radiation can be measured varies fwm instrlll11cnt to 
instruJ1lent and also d'cpcnds on lhe geometry of the scintillation vials ,md lhe ,1I11011nt of H ,0 
remaining in the filters. With dry filters, lhe efficiency ofCerenkov LOllllting is -2:;U(} (onc radio,lc
tive decaI' in four can bc detccled), Alten1Jtiveh', .12p can bc measured with lO(I"o d'tlcicncy Iw 
adding a tl'W milliliters of loluene-based scintillati~m fluid to the dried filtcrs and counting in tlw 32Íl 

charmel of the liquid scintillation counter, 

'lo Illlwiure olheI' isotopes ('H, ,l5S, .l,lP, etc.), it is esscntial to use toluem:-bascd scinrillatiun tluid 
<lnd the appropriate channel of a liquid scintíllation collnlcr. Thc eftlcit'IK)' (lf collllting thcsl' isu
topes varies from counter to COllnter and should be determined for each illstrument. 
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7. Compare the amount of radioactivity on the unwashed filter with the amount on the washed 
filter, and then calculate the proportion of the precursor that has been incorporated as 
described in the pane! below. 

Adsorption to DE-81 Filters 

DE-SI filters are positively charged and strongly adsorb and retain nucleic acids, including 
oligonucleotides that are too small to be precipitated efficiently with TCA. Unincorporated 
nudeotides stick less tightly to the filters and can be removed by washing the filter extensively in 
sodium phosphate. The procedure is essentially identical to that described for precipitation of 
nudeic acids by TCA, except that the DE-SI filters are washed in 0.5 M Na2HPO 4 (pH 7.0) instead 
of TCA/sodium pyrophosphate. 

CALCULATlON OF lHE SPECIFIC ACllVITY OF A RADlOLABELED PROBE 

To calculate the specific activity of a radiolabeled probe in dpm/J,lg, use the following equation: 

~pecific activity 
m + [(1.3 x 101) (PI) (L/S)] 

where 
L input radioactive label (J,lCi) 

PI proportion of the precursor that has been incorporated (cpm in washed filter/cpm in unwashed 
filter, please see above) 

m mass of template DNA (ng) 
S specific activity of input label (j.lCi/nmole) 

The numerator of this equation is the product of three terms: the total dpm in the reaction [(L)(2.2 x 106 

dpm/J,lCi)]; the proportion of these dpm which were incorporated (PI); and a factor to convert the final value 
for specific aC1ivity from dpm/ng to dpm/J,lg (103). 

Tne denominator represents the total mass of DNA (in ng) at the end of lhe reaction, equal to the start
ing mass (m) plus the mass (in ng) synthesized during the reaction. The latter is calculated from the number 
of nanomoles of dNMP incorporated [(PI)(L!S)] multiplied by four times the average molecular mass of the four 
dNMPs (4 x 325 nglnmole = 1.3 x 1 Oi nglnmole). 

EXAMPLE: 
In a random priming rcaction in which 50% of the radioactivity has been incorporated into TCA-precipitable 
material, from a starting reaction containing 25 ng of template DNA and 50 J,lCi of radiolabeled dNTP with a 
specific activity of 3000 Ci/mmole: L 50 pCi, PI 0..5, m 25 ng, and 5 3000 Ci/mmole. 

specific activity of the probe 50 (2.2 x 109)(0.5) 

25 + [(1.3 x 103)(0.5)(50/3000)] 

"" 1.5 x 10Y dpm/J,lg 



[)ccontalllÍnotÍOII ofSolutiolls COlltnÍIlÍllg EtlzÍdillll/ llrolllidc AS.27 

DECONTAMINATION OF SOLUTlONS CONTAINING ETHIDIUM BROMIDE 

CAUTION: Please see Appendix 12 for appropriate handling of materiais marked with <!>. 

Removing Ethidium Bromide from DNA 

lhe rcactiol1 bétweel1 cthidium bromide <! > anel DNA is re"lêrsiblc (Warins 1%.5), but the dis~ 
sociation 01' lhe complcx is ver}' slow and is measured in days rather Ihan mil1l1tes or hours. ror 
practical purposes, dissociation is achieved by passing the complex through a small column 
packed with a cation~exchange resin such as Dowex AG 50W~X8 (Waring I Y65; RadlotT d aI. 
1967) or by extracting with organic solvents such as isopropanol (C:ozzarelli et aI. 19(8) or Il~ 

butanol <! > (Wang 1969). The former rnethod has been shown to result in the remlH'al of ethid
ium bromide to a binding ratio below that detectable by f1uorescence, a molar r,ltio of dye:nllcIe
ic acid of 1:4000 (Radloff et aI. 19(7). 

Disposing of Ethidium Bromide 

EthidiuI11 brol11ide itself is not highly mutagenic, but it is metabolized by microsomal enzymes to 
compound( s) tha! are moderately mutagenic in yeast and 501ll/OIIcl/a typhilllurilllll (~lahler and 
Bastos 1974; MCCallTl et aI. 1975; MacGregor and Johnson 1977; Singer et aI. 1999). A number 01 

methods have been described to decontaminate solutions and surfaces that cnntain OI' have bl'en 
cxposed to ethidiul11 bromide. The concentration of ethidium bromide in solution ma)' lw 
reduced to <0.5 flg/ml with activated charcoal, which can then be incinerated (i\knozzi et aI. 
1990). Alternatively, ethidiul11 bromide can be degraded bv treatment with sodium nilritc <!> 
and hypophosphorous acid <! > (Lunn and Sansone 1987). 

Decontamination of Concentrated Solutions of Ethidium Bromide 
(solutions wntaining >0.5 mg!ml) 

Method 1 

This method (Lunn and Sansone 1987) reduces the l11utagenic activity of ethidium bromide in 
the Sallllollcllll/microsome assay by -200-fold. 

1. Add sufficient H /) to reduce the concentration of ethidiul11 bromide to <O.S mg/ml. 

2. To the resulting solution, add 0.2 volume of fresh 5(~Íl hypophosphorous acid and 0.12 volume 
of fresh 0.5 .\ I sodium nitrite. Mix carefully . 

.Á IMPORTANT Make sure tha! lhe pH of lhe solulion is <3.0. 

H)'pophosphorolls alid is lIslIall)' slIpplicd as a S()(1() SOllltioJ1, II'hilh is corrosi\'l' .lIld 11111st lll' han~ 
dled lIith (are. rrcshl:' dilute lhe acid iml11cdiatel\' befor<: use. 

Sodiull1 nitritc sollltion (0.5 \1) shnuld be freshk prcpared br dissoh'ing 34.5 g 01' .,odiull1 nitrill' in 
H.() to d final volumé (lf JOO ml. 

3. Afler incubation for 24 hours aI room temperature) add a large excess of I \1 sodillI11 bicar
bonate. The solution mar no\\' be discarded. 

Method 2 

'This method (Quillardet and Hofllung 1988) reduces the mutagcnic activity of cthidiul11 bromide 
in the 51l1lllollclll7/microsome assay by -3000-fold. However, there are reports ( Lunn <lnd Sansone 
1987) of l1111tagenÍc activitv in occasional batches of "blanks" treated \Vith tlw decontaminating 

L , L 

solutions. 
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1. Add sufficient H20 to reduce the concentration of ethidium bromide to <0.5 mg/ml. 

2. Add 1 volume of 0.5 M KMn04 <!>. Mix carefully, and then add 1 volume of 2.5 N HCI. Mix 
carefully, and allow the solution to stand at room temperature for several hours. 

3. Add I volume of 2.5 N NaOH <! >. Mix carefully, and then discard the solution. 

Decontamination of Dilute Solutions of Ethidium Bromide 
(e.g., electrophoresis buffer containing 0.5 flglml ethidium bromide) 

Method 1 

'rhe following method is from Lunn and Sansone (1987). 

1. Add 2.9 g of Amberlite XAD-16 (Sigma-Aldrich) for each 100 ml of solution. Amberlite XAD-
16 is a nonionic, polymeric absorbent. 

2. 5tore the solution for 12 hours at room temperature, shaking it intermittently. 

3. Filter the solution through a Whatman No. 1 filter, and discard the filtrate. 

4. 5eal the filter and Amberlite resin in a plastic bag, and dispose of the bag in lhe hazardous 
waste. 

Method 2 

The following method is from Bensaude (1988). 

1. Add 100 mg of powdered activated charcoal for each 100 ml of 501ution. 

2. 5tofe the solution for 1 hour at room temperature, shaking it intermittently. 

3. Filter the solution through a Whatman No. 1 filter, and discard the filtrate. 

4. 5eal the filter and activated charcoal in a plastic bag, and dispose of the bag in the hazardol!s 
wa5te. 

NOTES 

• Treatment of dilute solutions of ethidium bromide with hypochlorite (bleach) is not recom
mended as a method of decontamination. Such treatment reduces the mutagenic activity of 
ethidium bromide in the Salmonellalmicrosome assay by ~ 1000-fold, but it converts the dye into 
a compound that is mutagenic in the absence of microsomes (Quillardet and HotilUng 1988). 

• Ethidium bromide decomposes at 262°C and is unlikely to be hazardous after incineration 
under standard conditions. 

• 51urries of Amberlite XAD-16 or activated charcoal can be used to decontaminate surfaces that 
beco me contamínated by ethídíum bromíde. 

Commercial Decontamination Kits 

Several commercial companies sell devices to extract ethidium bromide from solutions with the 
minimum of fuss and bother. These devices include the EtBr Green Bag (Q'BIOgene) and the 
Eliminator Oye Removal System (Stratagene). 
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GEl-FllTRATlON CHROMATOGRAPHY 

CAUTlON: Please see Appendix 12 for appropriate handling oi m.lferials marked with <!>. 

This technique, which employs gel filtration to separate high-molecular weight DNA fmm 5111<111-

cr l1101ecllks, is llsed m()~t often to separate unincorporated labeled dNTPs frum DNA that ha~ 
bcen radiolabeled. HowenT, it is also used at severa I stages during the synthe,i~ of dOllblc-strand
cd cDNA, duríng addition of Iinkers to blunt-endcd DNA, to remove oligllnudeotidc primcrs 
frol11 polymcrase chain reaction (peR), and, in general, whene"er it is nect'ssar)' to change the 
composition of the buffer in whieh DNA is dissolved. 

TIVO methods are <l\'ailabk: eonventional column chromatography, which is used when it i, 
neccssary to collect fraetions that contain components of ditlerent sizes, dnel centrifugation 
throllgh gel matrices packed ín disposable syringes, which is a rapid method used to free D~:\ 
from smaller molecllles. The two most commonly Llsed gel matrices are Sephadex and Rio-Cc!' 
both of which are available in several porosities. Sephadex G-50 and Bio-Gel P-60 are ideal for 
purifying D]\,'A larger than 80 llucleotides in length. Smaller molecules are retained in the pores 
of the gel, whereas the larger DNA is excluded and passes directly through the column. Bio-(;d 
P-2 can be used to separate oligonudeotides from phosphate ions or dNTPs. Bio-Gel is supplied 
in the form of a gcl and need only be equilibrated in running buffer before use. Sephadex is sup
plied as a powder that must be hydrated before use. 

Preparation Df Sephadex 

1. Slowly add Sephadex of the desired grade to distilled sterile HP in a 500-ml beaker 01' bottk 
(10 g of Sephadex G-50 granules yields 1601111 of slurry). Wash the swollen resin with distilled 
sterile H:O several tirm.'s to remove soluble dextran, which can create problems hy precipitat
ing during ethanol precipitation. 

2. Equilibrate the re~in in TE (pH 7.6), autoclave at 10 psi (0.70 kg/cm:) for 15 minutes, and store 
at rool11 temperature. 

Column Chromatography 

1. Prepare Sephadex or Rio-Cel columns in disposable 5-ml borosilicatl' glass pipettes OI' Pastem 
pipettes plugged wíth a small amollnt of sterile glass wool. Use a long, narro\\' pipettc (e.g., a 
dísposablc l-ml plastic pipette) lo pllsh the \Vool to the bottom of the glass nr Pasteur pipctte. 

2. Use a Pasteur pipette to fill the eolumn with a slurry of the Sephadex 01' Bio-Cel, taking care 
to avoid producing bubbles. There is no need to dose the bottom of the column. Keep adding 
gd until it packs to a levei 1 em below the top of the column. Wash the gcl with several vol
umes of Ix TEN buffer (pH 8.0) (please see Appendix 1). 

3. Apply the DNA sample (in a volume of200 /-lI or less) to the top ofthe gel. '\'ash out the saI11-

pie tube with ,-100 l.tI of Ix TEN buffer, and Joad the washing 011 the column as SOOI1 as the 
DNA sample has entered the gel. When the washing has entered the gel, immediatelv fiU the 
column with Ix TEN buffer . 

... WARNING Columns used to separate radiolabeled DNA from radioactive precursors should be I'un 
behind Lucite screens to protect against exposure to radíoactívíty. 
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4. lml11cdiately start to collect fractions (-200 !lI) in microfuge tubes. 

lI' the J)I\'A i, labelcd \Vith i:p <! >, mC<lsure th.: radioactivity in each 01' lhe tubes b)' lISillg either 
a hand-held minimollitor Of bl' Cercllkov counting in a liquid scintillation counter. Add more Ix 
TEN buffer to the top of lhe gel ,IS required from time to time. 

Thc j);-.JA lI'ill be excluded from lhe gel and will be found in the void volume (usllall)' 3()'lo of the 
lotai column volume). TI1l' kading pcak oI' radioactivity therefore comisls Df nucleotide, incorpo
rated into ])1\A, and the trailing peak consists ofllnincorporatcd [32 p]dNTPs. 

5. Pool the radioactive fractions in the leading peak and store at -20°C. 

NOTES 

Instead of collécting individual fractions, it is possible with practice to follow the progress of the 
incorporated and unincorporated [Jêp jdNTPs down the column using a hand-held minimonitor. 

• Colleet the leading peak into a sterile polypropylene tube as it elutes from the column. 

• Clamp the bottom of the column and disconnect the buffer reservoir. 

• Discard the column in the radioactive waste. 

Spun-column Chromatography 

This method is used to separa te DNA, which passes through the gel-filtration matrix, from lower
I11olecular-weight sllbstances that are retained on the column. Splln-column chromatography is 
particlllarly useful when separating labeled DNA from radioactive precursors. Ho",ever, it is also 
used cxtensively for other purposes, for example, to remove unwanted nucleotide primers or dou
ble-stranded linkers, to change the buffer in which small amounts of DNA are dissol\'ed, or to free 
crude preparations of minipreparations of plasmid or bacteriophage DNA 
from inhibitors that prevent cleavage by restriction enzymes. Several samples 
of DNA can be handled simultaneously. In this respect, spun-column chro
matography is much superior to conventional column chromatography. 

1. Plug the bottom of a I-ml disposable syringe with a small amount of ster
ilc glass wool. This ís best accomplíshed by using the barrei of the syringe 
to tamp the glass \\1001 in place. 

_ Sephadex (:l-50 

-- sterrle glass wool 

2. fill the syringe with Sephadex G-SO or Bio-Gel P-60, equilibrated in Ix TEN buffer (pH fI.O) 
(please see Appendix I). Start the buffer flowing by tapping the side of the syringe barrei sev
eral times. Keep adding more resin until the syringe is completely fui!. 

3. Insert the syringe in to a 15-1111 disposable plastic tllbe. Centrifuge at 1600g for 4 minlltes at 
room temperature in a swinging-bucket rotor in a bench-top centrifuge. Do not be alarmed by 
the appearance of the column. The resin packs down and becomes partially dehydrated dur
ing ccntrifugation. Continue to add more resin and recentrifuge until the volume af the 
packed column is -0.9 ml and remains unchanged after centrifugation. 

4. Add O.l ml of Ix TEN buffer to the columns, and recentrifuge as in Step 3. 

5. Repcat Step 4 twicc more. 

SpUIl columns may bc stored ,It this stage if desired. Several Splll1 columns c<ln bc preparcd simulta
ncoush' and stored at 4°C for perÍods of I month or more before being meti, Fill the syringes with 
Ix TEN buffer and wrap Parafilm around them to prevent evaporation. Store the columm upright 
aI 4°<:' Spun columns storcd in this way should be washed Ol1ce with sterilc Ix TEN buffcr as 
dcscribcd in Step 4 just befofc thel' are llsed. 
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6. Apply Ih,' DNA sClmplc to the columll in a total volume of 0.1 ml (use I x TE;\; buffer to makc 
up the volume). PIa cc the spun column in a fresh disposable tube containing a decapped 
microfllgc tube (please see figure abo\'e I. 

7. C:entrifllge again as in Step 3, collecting the eft1ucnt from the bottom nf the "Tinge (-I (lO ~ll) 
into lhe decapped microfuge tube. 

8. Remove the syringe. which will contain llnincorporated radiolabcled di\TPs or orher sl11all 
components. Using fnrceps. carefully recover the decapped microfuge tube. \\'hich contaim lhe 
cluted Di\A. and transfer its contents to a cappcd. labclcd microfugc tubl'. 

A rOllgh estimate of lhe proportion of radioactiyity that has been ill(orporated intollllckÍc ,1Cld 111,1\' 

hé obt.Jined hy holdillg the syringe <llld th.;: elutrd DNA to a halld-hdd mÍllimollitor. 

9. If the syringe is radioactive <! >, carefully discard it in the radio<lctive waste. Store lhe clutl'd 
DNA ai -20°C until needed. 

NOTE 

• No! ali resins are suitablc for spun-column centrifugation: DEAE-Sephaccl forms an imper~ 
meablc lump during ccntrifugation. and the larger grades of Scphadcx (C ~ 100 and up) canno! 
be uscd becausc lhe beads are crLlshed by centrifugatiol1. If a coarscr-sicving resin is required. 
use Sepharose CL-4B. 
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SEPARATlON OF SINGlE-STRANDED AND DOUBLE-STRANDED DNAs BY 
HYDROXYAPATITE CHROMATOGRAPHY 

Nucleic acids bind to hydroxyapatite by virtue of interactions between the phosphate groups of 
the polynucleotide backbone and calcium residues in the matrix. Bound nucleic acids can be elut
ed in phosphate buffers. This step is usually carried out at 60°C, although there is no good reason 
to do so since the adsorption and elution profiles of nucleic acids are indistinguishable between 
25°C and 60°e. The affinity of nucleic acids is determined by the number of phosphate groups 
that are available to bind to the matrix. Both single- and double-stranded nucleic acids bind to 
hydroxyapatite in 0.05 M sodium phosphate (pH 6.8). Double-stranded molecules, with their 
well-ordered and evenly spaced sets of phosphate residues, make many regular contacts with the 
matrix and therefore require high concentrations of phosphate (004 M) for elution. Single-strand
ed molecules are more disordered and a smaller proportion of their phosphate residues are avail
able for contact with the matrix. Hence, single-stranded DNA is eluted in lower concentrations of 
phosphate (~0.12 Iv!). Partial duplexes and DNA- RNA hybrid molecules elute at intermediate 
concentrations. 

Nucleic acids are often eluted in such large volumes that they need to be concentrated 
before they can be used. Ethanol precipitation must be avoided until the phosphate ions have 
been removed from the solution. This is best achieved by concentrating the eluate by extraction 
with isobutanol and then removing the salt by chromatography through G-50 5ephadex columns. 

Batches of hydroxyapatite vary slightly in their characteristics, and it is therefore important 
to carry out preliminary experiments to determine the optimal phosphate concentrations for elu
tion of single- and double-stranded nucleic acids. This can be accomplished by setting up two 
hydroxyapatite columns as described below. One of the columns is loaded with a small amount 
(~I 05 epm) of 32P-labeled DNA that has been denatured by boiling for 10 minutes in TE (pH 7.6). 
The other column receives an equal amount (~lOj cpm) of 32P-labeled native DNA. Each of the 
columns is washed with a series of buffers containing increasÍl~g concentrations of sodium phos
phate (0.01,0.12,0.16,0.20,0.24,0.28,0.32,0.36, and 0.40 M). The amount of radioactivity elut
ing at each phosphate concentration is then measured in a liquid scintíllation counter (either by 
Cerenkov counting or in a water-miscible fluor). Usually, single-stranded DNA elutes in 
0.14-0.16 M sodium phosphate (pH 6.8), whereas double-stranded DNA is not removed from the 
column until the phosphate concentration exceeds 0.36 M. In the protocol that follows, 55 buffer 
contains the phosphate concentration that is optimal for elution of single-stranded DNA; D5 
buffer contains the concentration that is optimal for elution of double-stranded DNA. 

circulating water heater 

Si de View 

circulating 
water heater 

3-cc dlsposable plastic 
syringe containing 
hydroxyapatite 

Neoprene gasket 

hypodermic 
needle (t 8-9uage) 

tube FIGURE A8-4 Apparatus for 

Hydroxyap-atite Chromatography 
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HYDROXYAPATITE CHROMATOGRAPHY 

Hydroxyapatite (Ca:;lP041 ,oH), lhe most slable of ali calcium phosphates precipitated from aqueous solution, 
was originally developed as a matrix for protein chromatography by Tiselius et aI. (19:;61. Senwnza (19571, 
working in the Tiselius laboratory, and Main and Cole (1957; Main el aI. 1959) seem to have been the first to 
use hydroxyapatite to fractionate nucleic acids. However, it was work in 8ernardi's laboratory (Bernardi 19b1, 
1965; Bernardi and Timasheff 1961 I that led to lhe widespread and successfuluse of hydroxyapatite columns 
to separate single-stranded frorn double-stranded nucleic acids and to fractionate complex nucleic acids bv 
thermal elution according to their content of (G+Cl (Martinson and Wagenaar 1974). [)uring thel960s anel 
19705, hydroxyapatite chromatography became the standard method to investigate lht> rt\bsociation kinetics 
of DNAs from many different sources (Britten and Kohne '1966, "1967, 1968; Britten et aI. 19741, to construct 
transcription maps (Sambrook el aI. 1972), and lo measure lhe copy number of specific sequences in com
plex genomes (Celb et aI. 1971; Gallimore et aI. 1974). More recently, hydroxyapatite has been used in lhe 
preparation 01' cDNA for subtractive cloning (Davis 1986), as well as for a variety of more menial chores, for 
example, the isolation of DNA from low-melting-temperature agarose (Wilkie and Cortini 1(76) and the 
removal of contaminants from DNA preparations (Smith 1(80). During the d€'cade that led to the develop
ment of molecular cloning, hydroxyapatite chromatography was in daily use in many laboratories for a variet)' 
of manipulations involving nucleic acids both preparative and analytical. However, there are now better ways 
to carry out almost ali of these tasks, and hydroxyapatite chromatography has ali but disappeared from the 
standard repertoire of laboratory techniques .. 

1. Determine the concentrations of sodiul11 phosphate that are optirnal for elution ()f singk
stranded ONA (55 butfer) and double-stranded ONA (OS buffer) as described above. 

2. Prepare SS and OS butJers by diluting 2 ,\1 sodium phosphate (pH 6.8). 

2 \1 sodiulll phosphatr (pH 6.8) is made b)" mixing ~qual volumes 01 2 ~I ~.lH .1'0 j <Il1d 2 \1 
;\\HPO

j
• -

3. Suspend the hydroxyapatite powder (Bio-Cel HTP) in 0.01 ,\1 sodium phosphate (pH 6.8). 
Approximately 0.5 ml oI' packed Rio-Cel HTP is required for each column. 

Bio-CcI HTP has.l capacity 01100-200 flg of native DNA/ml of bed \olumc. 

4. Prepare the hydroxyapatite columns in disposable 3-cc plastic syringes as follo\\'s: 

a. Remove the barreI from the syringe. 

b. Use the wide end oI' a Pasteur pipette to push a Whatman G~/C filter to the bottom of the 
syringe. The filter should completei)' cover the bottom of the syringe. 

c. Attach an 18-gallge hypodermic needle to the syrillge. 

d. Insert the syringe throllgh a Neoprene gasket in the apparatus shown in Figure A8-4. 

e. Use a Pasteur pipette to add enough of the slurry of hydroxyapatite to the syringe to form 

a column whose packed volume is 0.5-1.0 ml. Wash the column with several volumes of 
0.01 :-1 sodium phosphate (pH 6.8). The column will 110t be harmed ir it runs dry; sim
ply rewet before use. 

f. Seal the bottom of the column by sticking a small Neoprene stopper 011 the end of the 
hypodermic needle. 

5. Load the samplc containing the nucleic acid onto the colul11n. 

The (onccntration 01' phosphate in the s<lmple ShllUld be Icss lhan 0.08 ,~1. 

6. Remove the Neoprene stopper, and allow the sample to t10w through the column. 

Thcre is Llsually no nccd to (ollect and sal'c lhe loading buffer lhat e1ules from lhe (oluml1. 

7. Wash the colul11n with 3 ml of 0.01 M sodium phosphate. 
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8. Seal the bottom of the column with a Neoprene stopper, and add 1 COl1ll1ln volume of SS 
buffer preheated to 60°C. 

9. After 5 minutes, remove the Neoprene stopper and eolleet the eluate in mierofllge tubes. No 
more than 0.5 ml should be eollected in any one mierofuge tube. Repeat Steps 8 and 9 two 
more times. 

10. Seal the bottom of the eolumn with a Neoprene stopper, and add 1 column volume of OS 
buffer preheated to 60°C. 

11. After 5 minutes, remove the Neoprene stopper and eolleet the eluate in mierofuge tubes. No 
more than 0.5 ml should be eolleeted in any one microfuge tube. Repeat Steps 10 and 11 two 
more times. 

12. Allow the eluates to cool to room temperature. ONA ean then be extracted as follows: 

a. Add an equal volume of isobutanol to each of the tubes eontaining the desired nucleic 
aeids. 

b. Mix the two phases by vortexing, and centrifuge the mixture at maximum speed for 20 
seconds at room temperature in a microfuge. 

c. Oiseard the upper (organic) phase. 

d. Repeat the extraetion with isobutanol until the volume of the aqueous phase is 100-125 !lI. 

e. Remove salts from the DNA by chromatography on, 01' eentrifugation through, a small 
column of Sephadex G-50 equilibrated in TE (pH 8.0). 

f. Recover the DNA by precipitation with 2 volumes of ethanol at O°C. 

NOTE 

• In molecular cloning, nucleic acids fractionated by hydroxyapatite are usually radiolabeled, 
and the tubes containing the desired fractions can be easily identified by Cerenkov eounting in 
a liquid scintillation co unteI'. 
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FRAGMENTATION OF DNA 

lhe fragmentation of D~A is often a necessai":" stcp preceding library constructiol1 OI ~lIbcloI1iI1g 
for UNA seqllencing. Fragmentation is typically achieved by physical or enzymatic 111ethods; the 
most col11monly llsed of these are described in Tablc A8-6. Although cach approach is reasonabh' 
successful for generating a range of fragments from a large contiguous scgment of DNA, e<!ch has 
its particular limitations. Because they are independent Df sequence composition, physicalmcth
ods for shearing DNA typically result in more uni[orm and randol11 disruption of the targct [)\'/\ 
than enzymatic methocls. In particular, rnethods involving hydrodynamic she,lring dlle to ph:'si
cal stress induced by sonication or nebulization produce collections of appropriatcly randol11 
fragments. The variety in lengths of these fragments is quite large, however, and their use llsllally 
reqllires a sllbscqllent size sclection step to narrow the range of fragments tha! are acceptablc for 
c10ning ar st'ljuellcing. 

AUTOMATED SHEARING 

During lhe last ícw years, a method for hydrodynamic shearing, initially based 011 the use oi high-performance 
liquid chromatography (HPLC) and cal/ed the "point-sink" flow system, has become inneasingly refined and, 
final/y, automated (Oefner et aI. 1996; Thorstenson et aI. 1998). In the point-sink syslem, dn HPLC pump is 
used to apply pressure to the DNA sample, thereby forcing it through tubing of very smal/ diameter. In the 
automated process known as HydroShear (commercial/y available from Gene Machines i , a sample oi DNA is 
repeatedly passed through a smal/ hole until the sample is fragmented to products of a certain ,ize. The final 
size distribution is determined by both the ilow rate of the sample and the size of the opening, parameters 

are control/ed and monitored by the automated system. At any given setting, DNA fragments larger thdn 
certain length are broken, whereas shorter fragments are unaffected by passage throllgh the opening. The 

sheared prodllcts therefore have a narrow size distribution: Typically 90(Y~ oi lhe sheared DNA falls 
a twofold size range oi the target length. It is reasonable to expect tha! libraries collstructed from these 

fragments are likely to be of higher quality than those made Llsing one of the "old-fdshioned" ways, They 
certainly contain clones of more uniform size, and possibly may be more comprehpnsive in their cover
af the genome. Hawever, libraries construded from sonicated or hydrodynamically sheart'd DNA, 

dlIl'lOlJgn imperiect, art' certainly workable. Periectionists will fecl that the Illdchine is necessdry; prdgllldtists 
il Illerely desirable. 

TABLE A8-6 Hydrodynamic ,\h":lrinlJ Methods Used to Fragment DNA 

METHOD 

\( lI1iCJtillll 

( ircul.ltillll through 
,111 II/'I (: plllllp 

I'J"agc through 
thl' (ll'itlll' oI' ,121\
g,lLlgl' ll\poLll'l'l11ic 
I1l'l'dlt, 

PROS AND CONS 

Rcquires rclati\'clv largc amounts (lf D:-.IA (J 0-100 ,ug); fragmcnts of Dl\'A distributcd 
OH'!' a broad range of sizcs; onll' a small fraction of the fragmcnts are of a length sllitable 
for dOl1ing and sequcncing; rcquires ligation of [)~A before sonication and end-repair 
afterward; ])'.;A mal' bc damagcd Iw hniroxyl radicais generated during Gl\'itatiOI1 
(J\lcKcc et aI. 1<)771, 

LI,y and quick; requires only small amounts of D:--IA (0,5-5 ,lg) and large \'OILll11es oI' 
UNA so!ution; no prcfen:nce tlJl AT-ridl regiom; sizt~ 01' fragmcnts casih' contro!lcd 
by a!tcring the pressurc of lhe gas blo\\'ing through lhe ncbulizcr; fragments of 
I )l\'A distriblltcd o\'cr a narrol\' range of sizes (700-]330 bp); requires !igation Df 1 lNA 
bcforc I1cbulizatiol1 and cnd-rcpair altenvard. 

Rcquircs cxpcnsil'{? apparatus, ligation of UNA beforc sonication, and l-IOO,llg of DNA; 
fragmcl1ts of D~,\ distributed over a narroIV range of sizes that can be adillsted b)' 
changing lhe 110\\' rale; endrepair of fragmcnts before c10ning not nccessar\'. 

Cheap, eas)', and requircs only smal! ilmounts 01' D:--II\; however, the fragments are 
a littlc larger (1.5-2.0 kb) than reqllired for shotgun sequcncing; reqllires ligatioll 
oI' DNA bcfort: c1cavage and end-repair aftcrward, 
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Sonication 

buret clamp ------# 

probe cup ----------.., 

Ice-water level-------o-c--l-------j-
I 

DNA sample -i~ 

horn probe - -~I----->-

center hole ~--~-+1 

attached to control unit 

FIGURE 8-5 Cup Horn Sonicator for Random Fragmentation 

of DNA 

The cup hom attachment for a Heat Systems sonicator is depicted 
with a sample tube in place. The cup hom unit, which contains a large 
hom probe, is attached to the sonicator contrai unit and filled with ice 
water before the sample is sonicated. Typically, the sample tube is 
held in place from above by using a buret clamp and a ring stand. 
Alternatively, a tube holder can be fabricated froml/4-inch plastic and 
used to hold up to eight tubes for simultaneous processing. (Redrawn, 
with permission, from Birren et aI. 1997.) 

DNA samples are subjected to hydrodynamic shearing by exposure to brief pulses of sonication. 
DNA that has been sonicated for excessive periods of time is extremely difficult to done, perhaps 
beca use of damage caused by free radicais generated by cavitation. Most sonicators wil! not shear 
DNA to a size smaller than 300-500 bp, and it is tempting to continue sonication until the entire 
population ofDNA fragments has been reduced to this size. However, the yield of subclones is usu
ally greater if sonication is stopped when the fragments of target DNA first reach a size of -700 bp. 

Calibration of the Sonicator 

1. Transfer 10 ).tg of bacteriophage À DNA (or some other large DNA of defined molecular weight) 
to a microfuge tube. Add TE (pH 7.6) to a final volume of 150 ).tI. Distribute 25-~t! aliquots af 
the DNA solution into five microfuge tubes. Store lhe remaining DNA in an ice bath. 

2. Fill the cup hom of the sonicator (Figure A8-5) with a mixture of ice and H20. Clamp the five 
microfuge tubes containing the bacteriophage À DNA just above the probe. 

If the temperatllre of the sample rises during sonication, the speed and vigor of fragmentation \ViII 
increase. It is therefore important to mix the ice and H,O after each burst of sonication and to add 
fresh ice when necessary. -

3. Sonicate at maximum output and continuous power for bursls of 10 seconds. After each burst, 
remove one of the microfuge tubes from the sonicator and store it on ice. 

4. After sonication is completed, analyze the size af the DNA fragments in each stored sample by 
electrophoresis through a 1.4% agarose geI. Use suitable standards for molecular-weight mark
ers (please see Appendix 6, Figure A6-4) . 

.5. Stain and photograph the gel, and then estima te the amount of sonication required to produce 
a reasonable yield offragments ofthe desired size (500 bp to 2 kb). 

The times of sonication given in this method are for a Cllp horn sonicator with a nominal peak Ollt
put energy 01' 475 W. Becausc the actllal outpllt of different sonicators varies widely, it is nêcessary to 
calibrate each instnunent. A probe-type sonicator can be llsed with a microtip if the volume of the 
DNA sample is increased to -250 !lI to accommodate the probe. After sonication is completed, con
centrate lhe DNA by precipitalion with 2 volumes of ethanol and dissolve in 25 !lI of TE (pH 7.6). 
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Sonication of Target DNA 

h. SOl1icate the chosen DNA sample for the length of time t'stimatt'd to product' a rt'asol1abll' 
yield of fragments oI' the desired size (500 bp to 1 kb). Conf1rm that the fragmcntation hd~ 
gOI1C accord ing to phm by analyzing an aliquot of the sample (- 200 ng) lw dt'ctmphoresis 
through a 1.4<!-ú agarost' gel as describt'd above. 

Nebulization is performt'd by collecting the fine mist created by forcing DNA in solution through 
a ~l11all hole in the nebulizt'r unit. The size of the fragments is dett'rmilled chidly by the speed at 
which the UNA solutiol1 passes through lhe hole, the viscosity of the solutiol1, and the tempera
ture. 

Modification Df the Nebulizer 

1. lvIodify a nebulizer mo dei l1umber CA-209 (available fr0111 CIS- LTS Inc., Bedford, 
lvIassachusetts) by sealing the !11outhpiece hole in the top cover wilh a QS-T plastic capo 
Connect a length of Nalgene tllbing to the smaller hole. This tuhing will bc col1nected to a 
source of nitrogen gas. 

Calibration of the Nebulizer 

2. Prepare a sample containing 25 )lg of bacteriophage À DNA or olher large ])\TA of defined 
size in 5(0)lI oflE (pH 7.6) containing 25% glycerol. Store lhe UNA sollltion in an ice bath 
for 5 minutes. 

3. Place the DNA in the Cllp of a nebulizer connected to a nitrogen gas SOLIrce and place lhe 
neblllizer in an icc-\\'ater bath. 

DNA solution 
exits lrom siphon 
and Ilows over the 
N2 as It enters and 
impacts on plastic 
cone 

openmg sealed with plastic cap 

removable lid 

/I r'ií .... ., 1--\- baffle 

N2 Irem tank 

pressure lrom N2 
entering chamber 
forces DNA solution 
up lhe siphen 

FIGURE A8·6 Nebulizer for Random 
Fragmentation of DNA 

A DNA solution containing glvrerol, íor viscosity, 
is placed in lhe nebulízer. The Jwbulizer is 
attached to d nitrogen tank. Pressure from nitro
gen entering the chamber siphons lhe DNA solu
tíon from the bottom of the chamber to lhe topo 
The solution exits the siphon dnd impal"ts on à 

small plastic cone suspended near lhe top oi the 
chamber, thus shearíng the DNA. 
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4. Nebulize the DNA sample at 10 psi (69 KPa) for 90 seconds. 

lhe Ilcbulizcr usually leaks a /ittle. 

5. After nebulization is completed, collect the DNA by placing the entire unit in a rotor buck
et of a bench-top centrifuge fitted with pieces of Styrofoam to cushion. Centrifuge the neb
ulizer at 2500 rpm for 30 seconds. Analyze the size of the DNA fragments by electrophore
sis through a 1.4<)'ú agarose gel wÍth appropriate standards, e.g., the fragments generated by 
digestion of pUC18119 DNA with Sau3AI. For detail of standards, please see Appendix 6, 

'nlble A6-4. 

6. If the fragments are too large (> 1.0 kb) repeat the procedure increasing either the pressure 
of the nitrogen gas (to 14 psi or 96.5 KPa) or the length of nebulization (2 minutes). Repeat 
the procedure until conditions are found that produce a reasonable yield of fragments of the 
desired size (500 bp to I kb). 

Nehulization and Recovery of the Target DNA 

7. Nebulize the target DNA to produce a reasonable yield of fragments of the desired size (500 
bp to I kb). 

8. Confirm that the fragmentation has gone according to plan by analyzing an aliquot of the 
sample (-200 ng) by electrophoresis throllgh a 1.4% agarose gel as described above. 

9. Distríbute the rema in der of the sample in to two microfllge tubes and recover the DNA by 
precipitation with 3 volumes of ethanol in the presence of 2.5 M ammonium acetate. 

10. Centrifllge the DNA sample at maximum speed for 5 minutes in a microfuge, wash the pel
let with 0.5 ml of 70% ethanol at room temperature, and centrifuge again. Remove the 
ethanol and allow the DNA to dry in the air for a few minutes. Dissolve the pellet of DNA in 
25111 ofTE (pH 7.6). 



CENTRIFUGATION 

F IG U RE A8- 7 Nornograrn for Conversion of 
Rolor Speed (rprn) and Relative Centrifugai 
Force (~~n_~_ 

Tlw ~yl11bol ( represenls the radial distance frOI1l lhe 
(('nter of tlw rotor lO the point for which RCF is 
r('quit"l'CL Thi, is genera"y equivalent to (In", of lhe 
mtor. For til(' l'xalllple Illarked, rolo r speed 80,000 
rpm clnel ( 20 111m. RCF can be reael as ~145,OOOg 
trolll the mieldle scale. Using the equation given 
abov(', RCF ean bl' calculated as 142,080g. (Figure 
h.indly providecl by Siân Curtis.) 
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TABLE A8-7 Used Rotors 

R
MAX 

Sorvall Rotors 

(Sl Sorva" ,li perspecd 151.3 
CSA SOrlall super supcrspced 145.6 

HB6 Ic!6.3 
AH629 Sorvallultraspccd 161.0 
SS-34 Sorvall 107.0 

8eckman Rotors 
)A 17 Beckt11an l2J 
)A20 Beckman 108 
SW 2R.I Bcckman 171.3 
Typc 50 Becklllan 70.1 
Vti50 llcckman 86.6 
SW40 Ti Bcckman !5íl.8 
S\\'41 Ti Ikckman 153.! 
SVi50,1 Beckl11a n 10/ .. ' 
Typc 60Ti Bcckman 89.9 

70Ti Bcckman 39.3 

CCIlI,. i/i Igol Íllll A8.39 

RCF = 1,11 , 10' (rpm)''r 

1.000 

RCF (g) 

13';00 

27AOO 

27,617 

131,()()O 
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c!O,OOO 

c!l,OOO 
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:'iO,..'OO 

39,ROO 

c!í\AO() 

I:'iO,O()O 

196,000 

2c!..',OOO 

2g),()()O 

2gK,OOO 

3()(),OOO 

362,O()() 

50·l,OOO 
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SDS-POlYACRYLAMIDE GEl ElECTROPHORESIS OF PROTEINS 

Almast ali analytical electrophoreses of proteins are carried out in polyacrylamide gels under con
ditions that ensure dissociation of the proteins in to their individual polypeptide subunits and 
that minimize aggregation. Most commonly, the strongly anionic detergent SDS is used in com
bination with a reducing agent and heat to dissociate the proteins before they are loaded onto the 
gel. The denatured polypeptides bind SDS and become negatively charged. Because the amount 
of SDS bound is almost always proportional to the molecular weight of the polypeptide and is 
independent of its sequence, SDS-polypeptide complexes migrate through polyacrylamide gels in 
accordance wilh the size of tbe polypeptide. At saturation, ~ 1.4 g of detergent is bound per gram 
of polypeptide. By using markers of known molecular weight, it is possible to estimate the mole
cular weight of the polypeptide chain(s). Modifications to the polypeptide backbone, such as N
or O-linked glycosylalion, however, have a significant impact on the apparent molecular weight. 
Thus, the apparent molecular weight of glycosylated proteins is not a true reflection of the mass 
of the polypeptide chain. 

In most cases, SDS-polyacrylamide gel electrophoresis is carried out with a discontinuous 
buffer system in which the buffer in the reservoirs is of a pH and ionic strength different from 
that of the buffer used to cast the gel. The SDS-polypeptide complexes in the sample that is 
applied to the gel are swept along by a moving boundary created when an electric current is 
passed between the electrodes. After migrating through a stacking gel of high porosity, the com
plexes are deposited in a very tbin zone (or stack) on the surface of the resolving gel. The ability 
of discontinuous buffer systems to concentrate a11 of the complexes in the sample into a very 
small volume greatly increases the resolution of SDS-polyacrylamide gels. 

The discontinuous buffer system that is most widely used was originally devised by 
Ornstein (1964) and Davis (1964). The sample and the stacking gel contain Tris-CI (pH 6.8), the 
upper and lower buffer reservoirs contain Tris-glycine (pH 8.3), and the resolving gel contains 
Tris-CI (pH 8.8 l. All components of the system contain 0.1 % SDS (Laemmli 1970). The chloride 
íons in the sample and stacking gel form the leading edge of the moving boundary, and the trail
ing edge is composed of glycine molecules. Between the leading and trailing edges of the moving 
boundary is a zone of lower conductivity and steeper voltage gradient, which sweeps the polypep
tides from the sample and deposits thel11 on the surface of the resolving gel. There the higher pH 
of the resolving gel favors the ionization of glycine, and the resulting glycine ions migrate through 
the stacked polypeptides and travei through the resolving gel il11l11ediately behind the chloride 
ions. Freed from the moving boundary, the SDS-polypeptide complexes move through the resolv
ing gel in a zone of uniform voltage and pH and are separated according to size by sieving. 

Polyacrylamide gels are composed of chains of polymerized acrylamide that are cross
linked by a bifunctional agent such as N,N-methylene-bis-acrylamide (please see Figure A8-8). 

The effective range of separation of SDS-polyacrylamide gels depends 011 the concentration 
of polyacrylamide used to cast the gel and on the amount of cross-linking. Polymerization of açry
Iam ide in the absence of cross-linking agents generates viscous solutions that are of no practical 
use. Cross-links formed from bisacrylamide add rigidity and tensile strength to lhe gel al1d fOl'm 
pores through which the SDS-polypeptide cornplexes must passo The size of these pores decreases 
as the bisacrylamide:acrylamide ratio increases, reaching a minimul11 when the ratio is -1 :20. Most 
SDS-polyacrylal11ide gels are cast with a molar ratio ofbisacrylamide:acrylamide of 1:29, which has 
been shown empirically to be capable af resolving polypeptides that differ in size by as little as 3%. 

The sieving properties of lhe gel are determined by the size of the pores, which is a function of 
the absolute concentrations of acrylamide and bisacrylamide used to cast the gel. Table A8-8 shows 
the linear range of separation of proteins obtained with gels cast with concentrations of acrylamide 
that range from 5% to 15%. 
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C(oss~'lnked polyacrvlamide 

Monomers of acrylamide are polymerized into long chains in a reaction initiated by free radicais. in lhe 
prl'sence of N,N'-methylenebisacrylamide, these chains beco me cross-linked to fom\ a gel. The porosity 
oí the resulting gel is determined by the length Df chains and degree of cross-Jinking that occurs during 
the polymerization reaction. 

• Acrylamide and N,N '-methylene-bis-acrylamide: Severa! rnanufacturers seIl electrophoresis
grade acrylamide that is free of contaminating metal ions. A stock solutiol1 containing 290ft) 

(w/v) acrylamide and 1%) (w/v) N,N-methylene-bis-acrylamide should be prepared in deion
ized warm H /) (to assist the dissolution of the bisacrylamide). Acrylamiele and bisacrylamide 
are slowll' converted eluring storage to acrl'lic acid anel bisacrylic aeid. This deaminatiol1 reac
tíon is catalyzcd by light and alkali. Check thal the pH of the solution is 7.0 or less, and store 
lhe solutioll in dark bOltles aI room temperatllre. Fresh solutions should be prepared everl' few 
!11onths. Note that prepackageel, premixed stock solutions are commercialll' available (e.g" Life 
Technologiesl. These gel systems provi de ali the components except ammoniull1 persult:lte and 
are certainly convenient but perhaps a bit expensive. 

• Sodium dodecyl sulfate (SDS): Several manufacturers sell special grades of 5DS Ihat are suffi
ciently pure for electrophoresis. Althollgh any one of these will give reproducible results, they 
are not interchangeable. The pattem of migration of polypeptides mal' change quite drastical
Il' when one manufactllrer's SDS is substituteel for another's. We reeommend exclusive use of 
one brand of SDS. A lO(l!o (w/v) stock solution should be prepared in deionized H,O anJ 
stored at room temperature. If proteins are to be eluted from the gel for sequencing, e1ec
trophoresis-grade SDS shoulel be further purified as elescribeel by Hunkapiller et aI. ( 19B3). 
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MATERIAlS 

TABLE A8-8 Effective Range of Separation of SDS-Polyacrylamide Gels 

ACRYLAMIDE CONCENTRATlON (%) 

13 

12 

lO 
7.5 
5.0 

Molar ratio of bis.lcrylarnide:acrylarnide is 1 :29. 

LINEAR RANGE OF SEPARATION (I<D) 

lU-4j 

12-60 

20-80 

36-94 

57-212 

• Tris buffers for the preparation of resolving and stacking gels: lt is essential that these buffers 
be prepared with Tris base. After the Tris base has been dissolved in deionized HP, adjust the 
pH of the solution with HCI as described in Appendix 1. If Tris-CI or Trizma is used to pre
pare buffers, the concentration of salt will be too high and polypeptides will migrate anom
alously through the gel, yielding extremely diffuse bands. 

• TEMED (N,N,N ',N' -tetramethylethylenediamine): TEMED accelerates the polymerization 
of acrylamide and bisacrylamide by catalyzing the formation of free radicais from ammonium 
persulfate. Use the electrophoresis grade sold by several manufacturers. Because TEMED 
works only as a free base, polymerization is inhibited at low pH. 

• Ammonium persulfate: Ammonium persulfate provides the free radicais that drive polymer
ization of acrylamide and bisacrylamide. A small amount of a 10% (w/v) stock solution should 
be prepared in deionized H20 and stored at 4°C. Ammonium persulfate decomposes slowly, 
and fresh solutions should be prepared weekly. 

• Tris-glycine electrophoresis buffer: This buffer contains 25 mM Tris base, 250 ml\\ glycine 
(elcctrophoresis grade) (pH 8.3), 0.1% SDS. 

----_._--------------------------------------

CAUTlON: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Buffers and Solutions 
Please see Appendix 1 for components of stock solutions, buffers, and reagents. 
Dilute stock solutions to the appropriate concentrations. 

Acry/amide so/utions <! > 
Please see Table A8-9 for resolving gel recipes and Table AS-lO for stacking gel recipes. 

Protein markers 
Standard molecular-weight markers are commercially available (e.g., Life Technologies and Promega). 

Protein samp/es 
Samples to be resolved, for example, can be purified protein or celllysates. 

1 X 50S ge/-/oading buffer 
50 mM TrÍs-Cl (pH 6.8) 
100 mM dithiothreitol 
2'Vo (w/v) SDS (electrophoresis grade) 
0.1 % bromophenol blue 
10% (v/v) glycerol 
Store Ix SDS gel-loading buffer lacking dithiothreitol at room temperature. Add díthiothreítol from a 
I M stock just before the buffer is used. 
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TABLE A8-9 Solutions for Preparing Resolving Gels for Tris-glycine SDS-Polyacrylamide Gel ElectroJl~()r~sis 
~ ~-~~~~.~~ ~-- ~ VOLUME (ml) OF COMPONENTS REQUIRED TO CAST-CELS·· -~-_. 

DF INOICATEO VOLUMES ANO CONCENTRATlONS 
--------~--------_~ CO,vjp()"E:-m GEl VOlUME ~ 5 ml 10 ml 1.1 ml 20 ml 25 ml 30 ml 40 ml 50 ml 

6~,o gel 

H.O 
3il"" <llrl'i<llllid, Illix <! > 
1.5 \1 Iri, If'H :-un 
I li"" SI I" 
I ()"" all1ll1ollillIl1 perslllf~lte <! > 
11\llil<!> 

HO,ü gel 

11\) 
.lO"" ,1Lrl'ialllidc' mix <! > 
Li \llri, i pH :-un 
111"" SI)" 
111"" ,1111 IlHIIl iu 111 persulf;lte <!> 
11.\111) <!> 

I (J% gel 

liO 
.lO"" .lu·\lall1iék mix <! > 
I.:; \llri, 1 pH S.H) 
I li"" "I)S 
lO"" .l1llI110Ililll11 persulfate <!> 
IL.\IFIl <!> 

12% gel 
lU) 

.\ii"" ,1Lr\Ülllide mix <! > 
1.3 \1 Tri, 1 pH 0.0) 

11i"" SIl" 
I (I"" allllllolliulll pcrsulfate <! > 
11\IFlI <!> 

15(~0 gel 

HO 
.\(1"" ,1(l'IlaI11idc l11ix <!> 
1.; \Ilri, ipH H.S) 
111"" SI IS 
10"" ,1I111ll0I1iulll pcrsulLlIe <! > 
11.\111) <!> 

2.6 
1.0 
1 . .1 

O.OS 
O.OS 
0.004 

2.., 

1.3 
1.3 
0.05 
O.OS 
0.003 

1.9 
1.7 
1.3 
0.05 
O.fJ5 
0.002 

1.6 
2.0 
U 
O.OS 
()J)5 
0.002 

1.1 

1.3 
O.OS 
0.05 
O.OOZ 

:;.3 
~.O 

0.1 
0.1 
O.OOS 

4.6 
~.7 

2.3 
0.1 
0.1 
0.006 

4.0 
3.3 
2.5 
0.1 
0.1 
0.004 

4.0 
1.5 
0.1 
0.1 
0.004 

2.3 
5.0 
2.5 
0.1 
0.1 
0.004 

7.9 
3.0 
3.8 
0.15 
0.15 
0.012 

6.9 
4.0 
3.S 
0.15 
0.15 
0.009 

5.9 
5.0 
3.8 
0.15 
0.15 
0.006 

4.9 
6.0 
3.8 
0.15 
O.IS 
0.006 

3.4 
7.5 
3.8 
0.15 
0.15 
0.006 

10.6 
4.0 
5.0 
0.2 
0.2 
0.016 

9.3 
5.3 
5.0 
0.2 
0.2 
0.012 

7.9 
6.7 
5.0 
0.2 
0.2 
0.008 

6.6 
8.0 
5.0 
0.2 
0.2 
0.008 

4.6 
10.0 
5.0 
0.2 
0.2 
0.008 

13.2 
S.O 
6.3 
0.25 
0.25 
0.02 

11.5 
6.7 
6.3 
0.25 
0.25 
0.015 

9.9 
S.3 
6.3 
0.25 
0.25 
0.01 

8.2 
10.0 
6.3 
0.25 
0.25 
0.01 

5.7 
12.5 
6.3 
0.25 
0.25 
0.01 

.~.~---._--~--~~~~~~~~~--~--~~~----~~~~-------

\ Irrdilil·rJ l1'rrl11 I {arlo\\' ,llld l.allc 119KK I. 

15.9 
h.O 
7.5 
D.3 
O .• ~ 
0.024 

IH 
8.0 
7.5 
0.3 
0.3 
0.018 

11.9 
10.0 
7.5 
0.3 
iU 
0.012 

9.9 
12.0 
7.5 
lU 
lU 
0.012 

6.9 
15.0 
7.5 
(l.3 

0.5 
0.012 

'1.2 
~.O 

10.0 
O . .t 
0.4 
0.032 

I ~.3 
10.7 
10.0 
0.4 
OA 
0.024 

13.9 
1.1..' 
10.0 
0.4 
0.4 
0.016 

13.2 
16.0 
10.0 
0.4 
(l.4 
0.016 

9.2 
20.0 
10.0 
0.4 
OA 
0.016 

26.:; 
10.0 
12.5 
0.3 

(l.S 
iJ.()·J 

23.2 
13.3 
12.:' 
0.5 

O .. " 
0.1),' 

19.t\ 
16.7 
12.5 
0.'\ 
o.) 
0.02 

16j 
20.0 
12.5 
0.:1 
(l.5 
0.02 

I 1.:; 
25.0 
12.5 
O.:; 
o.:; 
0.02 

TABLEA8-10 Solutions for Preparing 5% Stacking Gels for Tris-glycine SDS-polyacrylamide Gel Electrophoresis .- 1.. VOLUME (mO O, COMPO'E,., "QUIRED TO CAST G,,, OF "DOe:.," ~:~ 
Q~<=<:>\1~~ENTS GEl V~OlUME =:> 1 ml 2 ml 3 ml 4 ml 5 ml 6 ml 8 ml 10 ml 
II.O 0.61\ J..! 2.1 2.7 3.4 4.1 :>.:> 6.S 
.'ii"" ,1crd,lIl1idl' ll1í:-- <! > 0.17 0.33 0.5 0.67 0.83 1.0 1.3 1.7 
LO \llrís i pH 6.81 0.13 0.25 0.38 0.5 0.63 0.75 1.0 1.25 
I ()"" SliS 0.0 I 0.0..' 0.03 0.04 0.05 0.06 0.08 0.1 
111"" all11110llilll11 perslIlfate <! > 0.0 I 0.02 0.03 0.04 0,05 0.06 O.Ot\ 0.1 
TF.\lI.11 <!> 0.001 0.002 0.003 0.004 0.005 0.OD6 O.DOS 0.01 

\lodilll'\llrol11 fI,Ir!,,\\' and I.anc 119KK I. 
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7 x Tris-glycine electrophoresis buffer 
25 111M Tris 
250 mM glycine (electrophoresis grade) (pH 8.3) 
0.1 % (w/v) SDS 
Prepare a 5x stock of electrophoresis butfer by dissolving 15.1 g of Tris base and 94 g of glycine in 900 
1111 of dcionized H,O. Thtn add 50 ml of a lQ0/r, (w/v) stock solution af electrophoresis-grade SDS and 
adjust the volume to 1000 ml with Hp. 

Special Equipment 

METHOD 

Power supply 
A dcvice capable of supplying IIp to 500 V and 200 mA is needed. 

Vertical electrophoresis apparatus 
The use of discontinuolls buffer systems requires SDS-polyacrylamide electrophoresis to be carried out 
in vertical gels. Although the basic design of the electrophoresis tanks and plates has changed little sincc 
Studier (1973) introduced the system, many small improvements have been incorporated into the appa
ratuses. Standard vertical as well as minigel vertical electrophoresis systems for separatioll and blotting 
of proteins are now sold by many manufacturers (e.g., Life Technologies). Which of these systems to pur
chase is a matter of personal choice, but it is sensible for a laboratory to use only one type of apparatus. 
This type of standardization makes it easier to compare the results obtained by different investigators 
and allows parts of broken apparatuses to be scavenged and reused. 

Pouring SDS-polyacrylamide Gels 

1. Assemble the glass plates according to the manufacturer's instructions. 

2. Determine the volume of the gel mold (this information is usually provided by the manu
facturer). In an Erlenmeyer flask Of disposable plastic tube, prepare the appropriate volume 
of solution containing the desired concentration of acrylamide for the resolving gel, using the 
values given in Table A8-9. Mix the components in the arder shown. Polymerization will 
begin as soon as the TEMED has been added. Without delay, swirl the mixture rapidly and 
proceed to the next step. 

The concentration of ammonium persulfate that we recommend is higher than that used by some 
investigators. This eliminates the need to rid the acrylamide solution of dissolved oxygen (which 
retards polymerizationl bv degassing. 

3. Pour the acrylamide solution into the gap between the glass plates. Leave sufficient space for 
the stacking gel (the length of the teeth of the comb plus 1 em). Use a Pasteur pipette to care
fully overlay the acrylamide solution with 0.1 % SDS (fOf gels containing ~8% acrylamide) or 
isobutanol (for gels containing -10% acrylamide). Place the gel in a vertical position at room 
temperature. 

The overlay prevents oxygen from diffusing into the gel and inhibiting polymerization. Isobutanol 
dissolves the plastic of some minigel apparatuses. 

4. After polymerization is complete (30 minutes), pour off the overlay and wash the top af the 
gel several times with deionized HP to remove any unpolymerized acrylamide. Drain as 
much fluid as possible from the top of the gel, and then remove any remaining H,Q with the 
edge of a paper towel. -

5. Prepare the stacking gel as follows: In a disposable plastic tube, prepare the appropriate vol
ume of solution containing the desired concentration of acrylamide, using the values given in 
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'Clblc Ax-l O. Mix lhe comp011e11t5 in the order shown. Polvmerization will begin as soon as lhe 
TE!\lED has been added. Without delay, swirl lhe mixture rapidly anel proceed lo lhe next slep. 

lhe (ol1ccntration oI' aIlll1loniuIll persult~1te is higher than lhat lIscd by som,' im L'sligatnrs. lhi, 
climin,ltcs lhe nccd to rid the acrylamidc solution 01' dissol"cd oxygcn (\Vhich rct,lrlb poh'l11l'ri/a-
tion I bv dcgassing, 

6. Pour lhe stacking gel solution directly Ol1to lhe surL1Ce of the polymerized resol\'ing gel. 
Immediatcly insert a clean Teflon comb into the stacking gel solution, bêing careful to <1\'oid 
trapping air bubblcs. Add more stacking gel solution to fill the spaces oI' the comb (ol11plcll'
Iy. Place the gel in a vertical position at room temperature. 

letlon Lomhs should bé dcaned with H/) and dricd \Vith eth,lJ101 JUS! beforc USe'. 

Preparation of Samples and Running the Gel 

7. While the stacking gel is polymerizing, prepare the samples in lhe appropriate volume of I x 
SDS gel-loading butfer and heat them to 100°C for 3 minutes to denature the proll'ins. 

Bc sme to denaturc a sample containing marker proteins of knowI1 molecular \\'éight" \1 ixtllréS oI' 
appropriatcly sized pol)'peptides are al'dilable from commercial sourcc:.. 

Extrcmt'ly hydrophobic proteins, such as those containing multiple transmembr,lIlc domains, 111,1\' 

precipitate or multimerizc when boiled for 3 minutes at 100°(:, lo <l\'oid thcsc' pithllb, hcat the 
samples for I hom at a lowcr temperature (45-55°C) to effeet denaturation. 

8. Aftel' polymerization is complete (30 minutes), remove the Tet10n cOl11b carefully. Use a 
squirt bottle to wash the wells immediately with deionized H

2
0 to remove al1y unpolymer

ized acrylamide. If necessary, straighten the teeth of the stacking gel with a blul1t hypodermíc 
needle attached to a syringe. Mount the gel in the electrophoresis apparatus. Add Tris-glycinê 
clectrophoresis buffer to the top and bottom reservoirs. Remove any bubbles that bC(()ll1c 

trapped at the bottom of the gel between lhe glass picHes. This is best dot1l' with a bcnt hypo
dermic needle atlached lo a syringe . 

• IMPORTANT Do not prerun the gel before loading the samples, since this procedure will destro)' 
lhe discontinuity of the buffer systems. 

9. Load up to 15 ~I of each of the samples in a predetermined order inlo the bottom of the \Vells. 
This is best done with a Hamilton microliter syringe or a micropipettor equipped with gel
loading tips that is washed with buffer from the bottom reservoir after each samplc is loaded. 
Load an equal volume of Ix SDS gel-loading buffer into any wells lhat are unused. 

10. Attach the electrophoresis apparatus to an electric power supply (the positive electrode 
should be connected to the bottom buffer reservoir). Apply a voltage of 8 \'/em to lhe gel. 
After the dre front h.15 moved into the resolving gel, increase the voltage to 15 \'/(111 and run 
the geluntil the bromophenol blue reaches the hottom of the resolving gcl (~4 hours). Then 
tum otl the power supply. 

11. Remove lhe glass plates from the electrophoresis apparatus and place them 011 a paper towel. 
Use an extra gel spaccr to carefully pry the plates apart. Mark the orientation oI' the gd b)' 
cutting a corner from the bottom of the gel lhat is dosest to the leftmost well (slot I l . 

• IMPORTANT Do no! cut lhe corner from gels that are to be used for immunoblotting. 

12. At this stage, the gel can be fixed, stained with Coomassie Brilliant Slue or sil\'er salts, tluo
rographed or autoradiographed, or used to establish an immunoblot, ali as described O!1 lhe 
following pages. 
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STAINING SDS-POLYACRYLAMIOE GElS 

Unlabeled proteins separated by polyacrylamide gel electrophoresis typically are detected by 
staining, either with Coomassie Bri11iant Blue or with silver salts. In a relatively rapid and straight
forward reaction, Coomassie Brilliant Blue binds nonspecifically to proteins but not to the gel, 
thereby allowing visualization of the proteins as discreet blue bands within the translucent matrix 
of the gel (Wilson 1983). Silver staining, although somewhat more difficult to perform, is signif
icantly more sensitive. The use of silver staining allows detection of proteins resolved by gel elec
trophoresis at concentrations nearly lOO-fold lower than those detected by Coomassie Brilliant 
Blue staining (Switzer et aI. 1979; Merril et aI. 1984). The identification of proteins by silver stain
ing i5 based on the differential reduction of silver ions, in a reaction similar to that used in pho
tographic processes. Reagents for staining with Coomassie Brilliant Blue as well as kits (e.g., Blue 
Print Fast PAGE Stain, Life TechnoIogies) are commercialIy available. Kits for silver staining are 
commercially availabIe from Pierce and Bia-Rad. 

HISTORICAL FOOTNOTE 

Coomassie Brilliant Blue R-250 was first used as a laboratory reagent to stain proteins in 1963. Robert Webster, 
a graduate student in the laboratory of Stephen Fazekas de St. Groth at the Australian National University in 
Canberra, was searching for a way to lacate i nfluenza virus protei ns that had bccn separated byelectrophoresis 
on cellulose acetate strips. At that time, Australia had a thriving wool industry and govemment laboratories 
were intensely investigating the mechanism of action of various classes of dyes used for wool dying. Fazekas 
and Webster reasoned that these dyes must have a high affinity for proteins, and they obtained samples of a 
great many dyes from the Commonwealth Scientific and Industrial Organization. Included among them was 
Coomassie Brilliant Blue R-250, which had been used since the tum of the century in the textile dying indus
try. Webster soon found that Coomassie Brilliant Blue R-250 was a very sensitive stain for proteins, but he was 
frustrated by extreme day-to-day variation in the intensity of the staining. At home one night, he suddenly real
ized that the answer to the problem was to fix the protein before staining. He went back to the laboratory and 
fixed the separated influenza virus proteins with sulfosalicylic acid. After these results were published (Fazekas 
de St. Groth et aI. 1963), the method was rapidly adapted to stain proteins separated by electrophoresis 
through polyacrylamide gels (Meyer and Lamberts 1965). 

Because Coomassie Brilliant Blue R-250 is now a trademark of Imperial Chemical Industries PLC, the dye 
is generally listed in biochemical catalogs as Brilliant Blue. Two forms of the dye are available: Brilliant Blue G 
and Brilliant Blue R, which are given different numbers (42655 and 42660) in the Colour Index, a kind of dyer's 
Bible, in which dyes are classified and arranged according to colar. Brilliant Blue G and Brilliant Blue R are, 
respectively, slightly soluble and insoluble in cold water, and soluble and slightly soluble in hot water and alco
hols. Both dyes stain fixed proteins effjciently. They are used at a concentration of 0.05% in methanol:glacial 
acetic acid:water (SO:1 0:40 v/v). 

Staining SDS-Polyacrylamide Gels with Coomassie Brilliant Blue 

Coomassie Bri11iant BIue is an aminotriarylmethane dye that forms strong but not covalent com
plexes with proteins, most probabIy by a combination af van der Waals forces and electrostatic 
interactions with NH,+ groups. Caomassie Brilliant BIue is used to stain proteins after elec
trophoresis through polyacrylamide geIs. The uptake of dye is approximately proportional to the 
amount af protein, following the Beer-Lambert law. 

PoIypeptides separated by SDS-poIyacrylamide gels can be simultaneously fixed with 
methanol:glacial acetic acid and stained with Coomassie Brilliant BIue R-250, a triphenylmethane 
textile dye aIso known as Acid Blue 83. The geI is immersed for several hours in a concentrated 
methanol:acetic acid solution of the dye, and excess dye is then a110wed to diffuse from the gel 
during a prolonged period of destaining. 



MATERIAlS 

METHOD 

Stai!li Ilg SDS- Po1)'11 cr)'lil 1/1 ide C;c1~ AS.47 

CAUTION: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Coomassie Brilliant 81ue R-250 
Methano/:acetic acid solutian <! > 

COl11bi nc' 900 1111 of I11cthanol:H ,l) (500 1111 oI' methanol and 400 1111 oI' 11,0) ,1Ild 100 llll of gb.:ial ,ICL't ic 
,Icid. -

Step 7 af this protocol requires the reagents listed on page A8.42. 

1. Separate proteil1s b~· dectrophoresis through an SDS-polyacrylamide gel as described on 
page MUO. 

2. Prepare the staining slllution by dissolving 0.25 g of Coomassie Brillial1t Blue R- 250 per 1 (lO 

ml of methanoI:acetic acid solution. Filter the solution through a Whatman No. 1 filter to 
remove any particulate matter. 

3. Immerse the gel in at least 5 volumes of staining solution and place on a slo\\'ly rotating plat
form for a minimum of 4 hours at room temperature. 

4. Remove the stain and save it for future use. Destain the gel by so,lkil1g it in the 
methal1ol:acetic acid solution without the dye 011 a slowly rocking platf\)1'!11 for 4--1\ hours, 
changing the destaining solution three or four times. 

The more thOrollghh- the grl is destained, the sl1laller the alllollnt of protein ,k1l'(!t'd hy st,lining 
with Cool11assie Brilliant Blur. Destaining for 2-! hours usually aliO\\'5 as little ,1;0, O, I pg (lI protcin 
to be detected in a single bando 

A 1ll01't: rupid rale of dest<lining can be achieved by the tdlo\\'ing Illclhods: 

• lkstaining in 3lF)o 111cthanol, I OO;i> aeetie acid. If destaining is prolonged, thL'rL' lI'ill bl' some loss 
in the intensitv oI' staining of protein bands. 

• Destaining in the normal destaining buffer at highcr tcmp('ratur('s (,j')"Cl. 

• lncluding a f('1\' gr,II1lS of an <lnion exchange resin OI' a picc(' of sponge in tlIL' norl1l,11 dl"tain
ing b uffer. These ,1l)S()J'b the stain as it Icaches fro!11 the gel. 

• Destaining e1cctrophoretically in apparatuscs that arc sold coll1ll1ercially for this purpose, 

5. After destaining, store the gcls in HP in a sealed plastic bago 
Gels ma>' be storcd indefinitely withollt _my diminution in the intensit)' of staining; hOIl'L'\er, fixed 
poh'acr:'lamide gels stored in H,O will swell and ll1ay distort during stmage. To a\'oid this prob
!em, store fixed geb in H -,O conúlining 200'0 gl\'cerol. Stained gels should not be stored in destain
ing buffer, beca use lhe stilined protein bands \l'ill fade. 

6. To make a permanent record, either photograph the stail1ed gcl (plt',lse see Chapter ~, 

Protocol 2) or dry the gcl as described 011 p. A8.50. 

Staining SDS-Polyacrylamide Gels With Silver Salts 

A l1umber of methods ha\'e been devcloped to stain polypeptides \\'ith silver salts after separation 
by SDS-polyacrylamide gel electrophoresis. In every case, the process relies O!1 differential rcduc
tion of sil\'er ions that are bound to the side chains of amino acids (Switzer et aI. 10iL); Oaklt'y et 
aI. 191\0; Ochs et aI. 1981; Sammons et aI. 1981; Merril et aI. 1084). These I11cthods t~\lI into t\\'o 
major classes: those that use ammoniacal silver solutions and those that use silveI' nitrate. 
Although both types of staining are ~ 100-1 OOO-fold more sensitive than staining \\'ith C()()l1\assil' 
Brilliant Blue R-250 and are capable of detecting as little as O.I-l.O ng of polypeptide in a single 
band, silver nitrate solutions are easier to prepare and, by contrast to <l11\l11oniacal silve r salts, do 
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MATERIAlS 

METHOD 

not generate potentially explosive by-products. The method given below is a modification of the 
staining procedure originally devised by Sammons et aI. (1981), which has since undergone sev
eral improvements (Schoenle et aI. 1984). For further information, please see the discussion on 
silver staining in Appendix 9. 

CAUTlON: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Acetic acid (1 %J <! > 
Deve/oping so/ution 

Prepare fresh tor each use an aqueous solution of 2.5% sodium carbonate, 0.02% tormaldelwde. <! > 
Ethano/ (30%) 
Fixing so/ution 

Ethanol:glacial acetic acid:H p (30: I 0:60) <! > 
Photographic reducing solution (Switzer et ai. 1979) 

Optional, please see Step 10. 

Prepare SolutÍoll A: Dissolve 37 g of NaCl and 37 g of CuS04 in 850 ml of deionized Hp. Add concen
trated NHPH <! > until a deep blue precipitate forms and then dissolves. Adjust the volume to I liter 
with Hp. 
!Jrcpllrc SolutíOIl B: Dissolve 436 g of sodium thiosulfate in 900 ml of deionized H70. Adjust the volume 
to I liter with H ,O. -

Mix equal volumes of Solution A and Solution B, dilute the mixture with 3 volumes of H70, and use the 
diluted mixture immediately. -

Si/ver nitrate so/ution 
Prepare fresh for each use, 0.1 % solution of AgN0 1, <! > diluted from a 20% stock, stored in a tightly 
closed, brown glass bottle at room temperature. . 

Step 1 of this protocol requires the reagents listed on page AR.42 

.. IMPORTANT Wear gloves and handle the gel gently because pressure and fingerprints produce stain
ing artifacts. In addition, it is essential to use c1ean glassware and deionized H,O because contaminants 
greatly reduce the sensitivity of silver staining. ~ 

1. Separate proteins by electrophoresis through an SDS-polyacrylamide gel as described on 
page A8.40. 

2. Fix the proteins by incubating lhe gel for 4-12 hours at room temperature with gentle shak
ing in at least 5 gel volumes of fixing solution. 

3. Discard the fixing solution, and add at least 5 gel volumes of 30% ethanol. Incubate the gel 
for 30 minutes at room temperature with gentle shaking. 

4. Repeat Step 3. 

5. Discard the ethanol and add 10 gel volumes of deionized H)O. Incubate the gel for 10 min-
utes at room temperature with gentle shaking. -

6. Repeat Step 5 twice. 
The gel will swell slightly during rehydration. 

7. Discard the last of the H/) washes, and, wearing gloves, add 5 gel volumes of silver nitrate 
solution. Incubate the gel for 30 minutes at room temperature with gentle shaking. 
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8. Discard the silver nitrate solution, and wash both sides of the gel (20 seconds each) lInder a 
stream of deionized H,O. 

AIIowing the surt~l(e of the gel to dry out will rcsult in staining artifacts. 

9. Add 5 gel volumes of fresh developing solution. Incubate the gel at room temperature with 

gentle agitation. Watch the gel carefully. Stained bands of protein should appear within a fe\\' 
minutes. Continue íncubatíon untíl the desired contrast is obtained. 

Prolo!lged incubatio!l leads to a high background of silver staining within the budv oI' the gcl. 

10. Quench the reactíon by washing the gel in 1 % aeetic aeid for a few minutes. Then wash tht: 

gel several times with deionized HP (10 minutes per wash). 

J\ shiny gray fllm of silver sometimes fonns on lhe surface oí' the gel. This (an be rCl11o\'cd by wdsh
ing lhe gel for 2-3 seconds in a J:4 dilution of photographic reducing solution. Rinse the trc,lted 
gcl extensively in deionized Hp. 

11. Preserve the gel hy drying as deseribed 011 the following pages. 
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DRYING SDS-POLYACRYLAMIDE GELS 

MATERIALS 

METHOD 

SDS-polyacrylamide geIs containing proteins radiolabeled with 35S-1abeled amino acids must be 
dried before autoradiographic images can be obtained. The major problems encountered when a 
gel is dried are (1) sh rinkage and distortion and (2) cracking of the geI. The first of these prob
lems can be minimized if the gel is attached to a piece ofWhatman 3MM paper before it is dehy
drated. (For nonradioactive gels, note that the preference may be to dry the gel between acetate 
sheets to allow transillumination and easy visualization of the dried geI.) However, there is no 
guaranteed solution to the second problem, which becomes more pronounced with thicker gels 
containing more polyacrylamide. Cracking generally occurs when the gel is removed from the 
drying apparatus before it is completely dehydrated. lt is therefore essential to keep the drying 
apparatus in good condition, to use a reliable vacuum line that has few fluctuations in pressure, 
and to use the thinnest geI possible to achieve the desired purpose. An excellent alternative 
method is soaking the geI in 3% glycerol, followed by drying in air using a sim pie apparatus 
(available from AP Biotech or Owl Scientific). 

CAUTlON: Please see Appendix 12 for appropriate handling of materiais marked with <I>. 

Fixing solution 
Glacial acetic acid:methanol:Hp (10:20:70 v/v/v) <! > 

Gel dryer 
GeI dryers are available from a number of commercial sources (e.g., Life Technologies and Promegal. It 
is best to purchase the dryer from the manufacturer of the SDS-polyacrylamide gel electrophoresis tanks 
to ensure that the size of the dryer will be tailored to that of the gels and will accoml1lodate several SDS
polyacrylamide gels simultaneously. 

Methanol (20%) containing 3% glycerol <! > 
Optíonal, please see Step I. 

Whatman 3MM paper 

1. Remove the gel from the electrophoresis apparatus and incubate it at room temperature in 
5-10 volumes of fixing solution. The bromophenol blue will turn yellow as the acidic fixing 
solution diffuses into the gel. Continue fixation for 5 minutes after ali of the blue colar has 
disappeared, and then wash the gel briefly in deionized Hp. 

If cracking of polyacrylamide gels during drying is a constant problem, soak the ftxed gel in 20% 
methanol, 3% glycerol overnight before proceeding to Step 2. 

2. On a piece of Saran Wrap slightly larger than the gel, arrange the gel with its cut comer on 
the lower right-hand side. 

3. Place a piece of dry Whatman 3MM paper on the damp gel. The paper should be large 
enough to create a border (1-2 em) around the geI and small enough to fit on the gel dryer. 
Do not attempt to move the 3MM paper once contact has been made with the gel. 

4. Arrange another piece of dry 3MM paper on the drying surface of the geI dryer. This piece 
should be large enough to aeeommodate ali of the gels that are to be dried at the same time. 

5. Place the sandwich of 3MM paper/gel/Saran Wrap on the piece of 3MM paper on the gel 
dryer. The Saran Wrap should be uppermost. 
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(J. C10se the lid of the gel dryer, and apply suction 50 that the lid makes a light scal around the 
gds. If the dryer is equipped with a heater, apply low heal (50-65°C) to speed up lhe drving 

processo 

7. Dry lhe gel for the time recommended by the manufacturer (usually 2 hours for slandard 
O.75-mm ge!s). If heal was applied, lum off the heal for a few minute~ before rekasing lhe 

vacuum. 

8. Remove the gel, which is now attached to a piece of 3MM paper, from lhe dr)'er. 

9. Remove the piece of Saran Wrap and establish an autoradiograph as described in Appendix 
9, or store the dehydrated gel as a record of the experiment. 
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IMMUNOBLOTTING 
------------------------------------------------------------
CAUTION: Please see Appendix 12 for appropriate handling of materiais marked with <!>. 

Immunoblotting is used to identify and measure the size of macromolecular antigens (usually 

proteins) that react with a specific antibody (Towbin et a!. 1979; Burnette 1981; for reviews, please 
see Towbin and Gordon 1984; Gershoni 1988; Stott 1989; Poxton 1990). The proteins are first sep
arated by electrophoresis through SDS-polyacrylamide gels and then transferred electrophoreti
cally from the gel to a solid support, such as a nitrocellulose, polyvinylidene difluoride (PVDF), 
or catianic nylan membrane. Afier the unreacted binding sites of the membrane are blocked to 

suppress nonspecific adsorption of antibodies, the immobilized proteins are reacted with a spe
cific polyclonal or monoclonal antibody. Antigen-antibody complexes are finally located by radi

ographic, chromogenic, or chemiluminescent reactions. 
Much mumbo-jumbo has been written about ways to avoid the problems that commonly 

arise in immunoblatting. These problems include inefficient transfer af proteins, loss of antigenic 
sites, low sensitivity, high background, and nonquantitative detection methods. Although no 
magic incantation can eliminate ali of these undesirable difficulties for every antigen, a small 

amount of experimentation is usually sufficient to cure ali but the most obdurate technical prob
lems. Comprehensive reviews by Bjerrum and Schafer-Nielsen (1986), Bjerrum et aI. (1988), and 
Stott (1989) provide catalogs of potential difficulties in immunoblotting and detailed suggestions 

for solving them. 

Transfer of Proteins from Gel to Filter 

Electrophoretic transfer of proteins from polyacrylamide gels to membranes is far more efficient 
and much quicker than capillary transfer. Transfer is carried out perpendicularly from the direc
tion of travei of proteins through the separating gel, using electrodes and membranes that cover 
the entire arca of the gel. Most commercial e!ectrophoretic transfer devices use large e!ectrodes 
made of graphite, platinum wire mesh, or stainless steel. In older devices, vertical electrodes were 
submerged in a tank of transfer buffer in a plastic cradle surrounding the gel and the membrane. 
The more modem devices use the efficient "semi-dry" method, in which Whatman 3MM paper 

saturated with transfer buffer is used as a reservoir. For transfer from SDS gels, the membrane is 

TABLE A8·11 Buffers for Transfer of Proteins from Pollyacr,rlallli(:le Cels to Membranes 

TVPE OF TRANSFER 

Semi-dry 

Immersion 

BUFFER 

24 mM Tris base 
192 mM glycine 

20% methanol <! > 

48 mM Tris base 

39 mM glycine 
20% methanol <! > 
0.0375% SDS 

REFERENCE 

Towbin et aI. (1979) 

Bjerrum and Schafer-Nielsen (1986) 

Methanol minimizes swelling of the gel and increases lhe efficiency ofbinding of proteins to nitrocellulose membranes. The 
efficiency of transfer may be affected by the presence of SDS in the electrophoresis buffer, the pH of the transfer buffer, and 
whether the proteins were stained in lhe gel before transfer. To maximize transfer of protein to membranes, the concentratiotl 
of SDS should be $0.1 % and lhe pH should be <:8.0. CAPS buffer should be used for lransfer if the protein is to be sequenced 
Otl the membrane (Moos 1992). Glycine interferes \'Iith this procedure. 
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placed on the side of the gel facing the ano de. The conditions uscd for tramfcr var\' <lccording to 
the dcsign (lf the apparatus, and it is therefore best to fóllow the manufacturer's ínstructions at 
this stagc. 

Types of Membranes 

Thrce types of membranes are used for immunoblotting: nitrocellulose, nvlon, and polyvindi
denc t1uoride. Different protcins may bind with diffcrent efficiencics to thcsc mcmbr,1I1cs, and 
particular antigenic epitope(s) may be better preserved in onc case than another. It is therefore 
worthwhilc w herever possible to te5! the efficiency with which the antigen of in terest can be 
detccted on various membranes, using several antibodies. 

• Nitrocellulose (pore size 0.45 IJm) remains a standard membrane used for immunoblotting, 
although membranes with a smaller pore size (0.22 IJm or 0.1 IJm) are rccoml1lended for 
i mrnunoblotting of small proteins of M

r 
< 14,000 (Burnette 1981; Lin and KasamatsLl 1983). 

The capacity of nitrocellulose to bind and retain proteins ranges from 80 IJg/cl11"~ to 25() IJg/CIl1~, 
depending on the protein. Proteins bind to nitrocellulose chiet1y by hydl"llphobic interactions 
(van Oss et aI. 1987), although hydrogen bonding between amino aciel side chains and tht' 
nitro group of the membrane may also be involved. In any event, partial dehydration 01' tht' 
proteins by methanol or salt in the transfer buffer ensures a more lasting boncl between the 
protein and the ll1ell1brane. Even 50, proteins may be lost from the membranc during process
ing, particularly if buffers containing nonionic detergents are uscd. Many invcstigators therc
fort' fix the proteins to nitrocellulose membranes to rednce loss during washing and incub,l
tion with antiboely (e.g., please see Gcrshoni and Palade 1982). However, it is important to 
check that the treatments usecl for fixation (glutaralelehyde, cross-linking, UV irradiation) do 
not destro)' the antigenic epitope under study. These treatments can ais o im:rease the brittlc
ness of nitrocellulose filters that are al\oweel to dry after transfer. 

• Nylon and positively charged nylon membranes are tougher than nitrocellulose anti bind pro
teins tightly by electrostatic interactions. Their capacity varies from one type of nylon to the 
next and from one protein to another but is usually in the range of 150 IJg/cm2 to 200 ).lg/cm 2. 

The advantage of nylon and charged nylon membranes over nitrocellulose is that they can bt' 
probed multiple times with different antibodies. However, nylon membranes have two potel1-
tial disadvantages. First, as discussed below, no sim pIe and sensitive procl:dure is <lvailable to 
stain proteins immobilizeel 011 nylon and charged nylon membranes. Second, beca use it is dif
ficult to bloà ali of the unoccupíed sites on these membranes, antiboelies tend to bind nOI1-
specifically to the filter, resultíng in a high background, especially whcn a highly scnsiti\'C 
detection method such as enhanced chemiluminescence (ECL) is uscel. In many cases, extend
eel blocking in solutions containing 6% heat-treateel casein and 1°/i> polY"inylpyrrolidone 
(C;illespie and Hudspeth 1991) is required to achieve satisúlCtory results. 

• Polyvinylidene ftuoride (PVOF) (Pluskal et aI. 1986) is mechanically strong and manifests a 
strong interfacial (hydrophobic) interaction with proteins. Before tranSftT, it is necessary to 
wet the hydrophobic surfare of the membrane with methanol. The capaóty of PVDf mel11-
branes is approximately equal to that of nylon membranes 170 IJg protein/cm-'). Proteins 
bind approximately sixtóld more tightly to PVOF membranes than to nitrocellulose (v,m Oss 
et a!. 1987) and are ret,tined more efficiently during the subsequent detection steps. Protcins 
immobilized on PVDF can be visualized with standarel stains such as Amido Black, India Ink, 
POllceau S, and Coomassie Brilliant Blue. 
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Staining of Proteins during Immunoblotting 

Blocki ng Agents 

Separation of proteins in gels and transfer to membranes can be confirmed by staining. This is a 
simple procedure, but it requíres careful choice of a staín that is sufficiently sensitive and appro
priate for the type of membrane. Staining can be carried out at several stages in the immunoblot
ting procedure as outlined below. 

• Staining gels before transfer to membranes. Proteins can be stained in polyacrylamide gels 
with conventional dyes such as Coomassie Brilliant Blue, destained, and then transferred elec
trophoretically to nitrocellulose ar PVDF filters for immunoblotting (e.g., please see 
Thompson and Larson 1992). The chief advantage of this method is that proteins remain 
stained during immunodetection, thereby providing a set of internai markers. However, in 
some cases, staining of proteins in gels appears to reduce the efficiency of electroelution and/or 
to interfere with binding of antibody. (The use of prestained protein markers rUfe 
Technologies J provides a set of internai markers during protein transfer without the need to 
stain the entire gel.) 

• Staining proteins after transfer to membranes. The entire area of nitrocellulose and PVDF 
membranes can be stained with the removable but insensitive stain Ponceau S (Muilerman et 
a!. 1982; Salinovitch and Montelaro 1986). When more permanent stains are used (e.g., lndia 
lnk [Hancock and Tsang 1983], Amido Black [Towbin et aI. 1979; Wilson 1979), colloidal gold 
[Moeremans et aI. 1985; Rohringer and Holden 1985], or silver [Yuen et a!. 1982)), it is usual
Iy necessary to cut a reference lane from the membrane. 

Brief exposure to alkali enhances staining with both lndia Ink and colloidal gold, perhaps 
by reducing loss of protein from the filter during washing (Sutherland and Skerritt 1986). Under 
these conditions, it is easily possible to detect a band containing as little as a few nanograms of 
protein. There i5 no satisfactory method to stain proteins immobilized on nylon or cationic nylon 
membranes. The high density of charge on these membranes causes dye molecules to bind indis
criminately to the surface, producing high backgrounds that obscure all but the strongest protein 
bands. 

Traditional blocking agents such as 0.5% low-fat dry milk or 5% bovine serum albumin (Johnson 
et aI. 1984; DenHollander and Befus 1989) are suitable for use with chromogenic detection sys
tems based on horseradish peroxidase. However, these solutions are usually rich in residual alka
line phosphatase and should not be used in detection systems that employ this enzyme. This is 
particularly true with chemiluminescent systems, where the sensitivity is determined not by the 

strength of the emitted signal but by the efficiency of suppression of background. The best block
ing solution for alkaline-phosphatase-based systems contains 6% casein, 1 % polyvinylpyrroli
done, 10 mM EDTA in phosphate-buffered saline (Gillespie and Hudspeth 1991). The blocking 
solution should be heated to 65°C for 1 hour to inactivate residual alkaline phosphatase and then 
stored at 4°C in the presence of 3 mM sodium azide. For recipes, please see Appendix 1. 

Probing and Detection 

The antibody lhat reacts with the epitope of interest can be either polyclonal ar monoclonal. In 
either case, it is not radiolabeled or conjugated to an enzyme but is merely diluted in to an appro
priate buffer for formation of antibody-antigen complexes. In general, backgrounds in 
immunoblotting are unacceptably high unless the primary antibody can be diluted at least 1: 1000 
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whcn cnzymat ic methods of detection are lIsed and aI least 1 :S()()O whcl1 chcmilllmÍncSCel1t 
Illcthods are used. After washing, the bound antibody is detected b:' a radil)labckd OI' cnZ\'l11e
conjugated secondary rcagent, which recognizes common featurcs of the priman' c1l1tibody and 
carries a reporter enzyme or group. Secondary reagents Ínclude: 

• Radioiodinated antibodies or Staphylococcal Protein A, which \Vere lIsed in lhe tlrst 
immunoblots (e.g., pkase see Burnette 19R I) <ll1d for a few years thcreaticr. Ho\\'l'\'l'J', radíoLl
belcd secundary reagcnts han? now bCl'n replaced by nonradíoactive dctccrÍon systcll1s sllch ,IS 

enhanced chcll1iluminscencc, which are less hazardous and more sensiti\'c. lhc)' reIllain thl' 
most accuratc method for semi-qllantitative immunoblotting. 

• Antibodies conjugated to enzymes, such as horseradish pcroxidase or alkaJinc phosphatase, for 
which a \'ariety of chwmogenic, tluorescent, and chemilumincscent subslrdtcs dre <lvailablc . 

• Antibodies coupled to biotin, which can then be detected by labelcd OI" conjugated strq1ta
vidin. 

Images of radiolabeled reagel1ts are captured 011 X-ray film OI' phosphorimagers, whereas 
lhe results of chromogenic and tluorogenic reactions are best recorded by (on\'Cntional phntog
raphy. Table AH-12 shows the approximate sensitivity with which the best oI' these l11ethods C<ln 
dctcct a standard antigcI1 using antibodies of high titer and specificity. For more information 
about thcse detection methods, please see Appendix 9. 

TABLE A8.12Chlr~~~~~~a~n~d.~C~lh~e~m~il~u~m~i~n~e~sc~e~n~t~M~e~th~o~d~s~ ... ~o~f ... ~D~e~t~e~ct~i~o~n~o~f~l~m~m~o~b~il~iz~e~d~A~n!tli~g~e~n:s ____ ~ __ ~~ 
ENZYME 

Chromogeníc 
Ilor'l'I\ldi,h 
p,'nl\id.I,e 

.\Ik,llilll' 
pil( "pilat.! 'l' 

Chemiluminescent 
I j( 1I,CLldi,h 
pCr\l\ida,l' 

\Ikalillc' 
f)lw,pil,lt,hc' 

REAGENT 

4-chloro-1 naphthol/ 
H,() 

diall1inobenzidine <! >/ 
H,(), 

3,3 ',5,5· -tctramel hyl
bCll/idinc 

nitro blllc ktr,!ZoliUIl1/ 
:; -bnll11()-4-chloroindolrl 
phosphatc 

luminol/4-iodo-phcnol/ 
H 

1\IVIPI'Il 
.H 4-lllcthox:'spiro [ I ,2~ 
dioxctanc-52 -tricyclo-
13.3.1 I,; I decCln 
phenylph()sph,lte 

SENSITlVITY COMMENTS 

1 ng 

230 pg 

100 pg 

I()O pg 

1 pg 

Thc purple color of oxidized prnducts 
fadés rapidly 011 l'xposure to light. 

POlcntialh· carcinogcl1ic. The diall1ino
bcnzidil1e reactioll gCl1crates ,I broll'n 
precipit,llc, which is ellhanccd br the 
addition of cobalt, silvei" anel nickcl ,alts. 

Decp purpk precipita te. 

Steel-blllc precipitate. 

Oxidized lumin(lll~ll1its blue light th<lt is 
capturcd on Xray filmo LumillL'SCCIlCl' 
generatcd [w intensc bands ,lppe,lrs 
within a fel\' seconds,whcrcas taillt 
hands need at least 30 minutes tn de\'c1op. 

lhe enz:'l11at ica]])' dephosphonlcttcd 
prodllct emits light. Bec<lllse of its high 
tur!l(wer number, alkaline phosphat,lse 
rapidh· gcncrates a strong signal th.H 
prOl'ides an exquisitcly sensiti\'t? mcthod 
of il11Il1unodetection. 

REFERENCES 

f Ll\1'kc's et aI. ( 19K~ :: 
I )rescl antI Schettkr 
I 19~41 

dc' !lI,!> ,111.1 C11l'r· 
\\inski ( 19~,\): 
(,c'rslwni ( 1 LJNi<) 

\ kl\imlll- Brc,chkin 
I 1 l)l)() I 

1 C,\I'I c't aI. ( 19H,'!: 
BLlh' l't .11. (19K4: 

SchnCpPl'llhrilll ,1I1d 
I\,llltcnhcrg I, 191'\71: 
II.JrpcT ,lnd \Iurph\ 
11991): Schnrppcn
h,'illl rt ,li, 11991) 

(;ilkspic ,llld I11Ieb
pl,th I 1091 ! 





Appendix 9 
Detection Systems 

STAINING NUCLEIC ACIDS 

Ethidiurn Brornide 

Methy/ene B/ue 

Si/ver Staíning 

Si/ver Staining of DNA in Nondenaturing Po/yacry/arnide Ge/s 

SYBR Dyes 

AUTORADIOGRAPHY ANO IMAGING 

AUTORADIOGRAPHY ANO PHOSPHORIMAGING 

Intensifying Screens 

Preflashing 

Fluorography 

Sensitivity of Different Autoradiographic Methods 

Setting up Autoradiographs 

Phosphorimaging 

Isotopic Data 

CHEMllUMINESCENCE 

Chernilurninescent Labe/s 

Chemilurninescent Enzyrne Assays 

Cornrnercia/ Reagents, Kits, and Lurninorneters 

BIOLUMINESCENCE 

Firefly Luciferase 

8acterial Luciferase 

Green Fluorescent Protein 

ANTlBOOIES 

Purification af Antíbodies 

Irnmun%gica/ Assays 

Radiolabeling of Antibodies 

A9.3 

A9.3 

A9A 

A9.5 

A9.6 

A9.7 

A9.9 

M.11 

A9.11 

A9.11 

A9.12 

A9.13 

A9.B 

A9.14 

A9.15 

A9.16 

A9.17 

A9.19 

A9.20 

A9.21 

A9.21 

M.23 

NU-l 

A9.25 

A9.25 

A9.27 

A9.30 

A9.1 
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Antipeptide Anti bodies 

Conjugated Anti bodies 

INFORMATION PANELS 

Horseradish Peroxidase 

Digoxygenin 

BCIP 

AMPPD 

Avidin and Biotin 

Immunoglobulin-binding Proteins: Proteins A, G, and L 

A9.30 

A9.33 

A9.35 

A9.38 

A9.41 

A9.42 

A9.45 

A9.46 
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Ethidium Bromide 

~~~il~i,:~:~ll~r::;'~;~:iC!:)n\~;:)l;;~:~:h::iZ~~fC~~i\t;etrl:~~~~O~;d:;l '~~·~~11~:. t(~I~;~~~:;:~~ IH 

emerged frol11 the screening program with flying colors. It was 10-50-fold 
more effective against trypanosomes than the parent compound, was no more L. -_ .. 

tmie to miee, and, unlike earlier phenanthridines, cEd not induce photosensitization in cattle 
(\Vatkins and Wolte 1952). Until rccently, ethidium bromide was widdy uSl'd for lhe lreatment 
and prophylaxis of trypanomiasis in cattle in tropical and subtropical coulltrÍl's. The chemical 
strllcture Df ethidium bromide is shown aI the right. 

Binding Df Ethidium Bromide to Nudeic Acids 

Ethidium bromide contains a planar tricyclic phenanthridinc ring systcm thdt is able to interca
late between the stacked base pairs of double-stranded DNA. After insertioll into the helix, lhe 
drug lies perpendicular to the helical axis and makes van der VVaals contacts \\'ith the base pairs 
above and below. Whereas the planar ring system of the drug is buried, its peripheral phenvl and 
ethyl grollps project into the major groove of the DNA helix. At saturation in solutions of high 
ionic strength, approximately one ethidium molecule is intercalated per 2.5 base pairs, indepcn
denl of lhe base composition of the DNA. The geometry of the base pairs and their positioning 
with respect to the helix are unchanged except for their displacement by 3.4 Â along the helix axis 
(Waring 1965 l. This causes a 27% increase in the length of double-stranckd UNA (Frcifelder 
1971 ) saturated wlth ethidium bromide. 

Ethidium bromide also bimls with highly variable stoichiometry to helical regions formed 
by íntrastrand base pairing in RNA and heat-denatured or single-stranded DNA (Waring 1965, 
1966; LePecq and Paoletti 1967 l. The tlxed position of the planar group of ethidium bromide anel 
its close proxim ity to the bases cause the bOllnd dye to display a 20-25- fold increase in tluores
cent yield compared to the dye in free solution. UV radiation at 254 nm is abso[bed by lhe l)]\;A 
and transmitted to the dye; radiation at 302 11m and 366 nm is absorbed by the dye itself. The 
energy is re-emitted with a qllantum yield of 0.3 at 590 11m in the red-orange region of the \'isi
ble spectrum (LcPecq and Paoletti 1967; Tuma et a!. 1999). 

Most of the commercially available UV light sources emit UV light at 302 11m. The tluon:s· 
ccnt yicld of ethidium bromide-DNA complexes excited by irradiation is considerably greater at 
302 11m than at 366 nm but is slightly les5 than at shorter wavelength (254 11111). Howcver, the 
amount 01' photobleaching of the dye and nicking of the DNA is much less at 302 nm than at 2:;4 
11m (Brunk and Simpson 1977). 

Staining DNA in Gels 

EthidiUI1l bromide is widel}' used to locate fragments of DNA in agarose gels (Aaij and BOJ'st 1972; 
Sharp et a!. 1973; please see the in troduction to Chapter 5 and Protocol 2 in Chaptcr :>). The d~'e 
is usually incorporatcd into the gel and the electrophorcsis buffer at a concentration of D.5 ).lg/ml. 
Although the electrophofetic 1110bility of linear double-stranded DNA is reduc<c::d lw ~ /5°\1 in the 
presence of ethidiu111 bromide, the ability to examine the gel directly under UV illuminatio!l is a 
great advantage. Since the tluorescent yield of ethidium bromide-DNA wmplexes is much 
greater than lhat of the unbound dye, small amounts of DNA ( 10 ng/band) (al1 he detected in 
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Methylene Blue 

the presence of free ethidium bromide in gels (Sharp et aI. 1973). Even smaller quantities of DNA 

can be detected if the DNA has previously been treated with chloroacetaldehyde, a chemical 

mutagen that reacts with adenine, cytosine, and guanine (Premaratne et aI. 1993). A more prac

tical way to enhance tluorescence is to destain the ge! in a solution containing 10 mM Mg2+ before 

examining it under UV illumination (Sambrook et aI. 1989). 

Quantitating Double-stranded DNA 

The formation of complexes between DNA and ethidium bromide can be observed with the 

naked eye because of the large metachromatic shift in the absorbtion spectrum of the drug that 

accompanies binding. The original maximum at 480 nm (yellow-orange) is shifted progressively 

to 520 nm (pink) with a characteristic isosbestic point at 510 nm. This provides a sim pie way to 

estimate the concentration of a sample of DNA by quantititive spectrophotometry (Waring 

1965). 

A faster and more sensitive method utilizes the UV-induced fluoresence emitted by interca

lated ethidium bromide molecules. Because the amount of fluorescence is proportional to the 

total mass of DNA, the quantity of DNA can be estimated by comparing the light emitted by the 

sample at 590 nm with that of a series of standards (for more information on quantifying DNA 

with ethidium bromide, please see Appendix 8). 

Improved Versions of Ethidium Bromide 

Dimers of intercalating dyes bind to DNA with much greater affinity than the parent mono me r

ic compound (Gaugain ct aI. 1978). Homodimcrs of cthidium bromide and heterodimers of acri

dine and ethidium are therefore much more sensitive reagents for detecting DNA than is 

monomeric ethidium bromide. For example, as little as 30 pg of DNA can be detected on a con

focal fluorescence gel sçanner (e.g., please see Glazer et aI. 1990; Glazer and Rye 1992). However, 

the priçe for this increase in sensitivity is very steep; 1 mg of ethidium homodimer costs about 

ten times more than 1 g of ethidium bromide. Unsymmetric cyanine dyes unrelated to ethidium 

bromide are more sensitive detectors of DNA, but these dyes are also expensive (please see sec

tion on SYBR Dyes below). For information on disposal of ethidium bromide, please see 

Appendix 8. 

AIso known as Swiss Blue, in reçognition of the nationality of Caro who first synthesized the dye 

in 1876, methylene blue (Fierz-David and Blangey 1949) is sometimes used as a stain for RNA 

that has been transferred to nitrocellulose filters or to certain types of nylon filters (Herrin and 

Schmidt 1988) (please see Chapter 7, Protocol 7). 

Methylene blue may also be used to stain bands of DNA in agarose gels (please see the panel 

on BRIEF PROTOCOl)o The aim is to avoid the use of ethidium bromide and to minimize the 

exposure of the DNA to UV irradiation, which can generate pyrimidine dimers and lower the bio

logical açtivity of the DNA. This problem does not seem to be serious, but it is nevertheless a 

source of concern to some investigators. 

Methylene blue has two absorbtion maxima (668 and 609 nm) in the visible spectrum, and 

is soluble in HzÜ. For staining RNA immobilized on nylon or nitrocellulose, the dye is used at a 

concentration of 0.04% in 0.5 M sodium açetate (pH 5.2). Staining is reversible and can be car
ried out before hybridization. 
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DNA in Gels with Methylene Blue 

anel run a gel cast with CTC agarose in 1 x TAE buffer. 

Tfw "l11çlllesl dl110unl of DNA lhat can be relidbly detE'Cted as a band by slaining with I11clhylene blue is 40 ng. 11 
is lhereíore Iw('ssary in Illost tdSl'S to load 2-3 til11es lhe norlllal qUdntity oi DNA inlo 11l(' gcl. 

lhe end 01 the electrophoretic run, place the gel in a glass dish containing 5 gel \olurnes oj d solution 
nm,t;,ir';nu 0.001-0.0025% rnethylene blue lavailable from Sigma) inl mM Tris-acet.lle IpH 7.4),0,1 m\\ 

a,O), 

J. Incubate the gel for 4 hours at room temperature, with gentle agitation on a rotary shdker, 

4. Rinse lhe gel briefly in distilleel H p anel examine it on a light box of the kinel useel to illuminate X-ray iilms. 

C:ount Albert von Bollstadt (1193 OI' 1206-1280) is thrice famous. fie was the teacher of St. 
Thomas Aquinas, he was an alchemist who described arsenic so clearly Ihat he sometimes receiws 
credit for the discovery of the element, and, of relevance to molecular cloning, he recorded that 
silver nitrate would stain human skin. Eight centuries later, silver staining has been rdined into a 
highly sensiti\'c technique for postelectrophoretic detection of DNA bands in polyacrylamide and 
agarose gels. At its best, silver staining can detect bands containing < 1.0 ng oI' DNA. Described 
below are three general types of silver staining (Merril 1987, 1990; Mitchell et aI. 19941. 

• Photo development, like conventional photography and t1uorography, uses photonic energy to 
reduce silver ions to the metallic element. Unfortunately, the simplicity and speed of the 
method cannot compensate for its lack of sensitivity, which is no better th'lI1 can be achieved 
by conventíonal staining with ethidium bromide. 

• Diammine staining methods use ammonium hydroxide to generate silver diammine COI11-

plexes, which bind to the nucleic acid (Yuksel and Gracy 1985 l. Silver ions are then liberated 
from the complexes by decreasing the concentration of ammonium ions with citric acid, The 
liberated silver ions are finally reduced to metallic silver by formaldehyde. The basic method 
established by Johansson and Skoog (1987) is both rapid and reasonably sensitive (0.5-2 ng of 
DNA/band); greater sensitivity (0.1-1 ng DNA/bandl can be achieved using the modifications 
described by Vari and Bell (1996). However, in our hands, it is difficult to achien.' slIch high 
sensitivity 011 a regular basis. In addition, ammoniacal silve r salts are potentially explosivc and 
must be handled with great care. 

• Nondiammine staining involves, for example, fixation of the DNA, sensitization of the DNA 
with glutaraldehyde, impregnation of the gel or membrane with silver nitrate at weakly acidic 
pH, and reduction of bound silver ions to metallic silver by alkaline formaldchyde. Many dif
ferent variants of this technique havc been published, but most of them suffer to a greater OI' 

lesser extent from the same problem: Bands of DNA stain gray or dog-yellow against a variable 
background of brownish surface staining (Vari and Bell 1996 l. This problem can be mini
mized, as in the protocol below, by carefully monitoring the gel during development so as to 
obtain the greatest discrimination between specific stainÍng of the DNA and background stain
ing of the geL Differential reduction of silver ions can be improved by adding sodium thiosul
fate to the alkaline formaldehyde solution (Bassam et aI. 1991); thioSlllfate removes silver ions 
from the gel surt~lCe b\' forming soluble complexes with silver salts. When working well, the 
nondiammine staining can detect bands of DNA containing 2-5 ng of DNA. A nondiammine 
silver staining is marketed by Prumega as part of the Silver Sequence UNA seqllencing kit. The 
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nondiammine staining method outlined below is simple and is sensitive enough to detect a 
band containing 2-5 ng of DNA in a polyacrylamide gel. The protocol was kindly provided by 
Dl'. Sue Forrest (Victorian Clinicai Genetics Service, Melbourne, Australia). 

Silver Staining of DNA in Nondenaturing Polyacrylamide Gels 

MATERIALS 

METHOD 

The volumes in the protocol are appropriate for staining a 150 x I50-mm polyacrylamide gel. Gels 
of this size are often used to analyze single-stranded DNA by SSCP (please see Chapter 13). 

CAUTION: Please see Appendix 12 for appropriate handling of materiais marked with <! >. 

Acetic acid (3% v/v) <! > 
Deve/oper 

Dissolve 22.9 g of sodium carbonate in a final volume of 1 liter of distilled Hp. Store the solution at 
room temperature away from direct light (e.g., in a doset). 

Ethano/ (10% v/v) 
Ethanol/G/ycero/ (10% and 7% v/v, respective/y) 
Forma/dehyde (37% v/v) <! > 
Nítríc acid (0.7% v/v) <! > 
Si/ver nitrate (0.2% w/v), fresh/y prepared <! > 

1. After electrophoresis is complete, place the gel, still attached to one glass pia te, in a plastic tray 
reserved for silver staining. Do not touch the surface of the gel at any time. 

Because pressure on the gel causes background staining, the various solutíons used for silver stain
ing are removed from the plastic tray with a pipette attached via a trap to a vacuum linc. 

2. Rinse the gel twice with distilled HzÜ to remove electrophoresis buffer. During rinsing, the 
gel will float free and the glass plate can then be removed. 

3. Fix the gel in 10% ethanol by gentle shaking for 10 minutes on a rocking platform. Remove 
the 10% ethanol by suction and repeat the processo 

If necessary, the gel can be left for several hours in the second batch of 10% ethanol. 

4. Remove the ethanol by suction and add just enough 0.7% nitric acid to cover the gel. Shake 
the gel gently on a rocking platform for 6 minutes. Remove the nitric acid by suctÍon and 
rinse the gel with two changes of distilled HzÜ. 

5. Add just enough 0.2% silver nitrate to cover the gel. Shake the gel gently on a rocking plat

form for 30 minutes. Rinse the gel and the staining tray three times with distilled HzÜ. 
The silver nitrate solution may be reused but staining then may become unreliable. 

6. To 100 ml of developer, add 125 ).lI of formaldehyde solution. Transfer the developer/ 
formaldehyde solution to the staining tray and shake the tray gently in an indirect líght (e.g., 
cover the container with aluminurn foi!). When the solution turns yellow or when a dark pre
cipitate becomes noticeable, replace the developer/forrnaldehyde with a second batch af 100 
ml of the same solution. Continue to shake the gel in indirect light. Monitor the appearance 
of bands and background. When the ratio of signal to noise is at its maximum, remove the 
second batch of developer/formaldehyde. 
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7. Add 250 1111 of 3% acetic acid to lhe staining lray, Shake the gel gently for 5 minutes, 

8. Remove the 3°/t> acetic acid and wash the gel with 10% ethano!. Remove the ethanol and theI1 
store the gel for 2 minutes in a fresh batch of 10% ethanoL 

9. Photograph the gel by transillumination on a white light box using Polaroid 667 filll1, lhe 
best photographs are obtained when the area around the gel is covered with black papel, 

10. For long-term storage, either keep the gel in 10%) ethanol/7°/ÍJ glycerol or dr\' it as follows: 

a. Lar a glass plate 2 em longer and wider than the gel across the top of a beaker. 

b. Wet a piece of Saran Wrap approximately the same size as the glass plate. Lay the \Vet wrap 
on the glass pia te, taking care to remove any air bubbles. 

c. Place the gel in the center of the piece of Saran Wrap and then cover it \\'ith another piece 
of pre- wet wrap, the same size as the first. Remove ali wrinklcs anel air bubbles. 

d. Place ge1 spacers, -1 cm thick on the Saran Wrap around the tour edges of the gel. Use a 
series of bulldog clips to clamp the gel spacers to the glass plate. 

e. Alio\\' the gel to dry for 24-48 hours, until the Sarem \'Vrap feels crispo 

lhe SYBR dyes afe unsymmetric cyanine compounds, developed by Molecular Probes, that ha\'e 
some advantages as stains for DNA and RNA over phenanthridine dyes sueh as ethidiul11 bro
mide, The information about SYBR dyes in the scientific literature is sparst:. However, the \\'eb 
Site of the manufacturer ( http://www.probes.com) has much use fui informatiol1, whieh is SllI11-

marized below. For further details 011 the advantages and use of SYBR dyes, ~,kase see Chapter 5, 
Protocol2. 

Three SYBR dyes are used in molecular cloning: SYBR Greeo I and II ~ll1d SYBR Gold. ,-\11 

three dyes are essentiallv nonfluorescent in free solution but, upon binding to l1ucleic acids, dis
play greatly enhanced tluorescence and a high quantum yield. SYBR Green I, for eX<1mple, has ,1 

quantum vield of 0.8 UpOI1 binding to dOllble-stranded DNA, whereas SY8R Gold has a quantu!11 
yield of cu and IOOO-fold enhancement of flllorescence (Tuma et aI. 1999), Because lhe SYBR 
dyes generate strong signals with very little background and have a high affinitv fór n ucleie acids, 
they can be used in low concentrations and are more sensitive than eonventional stains such as 
ethidium bromide. SYBR Green I and 11, however, have some less desirable characteristics: 

• These dyes are not optimally stimulateel by standard transilluminators that emit UV radiation 
at 300 nm. The signal strength improves when ilIumination at 254 nm is used, but at this waw
length, damage to DNA is maximal. 

• Both dyes penetrate agarose gels slowly. Postelectrophoretic staining can take :2 hours OI' more 
when the gels are thick or contain a high concentration of agarose. 

• The dyes are 110t particularly photostable. 

• SYBR Green I is only slightly more sensitive than ethidium bromide in detecting single-strand
ed DNA in agarose gels. 

For these reasons, SYBR Green I and II are not commonly used to stain DNA in agarose gels, 
However, SYBR Green II detects RNA in denaturing agarose gels with fivefold greater sensitivit\' 
than ethidium bromide and does not interfere with northern transfer. The dyc is thereforc lIseful 
",hen analvzing quantities of RNA that are too small to be detected by ethielium bromide. SYBR 
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Green I, on the other hand, is used chiet1y to quantify DNA in solution, for example, in real time 
polymerase chain reactions (please see the panel on REAL TIME peR in Chapter 8, Protocol 15). 

SYBR Gold, whieh has come onto the market more recently, is the best of the SYBR dyes. It 
is tenfold more sensitive than ethidium broll1ide, and its dynamic range is greater. Unlike SYBR 
Green I and lI, SYBR Gold penetrates geis quickly and can therefore be used to stain DNA and 
RNA both in conventional neutral polyacrylamide and agarose geIs and in gels containing denat
urants such as urea, glyoxal, and formaldehyde. Because SYBR Gold most probably binds to the 
backbone of charged phosphate residues, the eIectrophoretie mobility of DNA stained with the 
dye is ll1arkedly retarded, and the bands of DNA are sometill1es eurved. For this reason, gels are 

stained with SYBR Gold after electrophoresis is complete. The levei of background t1uorescence 

is so low that no destaining is required. When excited by standard transillumination at 300 nm, 
nueleie acids stained with SYBR Gold generate bright gold t1uorescent signals that can be cap
tured on eonventional blaek and white Polaroid film (type 667) or on eharged couple deviee 
(CCD)-based image deteetion systems. The stained nudeie acids ean be transferred direet1y to 
membranes for northern ar Southern hybridization (Tuma et aI. 1999). 

Although many enzymatic reactions are not inhibited by SYBR Gold, polymerase chain 
reactions are sensitive to high concentrations of the dye. Inhibition can, however, be relieved by 
adjusting the concentration of Mg2+ (Tuma et aI. 1999) or be avoided by removing SYBR Gold 
from the template DNA by standard ethanol precipitation. 

SYBR Gold is supplied as a lO,OOOx concentrate in anhydrous dimethylsulfoxide (DMSQ). 

The high cost of the dye precludes its use for routine staining of geis. However, the dye may be 
cost-effective as an alternative to radiolabeiing or silver staining of DNA in techniques such as sin

gle-strand conformation polymorphism (SSCP) and denaturing gradient gel electrophoresis 
(DGGE). 
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AUTORADIOCRAPHY ANO IMAGING 

lhe first <lutoradiograph was obtained in 1867, when Niepce de SI. Victor dc~cribed lhe blacken
ing of emulsions Df silveI' chloride and iodide by uranium nitrate and tartrate. The blackcning 
occurred even when the uranium salt was separated from the emulsioll by shects of colored glass. 
At that time, radioactivitv had not been discovered and Niepcc strugglcd unslIcccssfllllv to explain 
his results in terms of luminesccnce. 

Molecular cloning depends on techniques to map accurately the distribuliol1 of radioacti\'e 
atoms 011 two-dimensional surfaces. For the last 20 years, autoradiographic images of Southern 
blots, northern hybridizations, DNA sequencing gels, and library screens have been lhe icons of 
the field. In autoradiography, a radioactive specimen emits radiation, generally in the form of ~~ 
particles whose image is recorded on photographic emulsiono A diagram of the events that occur 
during exposure of photographic emulsion to radioactivity is shown in Figure A9-l. 

The emulsions llsed in autoradiography are suspensions of crystals (grainsJ of silver halide in 
gelatin. Exposure to radiatiol1 activates the halide crystals, producing a latent image that can Iw con
verted to a true image by development. Each ~-particle emitted by the sample convcrts a nllmber of 
silver ions to silvo" atoms, which are then withdrawn from the crystal lattice. The resulting latent 
image is unstable since the atol11s of silver tend to lose their captured electrons anti to resume their 
places in the lattice. At room temperature, this retum reaction has a half-time of -1 sccond. At 
-70"C, the rate of the retllrn reaction is much slower, and there is little t~lding of the latent image. 

During development, the activated nuclei of silver ato1115 catalyze the conversion of the 
entire silver halide grain into metallic silver. In most emulsions, it is necessary to activate between 
5 and 10 silver atoms per crystal in order to obtain complete conversion of the crystal during 
development. Crystals with fewer activated silver atoms have a lower chance of development. This 
means that the intensity of the final image is not proportional to lhe intensity of the incidcnt radi
ation. Low leveIs of radiation will generate developed images that are disproportionatcly faint. In 
photography, this phenomenon is known as low-intensity reciprocity tailure. 

Converselv, exposure to an i ntense source of light or ~-particles can saturatc ali of the silver 
bromide crystals so that the emulsion becomes refractory to further radiation. The dcnsity of 
sllch burnt images is no longer proportiot1al to the intensity of the incident radiation. Devdopcd 
images whose absorbance at 545 nm exceeds 1.3 on a microdensitometer ha\'t' saturated the film 
and cannot be used to quantitate the intensity of the original source of radiation. 

The three isotopes most commonly used for autoradiography are 30S, "p, and 3:'p, ali of which 
emit ~-particles. The energies of these particles are different: )3S emits a particlc with a l11aximul11 
cnergy of 0.167 MeV that can penetrate film emulsion only to a depth of 0.25 111m (see Figure A9-
2). IIp emissions are slightly stronger (0.249 MeV) with a maximum penetration depth of 0.6 mm. 
Although this depth is sutficient to allow the emitted ~-particles to interact productivel)' with silveI' 

FIGURE A9-1 Events leading to the Formation 

of ,~aln~_~~~~r:<~~~~~~~~ ______ _ 

T 11(' didgrdlll 5h()w~ tha! partic les entering the autora
cliogrdphic illldge cause ejection of electrons from si 1-
\('r h,lIidl' (ry<;tal~. The,(~ electrons attract positively 
l hdrg('d sil\pr i(ms, generdting precipitates of silver 
<110m.;. 
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FIGURE A9-2 Energy of Radiation Emitted by Commonly Used Isotopes 
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(Topl Graphs show the spectra of energies carried by particles emitted by decaying radioactive isotopes. 
In each case, the arrow marks the average energy per particle. (Middle) Diagram showing the depth to 
which commonly used isotopes penetrate autoradiographic film. (Bottom) Principie oi Kodak BioMax 
TranScreen Systems (Modified, with permission, from Eastman Kodak Company; Kodak, BioMax, and 
TranScreen are trademarks oi Eastman Kodak Company.) 

halide crystals in the emulsion, it is not enough to allow the particles to pass through barriers (e.g., 
Saran Wrap) that might be placed between the film and the souree of the radiation. Thus, when 
establishing autoradiographs of 35S_ or 33P-Iabeled material, it is essential that the film and the 
souree of the radiation be direet1y apposed to one another. To reduee internaI absorption of radia
tion, gels should be as thin as possible and should be fix:ed and dried before autoradiographs are 
taken. Nitrocellulose and nylon filters should be thoroughly dried, and care should be taken to 
ensure that the surface earrying the radioactivity is plaeed in contaet with the filmo (Warning: Damp 
gels and membranes stick tightly to the film and usually cannot be removed.) 

32p, by contrast to 355 and 33p, emits a ~-particle with sufficient energy (1.709 MeV) to pen
etrate water or plastic to a depth of 6 mm and to pass completely through an X-ray filmo Gels and 
filters therefore need not be completely dried (although the sharpness of the autoradiographic 
image is much improved if they are) and ean be covered with Saran Wrap before they are exposed 
to the filmo Radiation from 32p is strong enough to require shielding by l-em Plexiglas, whieh 
blocks p-particles while minimizing production of Bremstrahlung. 
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AUTORADIOGRAPHY AND PHOSPHORIMAGING 

I ntensifying Screens 

Preflashing 

SI rong ~-p,Hticles, such as those emitted by decaI' of 52p, can pass undetected through X -ray tllm. 
'ló increase the cfficienc\' with which high-energy particles are detected, an inténsifying screen 
may be placed behind lhe X-ray filmo Radioacti\'e particles that pass through the f1Im hit the 
intensit\'ing screen and cause it to emit photons that are captured by silver hellide crystals in the 
emulsion. The efficiency of the intensifyíng screen is determined largely by the thickness of lhe 
phosphor layer. A thicker phosphor layer results in a "fa5ter" screen beca use the thick L1\'er 
absorbs more radiation than a thin layer. Thick screens are faster, but generate fuzzier ill1ages on 
film, due primarily to ditTusion of Iight in the phosphor layer. 

Most conventional intensifying screens are made of calcium tungstate, which emits b1ue 
light after capture of ~-partic1es. Other screens contain rare earths such as lanthanum oxvbro 
mide (blue light) Dl' gadolinium oxysulfide, which emits green light. Modern calcium tungstate 
screcns such as Lightning Plus (Dupont, Cronex) enhance the intensity of al1 autoradiographic 
image by a factor of ~5 \\'hen the film is exposed at low temperature (-70°CI to retard the decay 
of the latent image (Koren et aI. 1970; Swanstrom and Shank 1978). Intensifying screens are lIS11-

a11y used in pairs, with double-sided X-ray film and the 32P-labeled sample sandwichcd between 
the two screens in a light-tight cassette. 

Conventional intensifying screens do not improve the efficiency with which low-energy ~
particles can be captured by X-ray filmo It is therefore a waste of time to use thcse screens with 
s<1l11ples that are labeled with 35S, 33p, 14C, or;H (Laskey anel Mills 1977; S,lI1ger et ,11. 19771. 

However, specialized screens for use with these isotopes are available from Kodak. These sueens 
are placed betwcen the sample and the filmo ~-particles fi-om the sample are capturcd by the 
sueen and c011vcrted into photons, which are the11 detected by the film, as illustrated in Figure 
A \)-2. The signal enhancement provided by TranScreen i5 generallv equivalent to the sensitivity 
obtained using rluorography. 

The spectral emission of some phosphors requires that an appropriately sensitized tllm be used 
or much of the light will be wasted. Accordingly, the efficiencies with which 10\1' leveis of radio<1c
tivity c<ln be detected are increased by a further twofold by preexposing the film to a short (-1 
msec) flash of 1ight emitted by a stroboscope or a photographic t1ash unit. Thi5 exposure gener
ates stable pairs of silveI' atol11s within each silveI' halide crystal and therefore increases the prob
ability that an incoming particle of radiation wil! generate an activated crystal, which wil! be 
reduced to silveI' metal during the developing processo The distance of the light source from the 
film during preexposure should be determined empirically as follows (Lask('~' and Mílls 1975, 

J 977). Note that preflashing is not recommended for high-sensitivity films such as BioMax 
(Kodak). Pretlashing these films induces high leveis of baekground. 

1. Cover the stroboscope or flash unit with an orange filter (Kodak, Wratten 21 or 22.\ í. This fil
ter reduces the amount of incident blue light, to which X-ray fllm is very sl'l1sitive. 

2. \Vorking in total darkness, place the film perpendicular to the light source and at least 50 C111 

away from it. This pre\ents uneve11 illumination. Cover the 111m with a diffusing screen. If a 
suitable sereen is not <1vailable, use a piece of \'\'hatman No. J filter papel'. 
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Fluorography 

3. Expose a series of test films to the light source for different lengths of time and then develop 
the films. Cut the films into pieces that will fit neatly in to the cuvette holder of a spectropho
tometer. Measure the absorbance at 545 nm of the exposed films against a blank consisting of 
film that was not preexposed. Choose an exposure time that causes the absorbance to increase 
by 0.15. 

Preflashed film has another advantage: The intensity of the image on the film becomes pro
portional to the amount of radioactivity in the sample (Laskey 1980). The intensity of autoradi
ographic images on preexposed film can therefore be quantitated by microdensitometry and be 
used to measure the amount of radioactivity in the original sample. By contrast, the silver halide 
crystals in film that is not preexposed to light are not fully activated and therefore respond in a 
sigmoidal fashion to increasing amounts of radioactivity (Laskey and Mills 1975, 1977). This rela
tionship can complicate quantitation of autoradiographic images. The best types of films, for all 
types of autoradiography except fluorography, are Kodak X-Omat-R and Fuji RX. When pre
exposed, these films yield images whose absorbances are proportional to the intensity of the 
source of radioactivity over a range of 0.15-1.0. However, true linear responses are only obtained 
when (1) the background absorbanee of the film at 545 nm is raised to an OD of 0.10-0.20 and 
(2) the presensitizing flash is brief (-1 msec). 

The intensity of autoradiographic images of weak p-emitters such as 3H, 14C, and 35S ean be 
enhanced by impregnating the samples with chemicals that are fluorescent and emit many pho
tons when they eneounter a single quantum of radiation (Wilson 1958, 1960). Fluorography 
increases the sensitivity of deteetion of 14C and 35S approximately tenfold and permits deteetion 
of 3H, which is otherwise virtually invisible to conventional autoradiography. Fluorography is 
therefore particularly useful for the deteetion of radiolabeled proteins and nucleic acids in poly
acrylamide gels. 

In the original methods (Bonner and Laskey 1974; Laskey and Mills 1975), aqueous gels con
taining the radioactive samples were equilibrated with DMSO, impregnated with the seintillant 
PPO (2,5-diphenyloxazole), soaked in HP to remove the DMSO, dried, and exposed to X-ray film 
at -70°e. These procedures were costly, tedious (requiring at least 5 hours of work), and irrepro
ducible in inexperienced hands. The most frequent cause of diffieulty was the failure to remove 
DMSO: Complete removal is essential to avoid sticky geIs after drying. Because of these problems, 
a number of alternative solvents have been developed to deliver PPO to the sample. These include 
ethanol (Laskey 1980), glacial acetic acid (Skinner and Griswold 1983), and several other organic 
solvents (e.g., please see Shine et aI. 1974; Southern 1975). 

Despite these improvements, PPO has now largely been replaced as a scintillant by sodium 
salieylate (Chamberlain 1979) or by commcrcial scintillants (see below). With sodium salieylate, 
the levei of enhancement is approximately equal to that obtained with organie scintillants, 
although the bands are slightly more diffuse. Commercially available aqueous scintillants sueh as 
En3Hance, Enlightning, or Entensify (NEN Life Scienee Products) and Amplify (Amersham) are 
supplied in liquid and spray-on form and, if used in accordance with the manufaeturer's instruc~ 
tions, give results every bit as good as those obtained with PPO, with far less work. However, they 
are exeeedingly expensive. 

The types of X-ray film used for fluorography should mateh the fluoreseenee speetrum of 
the scintillant. Sodium salicylate emits at 409 nm, whereas PPO emits at 375 nm. Commercial 
enhancers emit either blue or UV light. Films that are sensitive in this region of the speetrum are 
called "screen-type" X-ray films and ínclude Kodak BioMax MS, Amersham Hyperfilm-MP, and 
Fuji RX. 
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TABLE A9·1 Sensitivity of Autoradiographic Methods for Detection of Radioisotopes 

ISOTOPE METHOD SENSITlVITY (dpm/mm 2) 

no enhanccmcnt 
tluorograph\' 

TranScrCl'n LE (Kodak) 

dirccl 

intcnsif\'ing screen 
TranScn:cn HE (Kodak) 

direCI 

intensifying serem 
TranScreen 11-: (Kodak) 

fluorography 

TranScreen LE (Kodak) 

int,'nSllh'illQ screen 

t1uorograplw 
TranScreen LE (Kodak) 

Sensitivity of Different Autoradiographic Methods 

) , 
--.) 

(U-l-1.2 

o.:; 
0,0:;-0.1 

13-30 

I-l.'i 

(),-I-O.6 

.2 

OX-I.2 

10-20 

7-1-110 

Tlble A 9-1 shows lhe selbitivities of different autoradiographic l11ethods for lhe delectioll of 
radioisotopes, \\'ith and without various enhancements. The amounts of radioacti\'ity shown in 
the table are those required to obtain a detectable image (A

34
, = 0,02) 011 prdlashed film that is 

exposed to the s<1mp\e for 24 hours. Much longer exposure times may be neces~ary to obtain pub
lishable images. 

Setting up Autoradiographs 

1. Prepare gcls for autoradiography in one of the following ways: 

a. Fix the SDS-polyacrylamide gcls containingllp or '''S, 1-lC, or 'H as described in Chapter 
5, Protocol 11. Use a commercial gcl dryer to dry the gels 011tO Whatlllan 3MM paper. 

b. Fix the sequencing gels containing J.ip or ':;S as described in Chapter 12, Protocol 12. Use 
a commercial gel dryer to dry the gels onto Whatman 3Ml\f paper. 

c. For maximal sensitivity and resolution, fix, dry, and mount the po\yacrylamide gels COI1-

taining lêp 011 backing papel'. 
SatisÜ1ctory images oI' \\'et, unfixed gels can <lIso be obtaincd as long as lhe gcls are scalcd in 
d plastic bag <lr wrappcd in Saran \\'rap before they are <:xposcd to lhe tilm (ple.1St scc 
Chapter 5, Protocol 11). 32P-Iabeled nucleic acids in agarose gels e1l1 bc dc,tccted b)' cxpos
ing the wct gel (\\Tapped in Saran \\'rap) to X-ray film. However, for maximal sensitivil)' anel 
resolution, lransfer lhe radiolabeled nucleic aeids to a solid support (nitrocl'ilulose OI' 11\'1011 

I11cmbrane) as described in Chaptcr 6, Protocol 8. Dr)' the solid supports and COH?r with 
Sill<ln Wrap to prevent cOlllamin31ioIl ()f intensifying screens and film hokkrs, 

2. Place pieces of tape marked with radioactive ink around the edge of the sal11ple 011 the back
ing paper or Saran 'v\'rap. Covcr thc picccs of tape with Scotch Tape. Thís ,ll'mngemcnt 1'l'e
vents contamination of the film holder or intensifying screen with the radioacti\'e ink. 

Alternati\'ely, attach luminescent labels to lhe paper or Saran Wrap. Thesl' may bc Pllrchased frol11 
several m,mlll~1Ctlln:rs (e.g" Stratagene). 
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3. In a darkroom, place the sample in a light-tight X-ray film holder and cover it with a sheet of 
X-ray filmo If preflashed film is used, the preexposed side should face the sample; if an inten
sifying screen is used, the preexposed side should face the intensifying screen. 

4. Expose the film for an appropriate length of time (see Table A9-1). When conventional inten
sifying screens or fluorography is used, the film must be exposed at -70°C. The low temper
ature stabilizes the silve r atoms and ions that form the latent image of the radioactive source. 

5. Remove the film holder from storage (use gloves to handle holders stored at -70°C). In a 
darkroom, remove the film as quickly as possible and allow it to warm up to room tempera
ture before developing. 

If it is necessary to obtain another autoradiograph, apply another film immediately and return the 
film holder and screens to the freezer as rapidly as possible. If condensation forms before the new 
film can be applied, allow the sample and screens to reach room temperature and wipe away all 
condensation before applying the new filmo 

6. Develop the X-ray film either in an automatic X-ray film processor or by hand as follows: 

X -ray developer 
5 minutes 

3% acetic acid stop bath or water bath 
1 minute 

rapid fixer 
5 minutes 

running water 
15 minutes 

The temperatures of ali solutions should be 18-20°C. 

7. Use the images of the radioactive or luminescent markers to align the autoradiograph with 
the sample. 

Phosphorimaging 

Autoradiography has been the mainstay of molecular cloning for many years. Recently, however, 
two types of phosphorimaging devices have become available that create images of radiation 
sources on computer screens rather than on conventional photographic filmo One type of device 
(area detector) scans the gel or filter in small windows with a Geiger counter, compiling a con
tour map of the number of radioactive disintegrations per unit area. Thc other device uses plates 
coated with a light-responsive phosphor. The film or filter is directly exposed to the plates, and 

the energy emitted is stored in a europium-based coating. The plates are then scanned by a laser, 
releasing photons that are collected to form an image. Both devices present the image on a com

puter screen. These instruments are more expensive than those required for conventional autora
diography and the images have a lower resolution. However, the images can be detected in 
-10-20% of the time required by conventional autoradiography and a darkroom is not required. 
In addition, the linear range of imaging instruments extends over about five orders of magnitude, 
an improvement of at least 100-fold over conventional X-ray filmo Densitometric analysis of 
images is therefore more accurate and far simpler. Details of phosphorimaging methodology will 
vary with the device used and manufacturers' instructions should be followed. The images are 
captured electronically and can be stored and prepared for publication using programs such as 
Adobe Photoshop (Adobe Systems Incorporated). 
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TABlE A9·2 Data 

3H 35 5 32p 

TIME % ACTlVITY TIME ACTlVITY 

(YEARS) REMAINING (DAYS) REMAINING (DAYS) REMAINING 
---------

94.5 2 98.4 95 .. \ 

2 89.3 5 96.1 2 90.N 

.3 84.4 10 92.3 3 R6.5 

4 79.8 15 RR.7 4 82.4 

5 75.4 20 85.3 -' 7~.S 

6 71.3 25 82.0 6 7-l.~ 

7 67.4 31 78.1 7 71.2 

H 63.7 37 74.5 K 67.K 

9 60.2 43 71.0 9 64.:-

10 56.9 50 67.0 10 6U 

11 53.8 57 63.6 11 5H.7 

12 50.9 65 59.6 12 55.9 

12.3 5n.O 73 56.0 J3 5.3,2 

81 52.5 14 50.7 

87.1 50.0 14.5 50.0 

1231 131 1 :l3p 
-~---------,--- -----------

TIME % ACTlVITY TIME % ACTlVITY TIME % ACTlVITY 

(YEARS) REMAININC (DAYS) REMAININC (DAYS) REMAININC 

4 95.5 n.2 9H.3 .2 94.1 
8 91.2 0.4 96.6 4 89" 

12 87.1 n.6 95.0 6 04.9 

16 83.1 1.0 91.8 8 80.4 

lO 79.4 1.6 87.2 10 76.1 

24 75.8 2.3 81.2 12 72.1 

20 72.4 3.1 76.7 14 6tU 

.\2 69.1 4.0 71.0 16 64.6 

.\6 66.0 5.0 65.2 18 61.2 

40 63.0 6.1 59.3 20 57.9 

44 ôO.2 7 . .\ 53.4 22 54.<.) 

48 57.4 8.1 50.0 24 52.0 

52 54.8 25.4 50.0 

56 52.4 

60 50.0 

Olle Curie ICil i, equivalent to the <lmount ofan isotope undergoing 3.7 x 10 1

" nuclear disinkgr.lliom/sécond 12.22 xiII: 
disintcgratiolb/millutel. I Ci 3,1 x 10 1

" becquerels IBq!. 

I Bq 2,IX lO II Ci 
I pU 37 x lO' Bq 37 kBq 2.22 x 100 dpm 
II11Ci 37x1O"Bq 37.\lBq 2.22 x I ()~ dpm 
lei .'7 x 1()~Bq 37 GBq 2.22 X lU I : dpl11 
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CHEMILUMINESCENCE 

larry J. Kricka 
Department of Path%gy and Laboratory Medicine, University of Pennsy/vania, Philade/phia 

Radioactive reagents have been gradually replaced by nonisotopic reagents for some tasks in mol
ecular biology. Concern over laboratory safety and the economic and environmental aspects of 
radioactive waste dispo sal have been key factors in this change. Generally, the new nonisotopic 
systems have improved in terms of analytical sensitivity and the time required to obtain a resulto 
The most prominent nonisotopic analytical methods exploit chemiluminescence. This technique 
has been particularly effective when used in combination with an enzyme label, 50 that the ampli
fying properties of an enzyme label and the high sensitivity of a chemiluminescent detection reac
tion are combined to produce an uItrasensitive assay (e.g., chemiluminescent detection of perox
idase- and alkaline-phosphatase-labeled proteins and nucleic acid probe5). In ali of the com

monly used applications in molecular biology, the analytical performance of the chemilumines
cent systems approaches that of 1251_ or 32P-based systems. Chemiluminescent systems also avoid 

the lengthy signal detection times required with 32P-based methods, yielding results in minutes 

rather than day5. In addition, chemiluminescent probes can be easily stripped from membranes, 
allowing the membranes to be reprobed many times without significant 10s5 of resolution. 

Experimental protocols for directly attaching nonisotopic labels to nucleic acids and indirect 
labeling methods based on biotin, fluorescein, and digoxigenin labels are now well established. 
The ancillary reagents (e.g., avidin, streptavidin, antidigoxigenin, and antifluorescein enzyme 
conjugates) required for the indirect methods are widely available. In addition, several companies 
have developed complete kits of labeling and detection reagents to simplífy and facilitate the 
application of the chemilumínescent assays. 

Chemiluminescence is the light emission produced in certain chemical reactions as a result 

of the decay of chemi-excited intermediates to the electronic ground state. Most chemilumines
cent reactions are oxidation reactions beca use the production of visible light requires highly ener
getic reactions (63.5 kcallmole for visible light at 450 nm) (please see the panel on CHEMILUMI
NESCENT REACTIONS). 

CHEMILUMINESCENT REACTIONS 

Acridinium ester + peroxide + base 
Adamantyl1 ,2-dioxetane aryl phosphate + alkaline phosphatase 
Lucigenin + peroxide + base 
Luminol peroxide + base 
Nitric oxide + ozone 
bis(2,4,6-trichlorophenyl)oxalate + peroxide + fluorescer 

~NH 
~~H 

NH2 o 

Generally, chemiluminescent reactions are inefficient, especially in aqueous envi

ronments, and the chemiluminescent quantum yields are typically < 10%. Despite 

such inefficiency, this type of reaction is analytically use fui and there are many 

highly sensitive assays based on compounds with quantum yields of only 1 % (e.g" 
luminol [5-amino-2,3-dihydro-l ,4-phthalazinedione l; the chemical structure of 

luminol is shown at the left). 

Chemiluminescence has a long history (for a review, please see Campbell1988) and some 
of the compounds in routine use today have been known for a long time. Luminol was first syn
thesized in 1853 (its chemiluminescent properties were not recognized until1928), and lucigenin 
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(bis-N-methvldcridinium nitrate; the chel11ical structure of lucigenin is 
shown at the right) was synthesized in 1935. Chemilul11inescent reactions 
are known in the gas phase (reaetion of nitrie oxide and ozone), liquid phase 
(c.g., luminol oxidatiol1 reaction), and solid phase (e.g., phosphorous oxi
dation reaetion) (Gllnderl11ann and MeCapra 1987; Campbell 1988; Van 
Dyke and Van Dyke 1990). 

There are nllmerOllS applieations for ehemilumineseent reaetions L ....... ____ •... __ • __ .J 

ranging from the t~lmiliar ell1ergeney lighting that exploits the tluoresenee-sensitized peroxyox
alate oxidation reaetion (Cyalume Lightstieks) to the study of phagoeytosis llsing Iucigenin or 
IuminoI to enhanee weak eellular ehell1ilumineseenee (Allen and Loose 1976). In molecular biol
ogy, ehemiluminescent eOll1pounds are used as labels in 1111cleie aeid probe and protein blotting 
applications (e.g., Southern and western blotting), and as reagents to dett'ct enzyme-I,lbeled 
nucleic aeids and proteins (Tables A9-3 and A9-4) (Krieka 1992; Nozaki et aI. 1992). Specific 
advantages of ehemiluminescent assays and protoeols are improved sensitivity over conventional 
radiometric, colorimetric, and tluorometrie detection systems, hazard-free reagents, rapid results, 
é1nd vcrsatile assay formats (e.g., solution- and membrane-based assays). 

Chemiluminescent labels 

Acridinium Esters and Re/ated Compounds 

Light emission from an acridinium-ester-labeled antigen or antibody, prepared using an aclivated 
labe! (2',6' -dimethyl-4' [N-slIccinimidyloxycarbonyl] phenyl 10-methyJacridinium-9-carboxy
late), is triggered by simply adding a mixture of sodium hydroxide and hydrogen peroxide. The 
light is emitted as a rapid tlash lasting <5 seconds, and this time se ale imposes certain constraints 
O!1 lhe initiation of light prodlletion and its measurement (Weeks et a\. 1983; Law et aI. 1989). 
Usually, the Jight emission is measured by injecting the reagents into the assa)' tube positioned 
direetly in fmnt of a photodetector in the light-tight measuring chamber ()f the IUl11inometer. 
Acridínium esters and the acridínilll11 earboxamide analogs (acridinium -9- [ N-sulfonyl] carbox
<lmide) (Kinkel et aI. 1989; Mattingly 1991) are the principal chemiluminescent labels used in 
immunoassay (available from Assay Designs Ine, Athens, GA; Behringwerke AG, Marburg, 
(;ermany; Ciba Corning Diagnostics, Medfield, MA, and Molecular Light Technology Research 
Ltd, Cardiff~ LJK). The detection limit for this type oflabel is ~O.5 attomole (0.5 X lW IK moles). 

Nonseparation DNA probe assays based on hybridization protection have been devised 
(Arnold et a\. 1989). This type of assay does not reqllire the separation of bound from unbound 
labeled species and so can be eonveniently performed in a single step. The hybridization protee
tion assay format exploits the míllionfold difference in the hydrolysis rate of an acridinÍum-ester-

TABLE A9-3 Chemiluminescent Assays for Immunoassay and Nucleic Acíd Hybridization 
Labels 

ENZYME 

Acridinium estcr 
Alkaline phosphatasc 

13-1 )-galactosida~e 
Hnrscradish peroxidasc 

lsoluminol 
Xanthinc oxidasc 

SUBSTRATE 

NaOH + peroxide 

AMPPD 

AMPCD 
luminol I pcrborate + 4-iodophenol 

microperoxidase + peroxide 
luminol + Fe EDTA 

DETECTION llMIT 

(ZEPTOMOLES) 

500 

30 

5,000 

SO,O(JO 

3,000 
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TABLE A9-4 Applícations of Chemiluminescence in Molecular Biology 

TECHNIQUE 

Cell surface molecule analysis 
Colony screening 

DNA fingerprinting 

DNA sequencing 

Dot/slot blots 
Gel mobility shift assay 

In situ hybridization 
Northern blotting 

PCR product detection 

Plaque screening 

Reporter gene 
Reverse transcriptase assay 

RFLP typing 

Southern blotting 

Southwestern analysis 

Western blotting 

EXAMPLE 

cm 
E. coli transformed with pSP65 containing 
N-ras proto-ollcogene 
Plant and fungai genomes; forensics 

Single vector and multiplex 

M13 single-stranded DNA 
DNA-binding protein complex AP-l (Jun/Fos) 

Herpes simplex virus I 

LDL receptor 

IL-6, PGDF 

bcl-2 t(14: 18) chromosomaI translocation; 
Listería mOllocytogenes 
M13mp8 containing N-ras proto-oncogene 

~-D-galactosidase lacZ gene 
HIV and lentivirus reverse transcriptase 

Clostridium difficile 
pBR328 

t-PA 

HLA class I antigens 

Protein: c-myb intron DNA interaction 

HIV-l antibodies; Iransferrin 

REFERENCES 

Meier el aI. (1992) 
Stone and Durrant (1991) 

Decorte and Cassiman 
(1991); Bierwerth el aI. 
(1992) 
Beck et aI. (1989); Creasey 
et aI. (I 991); Martin et aI. 
(1991); Karger et aI. (1993) 

Stone and Durrant (1991) 
Ikeda and Oda (1993) 

Bronstein and Voyta (1989) 

Hóltke et aI. (1991) 

Engler-Blum el aI. (1993) 

Nguyen et aI. ( 1992); 
Holmstrom et aI. (1993) 

Stone and Durrant (1991) 

Jain and Magrath (1991 ) 
Cook et aI. (1992); Suzuki 
et aI. (1993) 

Bowman et aI. (1991) 
Hóltke el aI. (1991) 

Cate et aI. (1991 ) 
Engler-Blum rI aI. (1993) 

Dooley et aI. (1992) 

Bronstein et aI. (1992) 

labeled probe that is hybridized to complementary target DNA and labeled probe free in solution. 
Hydrolysis using a pH 7.6 borate buffer destroys the chemiluminescent property of the label, and 
the light emission produced after the hydrolysis step is due solely to the hybridízed labeled probe 
(available from Gen-Probe, San Diego, CAl. 

Luminol and Its Analogs 

Luminol was the first chemiluminescent compound to be used as an immunoassay label 
(Schroeder et aI. 1978). Light emission is triggered by adding an oxidant (e.g., hydrogen perox

ide) in the presence of a suitable catalyst (horseradish peroxidase, microperoxidase, ferricyanide). 
However, labeling via the 5-amino group of luminol reduced light emission by a facto r of 10. 
Isoluminol, the 6-amino isomer of luminol, is less efficient than luminol (quantum yield 0.1 %), 

but labeling at the 6-position increases the light emission by a factor of 10, and thus this com
pound, and its amino-substituted analogs, such as N-(4-aminobutyl)-N-ethylisoluminol (ABEl), 
have beco me the favored labels for immunoassay applications (Kohen et a!. 1979; Pazzagli et aI. 
1982). 

Pyridopyridazines represent a separate dass of chemiluminescent compounds. Early data 

indicate that these compounds, particularly the 8-amino-S-chloro-7 -phenyl and 8-hydroxy-7-
phenyl derivatives, wiU be useful as labels and co-substrates for detection of peroxidase labels. 
Compared to luminol, these compounds have a much more intense chemiluminescence (-50-
fold) (Masuya et aI. 1992). 
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Alkaline Phosphatase 

Clze11zilll 111 iIlC5Cí'IlCC A9.19 

Adamantyl 1 ,2-dioxetane aryl phosphates (e.g., AMPPD; disodium 3-( 4-methoxyspiroll ,2-diox
etll1e-3,2' -tricyclo [3.3.1 -1 decan]-4-yl )-phenylphosphate) and the 5-S11bstituted analogs (e.g., :;
chloro: CSPO; available from Tropix 1nc. 1 have beco me extremely popular as chemiluminescent 
substrates for alkaline phosphatase labels (Bronstein et al. 1989, 1990, 1991; Schaap et al. IlJ89). 
lhe detection limit for the enzyl11e is 1 zeptomole (10-11 moles) and the light emission is long
lived ( 1 hour), thus making this an ideal system for use with memb1'ane-based assays. The Iight 
emission from this reaction can be enhanced by a nylon membrane surface and by certain poly
mcrs, for examp!e, polyvinylbenzyl(benzyldimethylammonium) chloride. 111 the case of l1ylol1, 
the enhanccment is due to sequestering of the dephosphorylated intermediate in hydrophobic 
domains; these stabilize and minimize nonluminescent decomposition of the intermediate. 
Chemilumineseent assays for alkaline phosphatase labels are now lIsed widely for blotting and 
DNA sequencing (Beck and Küster 1990; Tizard et aI. llJ90). 

I)-galactosidase 

Adamanty!1,2-dioxetane aryl galactoside substrates (AMPGO) for this enzyme are increasing in 
popularity. The enzyme cleaves the galactoside group from the 3-position of the aromatic ring to 

produce a phenoxide intermediate, and this compound decomposes to produce light. lhe detec
tion limit for the enzyme L1sing lhis assay is 30 zeptomoles. 

Horseradish Peroxidase 

LlIminol anel other cyclic eliacylhydrazides serve as chemilumineseent cosubstr,ltes for horseradísh 
peroxidase. The basic isoenzyme of horseradish peroxidase can be assayed in amounts <5 atto
moles (5 X 1O~1 I) moles) using an assay reagent comprising !uminol, hydrogt'l1 peroxide, and an 
enhancer (e.g., 4-iodophenol or 4-hydro:>.:ycinnamic acid) (Whitehrad rt a!. 1983; Thorpe et al. 
IlJ85; Thorpe and Kricka 1986). Enhaneement of the acidic Ísoenzymes of pero~idase is much kss 

effective. The role of the enhancer is to increase the intensity of the light emission anel reduce ba(k~ 
ground light emission due to oxidation of luminol by peroxide or other oxidants. I'his dual etleet 
has dramatic impact on the detection of peroxidase activity and inereases the ratio of signal to 
background by several thousandfold (the enhanced chemiluminescent assay reagents are available 
f1'Om Amersham). This sensitive assay for peroxidase (> lO-fold more st'l1sitive than a colorimetric 
assay) has been combined effectively with the catalyzed reporteI' deposition (CARD 1 protowl 
(Wig!e et al. 1993 l, In this amplification seheme, a peroxidase label reaets with a biotin tY1'<1mine 
substrate to produce highl)' reactive radical products that react with the label and any protein in 
lhe immediate vicinity of the !abe!. Next, deposited biotin grollps are reacted with streptavidin
peroxidase (in this way, the original peroxidase label is amplified manyfold), anti bound peroxidase 
is detected using the enhanced chemiluminescent assay. Significant improvements in st'l1sitivity 
were achieved using the eombination of CARO and chemilumineseent detection as opposed to col
orimetric detection of the deposited peroxidase. 

Xanthine Oxidase 

This enzyme can be assayed using a mixture of luminol and an iron EDTA complex (Raret et aI. 
!lJlJ(); Baret and Fert 1990). The assay is sensitive (detectiol1 limit 3 attomoles), and one notable 
advantage Ís that lhe light emission from the xanthine-oxidase-catalyzed chemiluminesccnt reac
tion is very long-lived (>96 homs). 
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Glucose Oxidase 

Several chemiluminescent assays for glucose oxidase have been developed. Isoluminol or luminol 
in the presence of a microperoxidase catalyst can be used to assay peroxide produced by the action 
of glucose oxidase on glucose (Sekiya et a!. 1991); alternatively, the peroxide can be measured 
using the chemiluminescent fluorophore-sensitized bis(2,4,6-trichlorophenyl) oxalate reaction 
(Arakawa et aI. 1982). 

Commercial Reagents, Kits, and Luminometers 

Comprehensive surveys of available chemiluminescent reagents and kits and luminometers for 
the measurement of light emission have been published (please see Stanley 1992, 1993). Also 
available are a series of compilations of references to current developments in both the funda
mental and applied aspects of chemiluminescence (please see Kricka and Stanley 1992; Kricka et 
aI. 1993; Wilkinson 1998). Chemiluminescence can be detected using a range of measuríng 
devíces, includíng a photomultíplier tube (in photon counting or less sensitive photon current 
mode) or silicon photodiode, or it can be imaged using a CCD camera (Wick 1989) or photo
graphic film (Kricka and Thorpe 1986). CCD cameras are gaining in popularity because they are 
a convenient and sensitive means of detecting light emission from a two-dimensional source sllch 
as a membrane or a 96-well microplate. In addition, the kinetics of light emission are easily mon
itored, and image enhancement and background subtraction improve the quality of the reslllts. 
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BIOlUMINESCENCE 

Bioluminescent organisms generate light from chemical reactions that are catalyzcd lw cnzymcs 
called luciferases. Many of these reactions are extremely efficient and produ..:\.' abollt one photo!1 
per luciferase cyele. In the laboratory, light generated by the action of lucifer,lses c<ln be captured. 
amplified, and measured in a luminometer. A sensitive instrument can detect the light produced 
by the activity of 2 X 1O~ luciferase molecules (10-20 moles), a leveI that i5 several orders of mag
nitude more sensitive than any non-light-producing enzymatic reaction. Because assays for 
luciferases are simple to perform, luciferase genes have become widcly used as reporkrs which, 
when linked to appropriate regulatory elements, provide accurate measurements of the levei oI' 
gene expression. In the short space of 3 or 4 years, luciferases have replaced chloramphenicol 
acetyltransferase (CAT) as the reporter system of choice. Assays for luciferase are more sensiti\'e, 
faster, and less expensive than CAT assays; they do nol require the use of radiolabeled compounds 
and may not involve the destruction of the host cells. 

Luciferases are widely distributed in nature and are diverse in structure. The best studied are 
those of the C01111110n North American firefly P!Jotinus pyralis (Photinlls lucifêrin 4-mol1o-ox)'ge
nase) and the marine microorganism Vibrio harveyi (alkanal, reduced-FMN:oxido oxidoreduc
tase). The properties and substrate specítlcities of these two luciferases are very different. 

Firefly luciferase 

Firefly luciferase catalyzes the oxidative decarboxylation of D( -) luciferin in lhe presence of ATP
Mg2t to generate oxyluciferin and light: 

luciferin + ATP-Mg2+ + luciferase -71uciferase:luciteryl-AMP + PPj 

luciferase:luciferyl-AMP + 02 -71uciferase + oxyluciferin + CO2 + AMP + In' (5b2 11m) 

Luciferin is a generic term for substrates lhat generate light during oxidalion catalyzed by 
I uciferases. Firet1y luciferin, 6-hydroxybenzothiazole [D- (-) - (6 'hydroxy-2 'benzothiazolvl) !)2_ thi
azoline-4-carboxylic acid] was first isolated in pure form from firetlies in 1957 by Ritler and 
McElroy; 9 mg of pure luciferin was obtained from 15,000 firet1ies. Nowadays, luciferin is syn
thesized chemically. 

Properties af Firef/y Luciferase 

Firefly luciferase is a 521-amino-acid protein with a predicted molecular weight of 57,000 (de \Vet 
et aI. 1987) that is targeted to peroxisomes in ali organisms in which the protein is expressed 
(Keller et aI. 1987; for review, please see Gould and Subramani 1988). The membrane-bound 
nature of peroxisomes undoubtedly limits access of substrates (Iuciferin and ATP) to the enzyme 
and may account for the \ow leve! of light produced when firefly luciferase is assayed in intact 
mammalian cells (de Wet et a!. 1987; Gould and Subramani 1988). Deletion OI' mutation of the 
three carboxy-terminal amino acid residues generates cytosolic forms of the enzyme. Several of 
these cytoplasmic mutants appear to retain tull enzymatic activity (Gould and Subramani 1988), 
but it is not yet known whether they are more accessible to substrates that are added to the extra
ceUular medi um. 

In addition to tolerating changes at its carboxyl terminus, firef1y luciferase will accept alter
ations to its amino terminus. The enzyme has been expressed in E. co/i (I) as a fusion protein that 
lacks the first six amino acids of luciferase and contains eight amino-tenninal residues encoded 
hy the expression vector and the synthetic oligonuclcotide used for cloning (de Wet et a!. 198j) 

and (2) as a 92-kD fusion with a modified Staphy/ococClIs illlrcus A protein (Subramani and 
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DeLuca 1988). A series of eukaryotic expressíon vectors for measuríng promoter strength has 
been developed by Promega. A particular1y useful version, the Dual Luciferase Reporter Assay 
System (DRL), encodes two luciferases, one from the firefly and the other from the sea pansy 
(Renilla reniformisl. This dual reporter assay provides a convenient internai standard for normal~ 
ization of gene expression measurements. 

Firefly luciferase, isolated either from firet1ies or from E. coli expressing a cloned copy of the 
luciferase gene, is available commercially (Boehringer Mannheim, Sigma, and Promega). A solu~ 
tion of purified firefly luciferase (1 mg/ml) has an absorbance at 280 nm of 0.75 (DeLuca and 
McElroy 1978). 

Assays for Firef/y Luciferase 

Luminometry. Addition of ATP and luciferin to preparatíons of firefly luciferase generates a flash 
of light that peaks 0.3 second late r and lasts for a few seconds. Within 1 minute after mixing sub
strate and enzyme, the intensity of the emitted light falls to -10% of peak values and then declines 
more slowly over a period of several minutes. The decay in light emission is caused by slow 
turnover of the enzyme and product inhibition by pyrophosphate (DeLuca and McElroy 1978). 
Dissociation of the enzyme-product complex occurs more efficiently in the presence of 
acetyl-coenzyme A (CoA) (Wood 1991) and nonionic detergents such as Triton X-IOO (Kricka 
and DeLuca 1982). The eoneentration of ATP in the assay affeets the intensity of light produced 
in the two phases of the reaetion. Firefly luciferase has two distinet, eatalytically active ATP-bind
ing sites. One site is responsible for the initial flash, whereas the second, which has a higher affin
ity for ATP, is involved in the continuous production of light of lower intensity (DeLuca and 
McEIroy 1984). Assays for luciferase generally contain concentrations of ATP that are sufficient to 
saturate both sites of the enzyme. Under these conditions, the amount of light emitted during the 
initial flash is proportional to the amount of enzyme in the reaction mixture over five orders of 
magnitude. Beeause of the short duration of the initial flash, most assays for luciferase require 
specialluminometers that are designed to allow injection and rapid mixing of reagents and imme
diate analysis of the emitted light. A moderately priced luminometer ean deteet as little as 
0.03-0.10 pg of luciferase. 

An improved luciferase assay system is available from Promega. The system generates a 
burst of light whose intensity remains nearly eonstant for -20 seconds and then decays slowly 
with a half-time of 5-10 minutes. These more favorable kinetics are achieved by induding Triton 
X-lOO and acetyI-CoA in the assay system. Luciferin is oxidized more efficiently by luciferyl-CoA 
than by luciferyl-AMP (Wood 1991). The emitted light can be measured either in a luminometer 
or in a liquid scintillation counter. 

Liquid scintillation spectroscopy. lf a luminometer is not available, firefly luciferase can be 
assayed in a eonventionalliquid seintillation counter. Reaction eonditions have been reported that 
minimize the intensity of the initial flash and optimize the long-lasting emission of low-intensity 
light by firefly luciferase (Nguyen et aI. 1988). The reactions are carried out in microfuge tubes or 
96-well pIates (Sehwartz et a!. 1990), and the emitted light is measured in a ehannel of a seintilla
tion counter that deteets ehemilumineseenee. Colleetion of data begins a few seeonds after the 
reagents have been mixed and continues for 3-5 minutes. Under optimaI conditions, measure
ment of long-Iasting emission of light in a scintillation counter is as sensitive an assay for firefly 
luciferase as luminometry. 

Some scintillation counters are not equipped with a preset channel for detection of ehemi
Iumineseenee. However, the standard ehannels used for eountíng of atomic disintegration ean be 
used for assay of luciferase provided the coincidencc circuit is turned off. The counts per minute 
are then proportional to the intensity of luminescence. If the eoincidenee circuit eannot be turned 
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()ff, the intensity of luminescence will be proportional to the square root of the cOllnts per minute 
after background has been subtracted. 

Photographic and X-ray film. Firefly luciferase can be detected by exposillg the light-emitting 
reaction to X-ray or photographic films (de Wet et a!. 1986; Wood and DeLuca 1987). This 
method is useful for preliminary screening of samples for the presence or absence of firet1v 
luciferase (e.g., screening tissue extracts of transgenic animaIs or estimating the relative etficien
cies of a series of mutant promoters). 

Firef/y Luciferase as a Reporter Mo/ecu/e 

The use of luciferase as a reporter gene follows the same basic strategy devcloped for other 
reporter gene systems. In brief, a segment of DNA containing putative regulator\' âs-acting ele
ments is inserted into a plasmid upstream of a c\oned copy ofluciterase cDNA. The chimeric con
slruct is used to transfect cultured cells of the appropriate type, and luciferase activity is assayed 
some time later in extracts of the transfected cells. When the assay is carried out in the presence 
of excess substrates, the amount of luminescence is proportional to the concentration of newl~' 
synthesized enzyl11e. Because extracts are likely to contain ATP, whose concentration is unknown, 
luciferase is generally measured by adding lucíferin as the last substrate. PromOkrless expression 
vectors for luciferase have been described by Nordeen (1988). Another suitable plasmid, pGE~I-
11Ie, sold by Promega, contains the firefly luciferase gene positioned in the center of the multiple 
cloning region of pGEM-IIZf( - l. 

Cultures of mammalian cells (2 X 103 cells) transfected by the calciulll phosphate method 
with a reporte r construct in which expression of tlrefly luciferase i5 driven by ,1 moderatcly strong 
promoter produce-15-50 ng of luciferase. Luciferase activity is stable fór several weeks in 
extracts of cells stored at 4°C. 

Luciferase was first used in 1988 as a reporter for promoter activit)' in transgenic mice 
(DiLella et a!. 1988). Since then, it has bem used sucessfully as a reporteI' to measure lhe tissue 
specificity, developmental expression, and strength of more than a dozen different promoters in 
transgenic animais. Luciferase is commonly used as a reporter to locate and analyzc regulatory 
elements in mammalian genes (e.g., please see van lonneveld et a!. 1988; Economou et a!. 1989; 
Hudson et aI. 1989). In addition, luciferase has been used (1) lo identify proteins that int1uence 
gene transcription (Waterman et aI. 1988; Mellon et aI. 1989), (2) to investigate the etfects of 
mRNA structure on protein synthesis (Baughman and Howell 1988; Malone et a!. 19891, and (31 
to measure rates of intracellular protein recycling (Nguyen et a!. 1989). Luminometric measure
ments can detcct-5 X 103 molecules of luciferase in 10 mg of protein in a crude tíssue extract, 
which is a fivefold increase in sensitivity over assays for CAI activity in tiSSlle extracts (Robinsoll 
etaI.1989). 

Bacterial Luciferase 

Lllciferase of \'ibrio harvc)'i is a heterodimer whose (J, and ~ subllnits (355 and 324 amino acids, 
respectively) are encoded by the bacterialluxA and luxB genes. These genes, which are part of an 
operem (Belas et a!. 1982; for review, please see Ziegler and Baldwin 1981), have been c!oned, 
sequenced, and expressed, 6rst in E. coli (Baldwin et a!. 1984; Cohn et aI. 1985; Johnston et aI. 
1986) and then in plants, where the luxA and IlIxE cistrons were placed downstream from t\\'o 
separate promoter elements (Koncz et a\. 1987). The termination codon of IlIxA and lhe short 
intercistronic distance separating luxA and luxB have been replaced by sequences encoding 
polypeptidc Iinkers (Boylan et a1. 1989; Kirchner et aI. 1989). The resulting fused IllxA and IllxB 

genes express highly active luciferase that can be assayed in yeast, E. coli, and plant cells. This abil-
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ity to express bacterialluciferase as a single polypeptide removes a major obstade to its use as a 
reporter molecule in mammalian ceUs. Bacterialluciferase catalyzes the oxidation of long-chain 
aldehydes into carboxylic acids using FMNH2 as a cofactor, producing photons as one of the reac
tion products: 

RCHO + O2 + FMNH2 ~ RCOOH + FMN + HP + hv (490 nm) 

where Ris an aliphatic moiety containing at least seven carbon atoms; FMN is a flavin mononu
deotide; and FMNH2 is a reduced flavin mononudeotide. Bacteria contain enough FMNH2 to 
drive this reaction, and light emission can therefore be measured direct1y from intact ceUs, aUow

ing gene expression to be assayed in real time (e.g., please see Legocki et aI. 1986). In yeasts, the 
intraceUular concentration of FMNH2 is much lower, and the intensity of in vivo luminescence is 
therefore far lower than in intact bacteria. However, the levei of light produced in intact yeast cells 
expressing the bacteriallux genes is stilllOOO-fold over background and significantly above that 
reported for firefly luciferase (Tatsumi et aI. 1988). Intact cells of higher eukaryotes do not con
tain enough FMNH2 to drive the reaction catalyzed by the fused luxAB genes. However, addition 

to ceU extracts of FMNH2 and an FMNH2-generating system (e.g., NAD[PJH:FMN reductase; 
available from Boehringer Mannheim) generates high leveis of luminescence. 

Although side-by-side comparisons of efficiency have not been reported, a luxAB fusion has 
two theoretical advantages over firefly luciferase as a reporter molecule: luxAB is a cytosolic mol

ecule, and its substrate, the aldehyde decanal, penetrates membranes easily. Although the quan
tum yield of the photochemical reaction catalyzed by luxAB is less than that of firefly luciferase, 
luxAB may turn out to be the more sensitive reporter in intact cells. For a summary of chro
mogenic and luminescent methods of detection of immobilized antigens, please see Appendix 8, 
Table A8-12. 

Green Fluorescent Protein 

The bioluminescent jellyfish, Aequorea victoria emits a characteristic green fluorescence, which is 
due to the interaction of two proteins, the calcium-binding photoprotein aequorin, and the green 
fluorescent protein (GFP). The emission spectrum ofGFP peaks at 508 nm (Johnson et aI. 1962), 

a wavelength dose to that of living Aequorea tissue, but distinct from the chemiluminescence of 
pure aequorin, which is blue and peaks near 470 nm. With the initial purification and crystalliza

tion of GFP, it was discovered that calcium-activated aequorin could efficiently transfer its lumi
nescent energy to GFP when the two were co-adsorbed onto a cationic support (Morise et aI. 
1974). Green light is produced when energy is transferred by a Foster-type mechanism from Ca2+

activated aequorin to GFP. Blue light emitted by activated aequorin is captured by a hexapeptide 
chromophore (beginning at residue 64 of GFP) that contains a cydic structure (4-[p-hydroxyben
zylideneJimidazolidin-5-one) attached to the peptide backbone through the l-position and 2-

position of the ring (Shimomura 1979). Interestingly, this structure appears to be conserved 

among fluorescent proteins, even those from nonbioluminescent organisms (Matz et aI. 1999). 
The GFP gene was doned in 1992 (Prasher et aI. 1992) and is now used as a reporter in a 

wide range of organisms (e.g., please see Chalfie et aI. 1994; Wang and Hazelrigg 1994; Marshall 
et aI. 1995; Yeh et aI. 1995; Chiu et aI. 1996; Niedenthal et aI. 1996; Misteli et aI. 1997). Expression 
leveis of GFP can be measured accurately using a fluorometer. Fluorescence is measured directly 
in intact living cells in 96-well plates and expression is assessed on an individual cell basis using 
fluorescence microscopy. Engineered variants of GFPs that fluoresce at different wavelengths and 
with different intensities have been developed and are available from various commercial sources 

(e.g., Research Genetics and CLONTECH). For more information on GFP and its applications in 
molecular biology, please see the information panel in Chapter 17. 
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Antibodies are used for severalmajor purposes in molecular cloning: 

• to screen cDNA libraries for clones that express a specific protein 

• to purify fusion proteins that are tagged with a specific epitope 

• to detect and quantify foreign protein expressed by recombinant DNA techniques 

• to confirm that a c10ned gene encodes a protein of interest 

• to detect probes labeled with biotin or digoxygenin 

• to detect mRNAs by immunohistochemical analysis 

Antibodies come in a variety of classes, affinities, and idiotypes. They l<ln be polyclonal or 
mOlloclonal, engineered 01' natural, and raised in animais or generated in vitm. lIo",cvcr, as Ülr as 
molecular cloning is concerned, the specificity of the antibody is far more important than its 
provenance. Antibodies can be divided into three groups according to how they reaet with their 
target proteins. 

• Antibodies that react with the foreign protein independently of its conformation. Antibodies 
of this type are particularly useful for measuring the total amount of the targt't protcin in 
crude preparations or in cell extracts. They are usually polyclonal in nature and are prepared 
by immunizing animais with partially denatured protein OI' with a peptide whose sequence 
corresponds to part of the intact protein. However, monoc\onal antibodies tha\ are pan~spe~ 
cific are not unCOl11mOIl. 

• Antibodies that react only with epitopes specific to the Ilative form of the target protei'l. 

Antibodies of this type are typically monoclonal, have been raised against native protcin, i1l1d 

recognize a given sequence of amino acids only when it occurs in its natiw three~dimensional 
configuratiol1. These antibodies are useful for testing whether l11utated forms of proteins lhat 
have been generated by in vitro mutagenesis are folded correetly or whether a wild-type protcin 
expressed in heterologous ceUs is assemblcd into a correct three-dimension,ll configuration. 

• Antibodies that react only with denatured forms of the target proteín. These antibodies are 
raised against fully denatured antigens and can be either monoclonal or pol)'cloI1dl. Antibodies 
of this type are uscful for westem blotting and for immunological screening of cU NA libraries. 

Although thcrc is no way to guarantee the production of particular types of antibodies, it i, 
neverthcless possiblc to choose an immunization regirnen that \Viii favor the production of al1ti~ 
bodies with the dcsired characteristics. However, it is always necessary to screl'n severa I indqwn
dent antisera or a series of monoclonal antibodies to identify those suited to the tasks at hand. 

Purification of Antibodies 

For many purposes, antisera need not be fractionated before use. However, ir lhe ilI1tisera art.' to 
be radiolabdcd or conjugated to enzymes such as horseradish peroxidase (HRPl or alkaline phos
phatase, it is necessary to purify the IgG fractíon or, in some cases, to purify the antibody of intcr
est by binding it to its cognate antigen. 

Although many techniques have been developcd to purify IgG molecules, the method of 
choicc is adsorption to, and elution from, beads coated with protein A, a col11ponent of the cell 
wall of S. (/lIrCIl~ (Hjelm et aI. 1972). For reasons that are not knowll, this protein (AI, = 42,()()() 1 
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binds strongly to sites in the second and third constant regions of the Pc portion of the 
immunoglobulin heavy chain (Deisenhofer 1981). Each IgG molecule therefore contains two 
binding sites for protein A. Because protein A itself has five potential sites for binding to IgG 
(SjódahI1977), it is possíble to form multímeric complexes of the two types of proteins. 

Not all immunoglobulins bind to protein A with the same affinity. Antibodies from 
humans, rabbits, and guine a pigs bind most tightly, followed in decreasing order of affinity by 
those from pigs, mice, horses, and cows (Kronvall et aI. 1970a,b; Goudswaard et aI. 1978). 
Immunoglobulins fram goats, rats, chickens, and hamsters bind in a much weaker fashion, and a 
"bridging" antíbody is usually required to purífY them by adsorption to proteín A. 

Withín any one species, different classes of immunoglobulins vary in the sequences of their 
Fc regions and consequently bind to protein A with different affinities. Of the major classes of 
human IgG, for example, three (IgG 1,2, and 4) bind with high affinity and one (IgG3) binds very 
weakly, if at alI. Similarly, mouse IgG2a binds with high affinity, IgG2b and IgG3 bind tolerably 
weIl, and IgGI binds poorly (Ey et aI. 1978). These differences are generalIy unimportant when 
dealing with polyclonal sera, where antibodies against the target antigen are distributed through
out ali of the major subclasses of IgG. Consequently, purification of polyclonal immunoglobulins 
raised in rabbits, humans, and mice by binding to protein A may alter the distribution of sub
classes of IgG, but it rarely changes the specificity or avidity of the final preparation. However, 
monoclonal antíbodies secreted from hybrídomas carry only one subclass of heavy chain. Before 
attempting to purifY a given monoclonal antibody, it is essential to determine the subclass of its 
heavy chain using commercially available immunological reagents directed against isotypes of the 
Fc region. If the monoclonal antibody falls into a class that binds poorly to protein A (e.g., by 
binding to protein G or to human IgG3 or mouse IgG 1), it should be purified by another method 
(e.g., ammonium sulfate precípítatíon, folIowed by chromatography on DEAE-cellulose). 

Alternatively, a bridging antibody can be used to attach the monoclonal antibody to protein A. 
Protein A coupled to a solid support by cyanogen bromide is supplied by several manufac

turers (e.g., protein A-Sepharose CL-4B; Pharmacia). Each milliliter of swolIen gel can bind 
-10-20 mg of IgG (equivalent to 1-2 ml of antiserum). Antibodies bind to protein A chiefly by 
hydrophobíc interactions (Deísenhofer 1981) that can be disrupted at 10w pH. Protein A is 
remarkably resilient and withstands repeated cycles of exposure to low pH extremely well; it can 
also be treated with high concentrations of denaturíng agents such as urea, guanidine hydrochlo
ride, or potassium isothiocyanate without permanent damage. Most antibodies can withstand 
transient exposure to low pH, and this treatment is now the standard method to release them in 
an active form from protein A-Sepharose beads. For additional information on protein A, pro
tein G, and protein L, please see the information panel on IMMUNOClOBUlIN-BINDINC PRO

TEINS: PROTEINS A, C, AND l at the end Df this appendix. 
Although hyperimmune antisera raised in experimental animais contain very high concen

trations of immunoglobulín directed against the target antigen, such antisera also always contain 
antibodies directed against other antigens. In addition, the immunoglobulins in antisera may 
bind with low avidity to molecules that are not true target antigens. For these and other reasons, 
antisera can manifest a leveI of background reactivity that i5 unacceptably high. There are three 
ways to deal with this problem: 

• Use an innocuous blocking agent (e.g., bovine serum albumin, normal serum, or BLOTTO) 
to compete with the ímmunoglobulin for nonspecific binding sites. Blocking agents are rou
tinely included in solutions used, for example, in immunological screening of expression 
libraries constructed in plasmid or bacteriophage À vectors. 

• Remove antibodies that are directed against specific contaminating antigens by adsorption. 
Methods to remove antibodies directed against bacterial antigens are discussed in Chapter 14, 
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Protocol 4. /\ntibodics that eross-react with wmponents in eukaryotie eclls can be adsorbed 
\Vith aectone extraets of a eellline or tissue that are known not to express the true target anti
gen. If such a line cannot be identified with certainty, use an acetone extract of cOl11ll1ércially 
available dried yeast (Sambrook et aI. 1989). /\lternatively, unwanted antibodies can bc 
adsorbed to antigens immobilized on nitrocellulose or PVDF membranes. 

• Separate antibodies directed against the target alltigen from contamillatillg alltibodies by 
affinity purification. In some cases (e.g., when the antigen is a protein), the antigen mar bc 
coupled to a matrix such as eyanogen-bromidc-activatcd Sepharose. ,\ntibodics directed 
against cpitopcs displayecl by the protein wiU be retained by the wlumn; ali other 
immunoglobulins wiU pass through. The bound antibody is then rdeased from the wlumn b:' 
agents that disrupt the antigen-antibody complex (e.g., potassium isothio(\'anate and low-pH 
buffers). Details of the methods used to prepare antibodies by immunochromatography vary 
from antigen to antigen and from antibody to antibody. However, the general principIes are 
well-described in a Ilumber of reviews (e.g., please see Hurn and Chantler 1980; Harlo\V and 
Lane 1988, 1 (99). When using these methods, it is essential to use highly purified antigen and 
to avoid the batch of antigen that was llsed to raise the antibody in the experimental animais. 
Furthermore, it is important to remember that antibodies \Vith ditTerent atfinities for the anti
gen wiU show different patterns of elution from the co\umn; those that bind loosely to the anti
gen will elute first, and those that bind most tightly will elute last. In t~lCt, antibodies \Vith the 
highest avidity may be denatured by the elution buffer before they dissociate from the antigen. 
Thus, there is a tendency during immunopuritlcation to select for antibodies that are specific 
j~)]' the antigen but that bind with low affinity. 

Antibodies may be purified 011 a smaU scale by adsorption to, anel elution from, protein 
antigens that are immobilized 011 eliazotized paper (Olmsted 1981), OI' nitrocellulose filters 
(Burke et aI. 1982; Smith and Fisher 1984; Earnshaw and Rothfield 1985), afta eb:trophoresis 
through SDS-polyacrylamide gels. Antibodies prepared by this mcthod are especiallv useful for 
confirming the identity of cDNA clones isolatecl from expressiol1 libraries constructed in bactc
riophage /. or plasmid expression vectors. For example, many t~11se-positive clones (1n be elimi
nated br purif)'ing antibodies from crude sera by virtue of their ability to bind to a fusion pro
tein partly eneoded by the c\oned cDNA and testing the ability oI' the~e purified <lntibodies to pre
cipitate the target protein or to react with it on a westem blot. However, this method works well 
only when the antibodies react with epitopes that are displayed 011 denatured proteins. TypicaUy, 
~50 ng of immunopurified antibody is recovered per microgram of target protein loaded O!1 the 
original SDS-polyacrylamide gel. Because of the idiosyncratic nature 01' the interactiolls between 
antibodie~ anel their target proteins, it is not possible to give conditions for binding and dutioll 
that are universaUy applicable. For example, most antibodies can be duted from their immobi
lized antigens with glyeine buffer (pH 2.8). However, Earnshaw and Rothfield ( 19R5) found that 
antibodies to human centromeric proteins could be eluted only with a solution containing 3 \1 

potassium thíocyanate and 0.5 !\I NH40H. Investigators who wish to use this potentially power
fui technique should be prepared to invest some effort in defining the optimal conditions for 
binding and release of their particular antibodies from their target proteins. 

Immunological Assays 

Antibodies are used in a wicle variety of assays, both qualitative and quantitative, to detect and 
ll1easure the amount of target antigens. These assays inc\ude western blotting, immunoprecipita
tion, and ~olid-phase radioimmunoassay (RIA). 
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Western Blotting 

Western blotting (Towbin et aI. 1979; Burnette 1981; Towbin and Gordon 1984) is to proteins 
what Southern blotting is to DNA. In both techniques, electrophoretically separated components 
are transferred from a gel to a solid support and probed with reagents that are specific for partic
ular sequences of amino acids (western blotting) or nucleotides (Southern hybridization). In the 
case of proteins, the probes usually are antibodies that react specifically with antigenic epitopes 
displayed by the target protein attached to the solid support. Western blotting is therefore 
extremely useful for the identification and quantitation of specific proteins in complex mixtures 
of proteins that are not radiolabeled. The technique is almost as sensitive as standard solid-phase 
radioimmunoassays and, unlike immunoprecipitation, does not require that the target protein be 
radiolabeled. Furthermore, because electrophoretic separation of proteins is almost always car
ried out under denaturing conditions, any problems of solubilization, aggregation, and coprecip
itation of the target protein with adventitious proteins are eliminated. 

The criticaI difference between Southern and western blotting lies in the nature of the 
probes. Whereas nucleic acid probes hybridize with a specificity and rate that can be predicted by 
simple equations, antibodies behave in a much more idiosyncratic manner. As discussed earlier, 
an individual immunoglobulin may preferentially recognize a particular conformation of its tar
get epitope (e.g., denatured or native). Consequently, not all monoclonal antibodies are suitable 
for use as probes in western blots, where the target proteins are denatured. Polyclonal antisera, on 
the other hand, are undefined mixtures of individual immunoglobulins, whose specificity, affin
ity, and concentration are often unknown.1t is therefore not possible to predict the efficiency with 
which a given polyclonal anti se rum will detect different antigenic epitopes of an immobilized, 
denatured target protein. 

Although there is an obvious danger in using undefined reagents to assay a target protein 
that may ais o be poorly characterized, most problems that arise with western blotting in practice 
can be solved by designing adequate controIs. These include the use of (1) antibodies (i.e., preim
mune sera, normal sera, or irrelevant monoc!onal antibodies) that should not react with the tar
get protein and (2) control preparations that either contain known amounts of target antigen or 

lack it altogether. 
Often, there is little choice of immunological reagents for western blotting it is simply 

necessary to work with whatever antibodies are at hand. However, if a choice is available, either a 
high-titer polyclonal antiserum or a mixture of monoclonal antibodies raised against the dena
tured protein should be used. Reliance on a single monoclonal antibody is hazardous beca use of 
the high frequency of spurious cross-reactions with irrelevant proteins. If, as is usually the case, 
monoc!onal and polyclonal antibodies have been raised against native target protein, it will be 
necessary to verify that they react with epitopes that either (1) resist denaturation with SDS and 
reducing agents or (2) are created by such treatment. This test can be done by using denatured 
target antigen in a solid-phase radioimmunoassay or in western dot blots. 

In western blotting, the samples to be assayed are solubilized with detergents and reducing 
agents, separated by SDS-polyacrylamide gel electrophoresis, and transferred to a solid support 
(usuaUya nitrocellulose or PVDF filter), which may then be stained (e.g., with Ponceau S). The 
filter is subsequently exposed to unlabeled antibodies specific for the target protein. Finally, the 
bound antibody is detected by one of several secondary immunological reagents (e.g., 12;1_ 

labeled or anti-immunoglobulin, or anti-immunoglobulin or protein A coupled to horseradish 
peroxidase or alkaline phosphatase), followed by autoradiography, enhanced chemilumines
cence, or enzymatic production of a colored precipitate. As little as 1-5 ng of an average-sized 
protein can be detected by western blotting. For more information on western blotting, please 
see Appendix 8. 
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Immunoprecipitation 

Immunoprecipitation is used to deteet and quantitate target antigcns in mixtures of protcins. The 
power of the teehnique lies in its seleetivity: The speeificity of the immunoglobulin for its ligamj 
is 50 high that the resulting antigen-antibody eomplexes ean be purificd from contaminating pro
tcins. Furthcrmore, immunoprccipitation is extremely sensitive and is eapable of deteeting as lit
tle as 100 pg 01' radiolabeled protein. Whcn coupled with SDS-polyacrylal11idc gel electrophor
esis, the teehnique is ideal for analysis of the synthesis and proeessing of foreign antigens 
cxpressed in prokaryotic and eukaryotic hosts or in in vitro systems. 

The target protein is usually immunoprecipitated from extracts 01' cells that have been radi
olabeled. However, immunoprecipitation can also be used to analyze unlabeled proteins as !ong 
as sufficiently sensitive mcthods are available to deteet the target protcin after it has been dissoei
ated from the antibody. Such methods include enzymatic activity, binding of radioactive ligands, 
,\11<.1 western blotting. 

Solid-phase Radioimmunoassay 

The solid-phase radioimmunoassay (RIA) is a quantitative method that is capable of deteeting as 
little as I pg of target antigen. l'his means that RIAs are sufficiently sensitive to measure, for 
example, the amount of foreign protein produced by transfected mammalían cel\ cultures. There 
are many different kinds of RIAs, which fali into four basic designs: 

• Competítíon RIAs: In this method, the unlabeled target protein in the test sample competes 
with a constant amount of radiolabeled protein for binding sites on the antibody. 'The amount 
of r,ldioactivity present in the unbound or bound target protein is then measured. This type 
of assay can be extremely sensitive but requires that target protein be available (prderably in a 
pure form) to serve both as a competitor and as a standard. 

• Immobílízed antigen RIAs: In thís method, unlabeled antigen Ís attached to a solid support 
and exposed to radiolabeled antibody. Comparison of the amount of radioactivity that binds 
speeifically to the samples under test with the amount that binds to a known amount of immo
bilized antigen allows the antigen in the test samples to be quantitated. Although Llsed occa
sionally, this type of assay is not particularly useful for quantitation of small amounts of for
eign protein in complex mixtures (e.g., in celllysates); most of the binding sites on the solíd 
support become oceupied by proteins other than the target protein, so that the sensitivity of 
the assay is comparatively low. 

• Immobilized antibody RIAs: In this method, a single antibody bound to a solid support is 
exposed to radiolabeled antigen. The amount of antigen in the test sample can be determined 
by the amount of radioactivity that binds to the antibody. This assay is not L1seful for quanti
tating the amount of foreign protein in many different samples, chiefly because of the practi
cal difficulty of radiolabeling the protein either in vivo or in vitro. 

• Double-antibody RIAs: In this method, one antibody bound to a solid support is exposed to 
the unlabeled target protein. After washing, the target protein bound to the immobilized anti
body is quantítated with an excess of a second radiolabeled antibody. This assay is extremely 
sensitive and speeifie because the target protein is essentially purified and cOl1centrated by 
immunoadsorption. Furthermore, many test samples can be processed simultaneonsly. 
However, the method requires that the first and second antibodies recognize nonoverlapping 
epitopes 011 the target protein. !deally, the first antibody is mOl1oclonal, whereas the second can 
be eíther a polyclonal antibody or a monoclonal antibody of ditlerent specit1city. However, in 
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some cases, it may be possible to use the same polyclonal antibody for both parts of the assay. 
If suitable antibodies are available, this is the method of choice for quantitation of target pro
teins in complex mixtures. 

Radiolabeling of Antibodies 

af the several methods that are available to radioiodinate antibodies, the most commonly used is 
a reaction in which an electrophilic iodine species is generated by oxidation of Na 1251 with chlo
ramine-T (N-chlorobenzenesulfonamide). The positively charged iodine then reacts with the side 
chains of tyrosyl, and to a lesser extent, histidyl residues (for review, please see Seevers and 
Counsell1982). Iodination by chloramine-T was devised as a method to label small amounts of 
polypeptide hormones to very high specific activity (Hunter and Greenwood 1962; Greenwood et 
a!. 1963). However, the reaction conditions are 80 severe as to cause extensive denaturation of pro
teins that are sensitive to oxidation. The modified procedure devised by McConahey and Dixon 
(1966, 1980), which uses lower concentrations of chloramine-T and longer reaction times, yields 
native proteins without a signifkant IOS8 in the efficiency of radiolabeling. Nowadays, most inves
tigators prefer to use chloramine-T covalently coupled to nonporous polystyrene beads 
(Iodobeads, Pierce) (MarkwellI982). This has several benefits: It reduces the amount of radiola
beled molecular iodine generated in the reaction and simplifies measurements of the time course 
and overall efficiency of radioiodination (Cheng and Rudick 1991). In addition, beca use there is 
very little contact between the protein and the oxidizing agent, oxidative damage to the protein is 
minimized. Finally, when iodination is carried out according to standard protocols, no more than 
one atom of 1251 is incorporated per protein molecule. Conformational distortions caused by the 
introduction of a bulky iodine atom are therefore kept to a minimum. 

An alternative to chloramine-T is Iodogen (l,3,4,6-tetrachloro-3a,6a-diphenylglycouril), 
an oxidizing reagent resembling a fourfold chloramine-T (Fraker and Speck 1978). lodogen is 
sparingly soluble in water and forms a thin coatíng on the wall of the tube used for radioiodina
tion. Solid-phase reagents such as lodogen and Iodobeads (available from Pierce) give radio
chemical yields that are equal to those obtained with free chloramine-T (Woltanski et a!. 1990) 
while significantly reducing the potential for exposure of laboratory workers to volatile forms of 
radioiodine. 

Radioiodination with chloramine-T and similar compounds will not work with proteins 
and peptides that lack accessible tyrosines or are extremely susceptible to damage by oxidation. 
These proteins should be labeled by the Bolton-Hunter reagent (Bolton and Hunter 1973). The 
N-succinamidyl group of this reagent (N-succinamidyl 3-[4-hydroxy 5-[ 125I]iodophenyl]propi
onate) condenses with free amino groups and with imino groups in Iysyl side chains to give a 
deriva tive in which the radioiodinated phenyl group is linked via an amide bond to the target pro
tein (for more details, please see Langone 1980; Harlow and Lane 1988). 

Antipeptide Antibodies 

If the sequence of a protein is known or can be deduced from the nueleic acid sequence, specific 
antisera can be raised by immunizing animais with a synthetic peptide corresponding in sequence 
to a segment of the na tive protein (for review, please see Lerner 1984). If information about the 
primary sequence of the target protein is limited, there may be little or no choíce in the peptide 
sequence used as an immunogen. However, there is a good chance that peptides chosen at ran
dom will be at least partially buried in the native protein and they may be too hydrophobic to be 
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efficient immunogens. Antibodics directed against these peptides may be of low titer and/or may 
react only with denatured protcin. 

Hydrophilic peptides that contain charged residues are much better immunogms and also 
have a high probability oí' occupying a surface location on the nativc protein, Antipeptide anti
budies raised against confi.1rmationally tlexible surtace teatures of proteins sllch as turns anel ~
loops are likely to be of high titer anel may react efficiently with the native protein. Most of the 
((Jmputing packages tha! are commonly lIseel to analyze DNA sequences contain programs to 
search protein sequences for surface peptides lhat are likely to be good antigens. The goal of thesc 
programs is to choose a sequence of 11-15 amino acids that contains a prcponderance of polar 
residucs and no more than four adjacent hydrophobic residues. Such peptide~ are likcly to be 501-

uble in aqueous solvents and therefore easy to couple to carrier proteins, 
Several scales of hydrophobicity and hydrophilicity have been proposed for <1mino acids 

(please see Figure A9-3) (Janin 1979; Wolfenden et aI. 1981; Kyte and Doolittle 1982; Rose et aI. 
J 985), Although these scales are in good general agreement, they diflú slightly in the order (lI' 
amino acids and in the relative hydrophobicity values assigned to them. Thís variability aríses 
because the hydrophobicity of all amino acid residue is the product of several different t~1ctors, 
including e1ectrostatic charge, hydrogen-boneling capability, and surface arca. In addition, the 
hydrophobicity of an amino acid can be assessed experimentally by partitioning into solvents 01' 
various types. The variation in hydrophobicity scales of amino acids rdlects the particular 
weightings that different investigators have attached to these and other factors. 

Computer programs to predict strongly antigenic sites in proteins rei)' on hydrophobicíty 
scales alone or in combination with programs that predict secondary strllcture. The strongest 
antigenic sites are predicted in regions of the protein surface that are high in charge and low in 
hydrophobícity. Rarely found in ordered structures such as heI ices or sheets, ~llch regions llsual
Iy map to turns and loops that are rich in residlles with H -bonding potential. 

Highly charged regions also oflen occur at the amino and carbox:yl termini ofproteins, which 
tend to be regions of high tlexiblility. However, if the protein of interest is a secretory OI' trans
membrane protein, OI' is located in organelles such as mitochondria or chloroplasts, it is better no! 
to use peptides derived from the terminal regions. The amino-terminal peptidl' is likely to be part 
of a signal ar leader sequence that will be c1eaved during posttranslational processing. The car
boxy-terminal region of transmembrane proteins may be located on the cytoplasmic side of the 
membrane and may only be accessible to antibodies afler cells are permeabilizcd, fixed, or lysed. 
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GUIDELINES FOR CHOOSING AN IMMUNOGENIC PEPTIDE 

An immunogenic peptide should have: 

• a sequence 11-15 amino acids long 

• no more than six hydrophobic residues 

• no more than four adjacent hydrophobic residues 

• no consensus sites for N-glycosylation* (N-X-Sm 

• no basic residues if glutaraldehyde is to be used as a cross-linker 

• no internai or cysteine residues if m-maleimidobenzoic acid N-hydroxysuccinimide ester (MBS) is to be 
used as a cross-linker 

• a tyrosine residue because the peptide can then easily be radiolabeled with 1251 
*Oligosaccharide groups added to secretory and plasma membrane proteins can shield the underlying amino acid 
residues from interacting with antibodies and other ligands. Antibodies generated against a synthetic peptide rnay there
fore not recognize the glycosylated target protein even though the immunogen and the target share arnino acid 
sequences. When raising antibodies against secretory and plasma membrane proteins, it is best to avoid regions that 
contain consensus sites for glycosylation. 

Usually, the synthetic peptide is coupled to a carrier protein such as keyhole limpet hemo
cyanin through an amino- or carboxy-terminal cysteine residue. Ideally, therefore, the sequence 
of the peptide should end with a "natural" cysteine that is present in the cognate sequence of the 
target protein. If this is not possible, choose a peptide that has no cysteine at alI. Chemical syn
thesis of the peptide, which proceeds from the carboxyl terminus to the amino terminus, is then 
initiated from an "artificial" cysteine that has no counterpart in the natural cognate sequence. 
This terminal cysteine is used as a linker to couple the synthetic peptide to the carrier protein. 
Alternatively, multiple copies of a pepide can be linked to each other. Other methods of coupling 
peptides to carriers are available but are rarely used. These indude: 

• Glutaraldehyde-mediated cross-linking ofbasic residues in the peptide and a carrier protein. 
Because glutaraldehyde reacts with -NH2 groups to form SchifE's bases, peptides containing 
Iysine residues can be efficiently cross-linked to a protein such as keyhole limpet hemocyanin, 
whose surface is rich in basic residues. However, Iysines, if present in the peptide, are likely to 
be important contributors to its antigenicity. Modifying them may reduce the antigenicity of 
the peptide and/or generate antibodies that efficiently recognize the modified residues but do 
not interact with the unmodified cognate sequence in the target protein. 

• Use of peptide-resin as the immunogen. Novabiochem sells a polymethylacrylamidel 
Keiselguhr composite derived using ethylene diamine. Antigenic peptides can be synthesized 
directly on the free amino group of the base resin and remain attached to the support by a 
covalent bond. After deprotection of the peptide with trifluoroacetic acid and homogenization 
of the inorganic Keiselguhr, the peptide-polyamide complex can be emulsified with adjuvant 
and injected into animais. 

Immunization with the carrier-peptide complexes will generate a mixture of antibodies of 
various affinities and specificities. Some antibodies will be directed toward the carrier (protein or 
resin) or the cross-linking groups; others will react with both peptide and carrier. However, as 
long as the synthetic protein is at least 11 residues in length, a proportion of the antibodies will 
be specific for amino acid sequences that are shared by the peptide and its cognate protein. 
Usually, there is no need to remove antibodies directed against the linking groups and the carri
er protein, since these do not interfere with antibodies directed against the target proteio. 
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Howevcr, antibodies that cross-react with the carrier protein can, if neces~ar\', be rel110ved b: 
imlllunoabsorption with resin or by il11111unoaffinity ehrolllatography 011 Sepharose colllmns 
containing illlmobilized carrier protein. 

Conjugated Antibodies 

Antibodies can be eonjugated to a wide variety of substances without significant erosion oI' avid
ity and specitlcity. These sllbstanees include biotin, fluorochrollles of various colors, and enzymes 
such as alkaline phosphatase, horseradish peroxidase, and urease. Antibodies conjugated to dif
ferent substances allow simultaneous detection of more than one antigen and generate strong sig
nals that can be further amplified through the use of secondary antibodies and avidin-conjugat
ed enzymes . 

• Biotinylated antibodíes are used chiefly to deteet antigens by enzyme-linked immunosorbent 
assay (ELISA), for antibody sereening of expression libraries, anel for western blotting. 

The labeled avidin-biotin (LAB) technique uses an avidin-enzyme conjugate to detect a 
biotinylated primary or seeondary antibody. 

The bridged avidin-biotin (BRAB) assay, as its na me implies, uses avidin as a bridge 
between a biotinylated primary or secondary antibody and a biotin-ellzYlne conjugate. 

The avidin-biotin cOl11plex (ABC) assay is the most sensitive of these three assays. The 
biotinylated enzyme is preincubated with avidin, forming large complexes that are then 
used to detect biotinylated primary or seeondary antibodies. 

Biotinylated secondary antibodies are availablc from several manufacturcrs (eg., Pierce and 
Vector) . 

• Fluorochrome-labeled antibodies are uscd chicfly for immunohistochemistry. \Vhercver pos
sible, it is best to use fluorochrome-labeled, aftlnity-purified, <1nti-immunoglobulins or t1uo
rochromes conjugated to avidin or streptavidin. These reagents, which are commercially avail
able, have lower baekground and less nonspecific tluorescence thal1 tluorescent antiserum or 
immunoglobulin fractions. lhe choice among fluorochromes is usually dictated by the types 
of filtcrs that are available for the fluorescence microscope. Fluoresccin has a lower backgrouIld 
than rhodamine, but bleaches more rapidly. Texas Red emits strongly and is resistant to pho
tobleaching. Phycoerythrin, a phycobiliprotein whose fluorescent yield is .lO-50 times greater 
than that of fluorescein and rhodamine, is lIsed when extreme sensitivity is rcquired (Oi ct aI. 
1982). Table A9-5 sllmmarizes the exeitation and emission wavelengths of variolls tluo
rochromcs. 

TABLE A9·5 Excitation and Emission of fluorochromes 

FLUOROCHROME 

F1l1orcscci n 

Rhodamine 

'IL'xas Red 

Orcgoll Crecll 

R-phycocrvthrill 

EXCITATlON WAVELENGTH (nm) 

495 
bllle 
540 

green, visible 
595 

orange-red, visible 

496 
bllle 

480,545,565 
visible 

EMISSION WAVElENGTH (nm) 
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• Enzyme-conjugated antibodies. Antibodies coupled to horseradish peroxidase, alkaline phos
phatase, ~-galactosidase, and urease are available commercially. These can be used as sec
ondary reagents for the enzymatic detection of primary antibody-antigen complexes. For both 
immunoscreening and western blotting, enzymatic methods are more sensitive and give lower 
backgrounds than radiolabeled antibodies or protein A. Enzyme-conjugated antibodies are 
particularly use fuI for screening expression libraries beca use signals develop direct1y on the 
nitrocellulose filter (rather than on a sheet of X-ray film or a phosphorimager), so that posi
tive plaques can be located more accurately. 

Conjugated enzymes catalyze the formation of insoluble colored precipitates on the surface 
of a nitrocellulose filter at the site of an antibody-antigen complex (Towbin et aI. 1979; Hawkes 
et a!. 1982; Blake et aI. 1984; Knecht and Dimond 1984; Towbin and Gordon 1984; Hawkes 1986). 
Alkaline phosphatase and horseradish peroxidase are the most commonly used conjugated 
enzymes. Alkaline phosphatase remains active for several hours, during which the end-product of 
the reaction - a dark blue precipitate of diformazan (McGadey 1970) - continues to accumu
late and intensify in color. By contrast, horseradish peroxidase is inactivated within a short peri
od of time by its substrate, peroxide, which may account for the lower sensitivity of horseradish
peroxidase-conjugated antibodies in detecting antibody-antigen complexes on nitrocellulose fil
ters (Mierendorf et aI. 1987). Furthermore, some protocols using horseradish peroxidase anti
bodies employ a carcinogenic chromogen, o-dianisidine, which requires special handling and dis
posaI. For a summary of chromogenic and luminescent methods of detection of immobilized 
antigens, please see Table A8-12 in Appendix 8. 
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HORSERADISH PEROXIDASE 

Horseradish peroxidase (HRP), a heme-containing protein, i5 generally isolated from wild horseradish roots 
as a mixture of severa! isozymes. The classica! preparation (Shannon et aI. 1966) is predominantly a mix
ture of two forms (isozymes B and C), each with a M

r 
~40,000. HRP catalyzes the transfer of two electrons 

from a substrate to hydrogen peroxide, to generate H,O and an oxidized donor. When 3,3' -diaminobenzi
dine (DAB) 15 used as the substrate (Graham and K~rnovsky 1966), the oxidized product polymerizes to 
form an intense brown residue that is insoluble in both H,O and ethanol. In the presence of transition ele
ments, such as cobalt and nickel, the residue is a slatey blüe-black. These reactions form the basis of sensi
tive chromogenic assays for peroxidase lhat have been used tor many years in electron microscopy (Robbins 
et a!. 1971 l, immunocytochemistry (Nakane and Pierce 1967), various enzyme-linked immunosorbent 
assays and western blotting (see Figure A9-4). However, diaminobenzidine has some disadvantages as a sub
strate: It is possibly carcinogenic (Garner 1975; Weisburger et a!. 1978), and it is not as sensitive a detector 
of HRP activity as more recently developed compounds such as 3,3',5,5' -tetramethylbenzidine (TMB) (e.g., 
please see Roberts et aI. 1991). The oxidation praducts af TMB are normally soluhle but c<ln be "captured" 
by pretreating blots with dextran sulfate (McKimm-Breschkin 1990) or by using a particulate form of TMB 
that is available commercially. With these modifications, TMB is suitable t(lr detection of HRP-antibody 
conjugates that are directed against proteins (incIuding antihodies of another species) or ligands that can bc 
attached to nucleic acid probes. 

In addition to DAB and TMB, other HRP substrates that can be oxidized to insoluble chromogenic 
products include 4-chloro-l-naphthol (purple precipitate) and 3-amino-4-ethylcarhazole (red precipitate). 
Neither of these suhstrates is as sensitive a detector of HRP activity as diaminobenzidine. In addition, a 
number of chromogenic substrates for HRP are available that yield attractively colored, soluble oxidation 
products. In addition to TMB, these include O-phenylenediamine dihydrochloride (OPD) (tangerine 
orange) (Wolters et a!. 1976), and 2,2' -azino-di( 3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) (green) 
(Engvall 1980). The best fluorogenic substrate is 3-(p-hydroxyphenylJ propionic acid (HPPA) (violet) 
(Roberts et aI. 1991). 

In the presence of hydogen peroxide, HRP can also be used to trigger a cyclical chemiluminescent reac
tion that results in the oxidation of luminol to an excitcd form of 3-aminophthalate (Isaacson and 
Wettermark 1974; Roswell and White 1978; Durrant 1990; Stone and Durrant 1991) (please see Figure A9-
5). As this compound returns to ground state, blue light is emitted at 428 nm. However, because the effi
ciency of this reaction is low, various para-substituted phenol-based compounds are used to increase the 
quantity and duration of the light emitted by the reaction (Whitehead et a!. 1983; Hodgson and Jones 1989). 
In the presence of p-iodophenol, for example, the light emitted by the reaction may be increased by > 1 000-
fold and the emission may be sustained for several hours. In addition, enhancers reduce the background by 
inhibiting chemical oxidatiOI1 of luminol. Enhancers are thought to achieve these etlects by eliminating the 
rate-limiting step in the reaction cyele by (I) reacting with HRP and (2) forming enhancer radicaIs that in 
turn react with luminol to form luminol radicaIs (please see Figure A9-5). The net result i5 an increase in 
the efficiency and speed, but not the characteristics, of the light-producing reaction. Light emitted from the 
reaction can be captured 011 X-ray film, phosphorimagers, or CCD cameras. 

HRP can be directly coupled to single-stranded nueleic acid probes (Renz and Kurz 1984; Stone and 
Durrant 1991) or it can be conjugated to an antibody specific for ligands such as biotin or digoxygenin that 
can be incorporated into nucleic acid probes by standard enzymological techniques. In either case, the 
HRP/luminol reaction is sufficiently sensitive for nonradioactive detection of nueleic acids in Southern and 
northern hybridizations (Thorpe and Kricka 1986). Under ideal conditions, the límit of detection of nucle
ic acid probes is ~5 x 10-17 moles (Urdea et aI. 1988). However, the HRP/luminol reaction is cOIlsiderably 
less sensitive than chemiluminescent reactions involving eleavage of 1,2-dioxetanes by alkaline phosphatase 
(please see the information panel on AMPPD). In addition, to achieve maximal sensitivity, the HRP/lumi
nol reaction may require extensive optimization of its various components. For these reasons, HRP is now 
used less than alkaline phosphatase for the chemiluminescent detection of nucleic acids and proteins. 
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FIGURE A9·4 Experimental Formats for Detection of Immobilized Nucleic Acids and 
Proteins with Horseradish Peroxidase (HRP) 

Ught emitted by the decay of oxidized luminol radicais is captured on X-ray film ar by a CCD camera. 
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DIGOXYGENIN 

The cardenolide digoxygenin (Mr ::: 390.53) can be derived by chemical or enzy
matic rem oval of four sugar residues from desacetylanatoside C isolated from 
Digitalis purpurea (Reichstein 1962) or it can be extracted directly from D. orien
talisi and D. lanata L. Scrophulariaceae (Maanich and Schneider 1941; Hegenauer 
1971). The chemical structure of digoxygenin (Cardwell and Smith 1953, 1954; 
Pataki et aI. 1953) is shown in the box at the right. 

In molecular cloning, digoxygenin is used as a ligand that can be incorporat- HO H '--_____ ...J 

ed into DNA and RNA probes and detected after hybridization with an anti-dig-
oxygenin-antibody enzyme conjugate (Kessler et aI. 1989; Kessler 1991) (please see Figure A9-6). Digoxy
genin-Iabeled probes can therefore be used in Southern, northern, and dot-blot hybridizations. They also 
have considerable advantages for in situ hybridization, in part because the hapten digoxygenin is not pre
sent in animal ceUs (e.g., please see Tautz and Pfeifle 1989; Hemmati-Brivanlou et aI. 1990). This absence 
eliminates background contributed by endogenous molecules. Such is not always the case with biotin
labeled probes. Digoxygenin-Iabeled nueleic acid probes can be stripped from nylon filters by heating the 
filters to 37°C for 20-30 minutes in a large volume ofO.l% SDS, 2 mM EDTA (pH 8.0) (Church and Kieffer
Higgins 1988). After washing, the filters can be reprobed without significant loss of efficiency or sensitivity. 

Note that after several cyeles of probing, stripping, and reprobing, the background of chemilumines
cence may increase significantly due to the accumulation of alkaline phosphatase residue on the filter. This 
problem can be avoided by treating the filter with proteinase K and formamide between every second and 
third probing (Dubitsky et aI. 1992). 

Labeling Nucleic Acids with Oigoxygenin 

For labeling of nueleic acids, digoxygenin is supplied by the manufacturer (Boehringer Mannheim) in two 
forms: digoxygenin-ll-dUTP (DIG-ll-dUTP) and digoxygenin-ll-UTP (DIG-ll-UTP). In each form, 
digoxygenin is coupled by an alkali-stable linkage and a spacer arm to deoxyuridine triphosphate and uri
dine triphosphate, respectively. 

o 

• DIG-ll-dUTP is a substrate for E. calí DNA polymerase, the Klenow fragment of DNA polymerase I, 
thermostable polymerases such as Taq, reverse transcriptase, and terminal transferase. Digoxygenin can 
therefore be introduced into DNA by a variety of standard reactions induding random priming, nick 
translation, amplification, end-filling, and 3' -tailing . 

• DIG-ll-UTP is incorporated into RNA during in vitro transcription of DNA templates by bacterio
phage-encoded DNA·dependent RNA polymerases (T3, T7 and SP6 RNA polymerases) (please see Table 
A9-6). 

Oligonudeotides that have been 5' -aminated during synthesis can be labeled with digoxygenin by reac
tion with NHS-digoxygenin (digoxygenin-3-0-methylcarbonyl-e-aminocaproic acid-N-hydroxysucci
namide ester; Boehringer Mannheim) (Richterich and Church 1993). 
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TABLE A9·6 Methods of Labeling Nucleic Acids with Digoxygenin 
--_._-- ~---

METHOD OF NUMBER OF DIGOXYGENIN 
lABELlNG ENZYME MOlECULES INCORPORATED REFERENCE 

priming Klenow fragment I per 25-36 nucleotides Kessler et a!. ( 1990) 

Nick translation E. co/i DNA polymerase I 1 per 25-36 nucleotides H6ltke et aI. ( 1990) 

'l~lÍling lerl11inal transferase 1 per 12 nucleotides Schmitz et aI. (1991 ) 

Al11plification by PCR Tai] and other therl110stable 1 per 25 nucleotides Seibl et a!. (1990) 
polyl11erases 

Transcription n, T7, and SP6 RNA 1 per 25-36 nucleotides Holtke and Kessler 
polymerases (1990) 

cDNA synthesis Reverse transcriptase 1 per 25-36 nuc/eotides McCracken (1989) 
For revÍew, please see Kesslcr (1991). 
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FIGURE A9·6 Detection of Digoxygenin·labeled Nucleic Acid Probes with BCIP/NBT or 
AMPPD 
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Digoxygenin-specific Antibodies Coupled to Reporter Enzymes 

High-affinity digoxygenin-specific antibody is raised in sheep immunized with the digoxygenin-coated pro
teins edestin or bovine serum albumin. The most versatíle of the immunological reagents available for 
detection of digoxygenin-labeled probes are FAB fragments of antidigoxygenin immllnogloblllin that have 
been coupled to alkalíne phosphatase (Boehringer Mannheim). The best chromogenic substrates for 
immunolocalized alkaline phosphatase are the binary reagents 5-bromo-4-chloro-3-indolyl phosphate 
(BCIP) and 4-nitrohlue tetrazolium chloride (NBT). For more information on these reagents, please see the 
information panel on BCIP. 

Under optimaI conditions, where high concentrations (50-100 ng/ml) of digoxygenin-laheled probe 
are used in the hybridization step and the color reactions are incubated for extended times (16-24 hours), 
it is possible to detect <1 pg oftarget DNA in a dot-hlot assay (e.g., please see Kerkhof 1992). However, far 
greater sensitivity and a more linear response are obtained with the soluble chemiluminescent substrate 
adamantyll,2-dioxetane phosphate (AMPPD; Tropix, Inc.; Roche) (Kerkhof 1992; Bronstein et aI. 1993). In 
AMPPD luminescent systems, which have gained rapidly in popularity in recent years, removal of the phos
phate residue by alkaline phosphatase stimulates the substrate to emit chemiluminescence at 477 nm, which 
can be measured using a luminometer. The light occurs as a glow that persists for several hours in solution 
and for considerably longer on nylon surfaces (Tizard et aI. 1990). Images ofblots can be captured on X-ray 
film, on Polaroid instant black and white film (Kricka and Thorpe 1986), on a phosphorimager, or on a 
CCD camera (Karger et aI. 1993). At its best, chemiluminescent detection of digoxygenin-labeled probes is 
highly sensitive (0.03 pg of target DNA or RNA) and rapid «30 minutes exposure). The method is there
fore -lO-fold more sensitive and SO-fold faster than autoradiographic detection of 32P-Iabe!ed nucleic acid 
probes. In addition, reprobing is simplified since stripping of the filter may not be required (Allefs et aI. 
1990). As a consequence of these advantages, chemiluminescent assays for alkaline phosphatase !abels are 
used for detection of immobilized nueleic acid sequences in a wide variety of techniques involving blotting 
and DNA sequencing. For more information on AMPPD systems, please see the information pane! on 
AMPPD. 

BCIP oxidation (5-bromo-4-chloro-3-inodyl phosphate) 
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FIGURE A9-7 Oxidation of BCIP and Reduction of NBT in the BCIP/NPT Indicator Reaction 

(Reprinted, with permission, from Kessler 1991 ICopyright 1991 ©Academic Press londonl.) 
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BCIP (5-bromo-4-chloro-3-indolyl phosphate, F.W. 370.4, [disodium saltJ; F.w. 433.6 
[toluidine salt l) is used in combination with nitroblue-tetrazolium salt (NPT) to dete..:t 
alkaline phosphatase in situo The binary reagent forms insoluble precipitates at sites of 
alkaline phosphatase activity and is the most sensitive indicator system available for 

BrmC' c-po:i 

I ~ 
'" N 

H 

chromogenic detection of alkaline phosphatase conjugates. In this reaction (Figure A9-7), alkaline phos
phatase catalyzes the removal of the phosphate group from BCIP, generating 5-bromo-4-chloro-3-indolyl 
hydroxide, which dimerizes to the insoluble blue compound, 5,5' -dibromo-4,4' -dichloroindigo. The two 
reducing equivalents produced during the dimerization reactíon reduce one molecule of nitroblue tetra
zolium to the insoluble, intensely purple dye, diformazan (McGadey 1970; Franci and Vidal 1988). Colar 
development occurs over several hours, but the time required to produce maximum signal varies consider
ably, depending on the amount of antibody bound to the target molecule. 

BCIP/NBT is a sensitive detector of alkaline phosphatase activity but is not quantitative. Quantitative 
assays of the enzyme are carried out using the chromogenic substate p-nitrophenyl phosphate (McComb 
and Bowers 1972; Brickman and Beckwith 1975; Michaelis et aI. 1983). This substrate is sold by Sigma under 
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AMPPD 

the name "Sigma No. 104 phosphatase substrate." Hydrolysis of Sigma 104 generates p-nitrophenol, which 
in aqueous solution absorbs strongly at 420 nm. A more sensitive bioluminescence-based assay has also 
been described (Miska and Geiger 1987) in which D-luciferin-O-phosphate is used as a substrate. The 
amount of luciferin released by hydrolysis of the substrate is titrated using luciferase, and light impulses are 
then measured in a luminometer. 

In molecular eloning, BCIP/NPT is widely used as an indicator in nonradioactive systems to detect 
nueleic acids or proteins. Almost always, these systems consist of several components that are used in 
sequence. When working at its best, the BCIP/NPT indicator system is sensitive enough to detect single 
copies of genes in Southern hybridization of total mammalian DNA. Typical arrangements are shown in 
Figure A9-8. 

Southern, northern, and dot blots can be rehybridized by stripping the precipitate of formazan from 
charged nylon filters with N,N-dimethylformamide. Note that N,N-dimethylformamide's vapor is irritating 
to skin and mucous membranes and should therefore be used only in a well-ventilated chemical fume hood. 
Digoxygenin-labeled oligonudeotide probes can be removed from membranes by N,N-dimethylformamide 
at room temperature or by heating to 70-75°C in a buffer containing high concentrations of SDS 
(Richterich and Church 1993). The membranes then can be reprobed. 

Chromogenic detection of alkaline phosphatase is far less sensitive than the luminescent method using 
the soluble 1,2-dioxetane substrate AMPPD (Schaap et aI. 1987). In this system, the sensitivity in dot blots 
is increased from 0.2 pg in 16 hours to 1 fg in 1 hour. In Southern hybridizations, using AMPPD as an indi
cator, the sensitivity is -70 fg in 1 hour (e.g., please see Allefs et aI. 1990). 

In addition to its use as an indicator for alkaline phosphatase conjugates, BCIP/NBT has also been used 
to detect alkaline phosphatase expressed in sections of vertebrate tissues (Fields-Berry et aI. 1992) and to 
identify bacterial colonies that express BAP (Brickman and Beckwith 1975; for review, please see Manoil et 
aI. 1990). 

BCIP is sold as a disodium salt or a toluidine salt. The toluidine salt of BCIP is suitable for use with the 
commercially available nonradioactive detection systems for nudeic acids and proteins. 

AMPPD (adamantyl-l,2-dioxetane phosphate also known as -[2'spiroadamantane]-4-methoxy-3-[r
(phosphoryl)phenyl]1 ,2,-dioxetane or disodium 3-( 4-methoxyspiro[ 1,2-dioxetane-3,2' -tricyclo
[3.3.1.3•7]decan]-4-yl)-phenylphosphate) is a substrate used in alkaline-phosphatase-triggered chemilumi
nescence for the detection of biopolymers immobilized on nylon or PVDF membranes (Bronstein and 
McGrath 1989; Bronstein et aI. 1990; Tizard et a!. 1990; Gillespie and Hudspeth 1991). Figure A9-9 shows a 
typical format used for the detection of proteins in western blotting and for hybridization of immobilized 
nueleic acids. 

The sensitivity of chemiluminescent detection of DNA, RNA, and proteins using AMPPD is superior 
to available colorimetric, bioluminescent, or fluorimetric methods and is at least equal to the traditional 
autoradiographic techniques that have dominated molecular doning for the last 20 years (e.g, please see 
Beck and Kõster 1990; Bronstein et aI. 1990; Carlson et alo 1990; Pollard-Knight et aI. 1990). In solution, the 
light output from the activity offewer than 1000 molecules (1 zmole or 10-21 moles) of alkaline phosphatase 
may be measured (Schaap et aI. 1989). Less than 0.1 pg of RNA or DNA may be detected in standard 
Southern and northern hybridizations (e.g, please see Beck et aI. 1989), whereas <1 pg of a target protein 
may be detected in western blots of total cell proteins (Gillespie and Hudspeth 1991). 

Figure A9-1 O shows the events triggered by dephosphorylation of AMPPD that leads to the production 
of light. Alkaline phosphatase catalyzes the removal of the single phosphate residue of AMPPD, generating 
a moderately stable dioxetane anion that fragments into adamantanone and the excited state of a methyl
metaoxybenzoate anion. On return to ground state, the anion emits visible, yellow-green light (Bronstein et 
aI. 1989). The dephosphorylation of dioxetanes by alkaline phosphatase is quite efficient with a turnover 
rate of -4.0 x 103 molecules S-I (Schaap, cited in Beck and Kõster 1990). However, the half-life of the excit
ed 1,2 dioxetane anion is comparatively long, varying from 2 minutes to several hours, depending on the 

---------._----
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local environmenl (Bronstein 1990). Thus, when the dephosphorylation reaction is carried out in the pres
ence of excess AMPPU, the dioxetane anion is initially produced more rapidly than it decays. This behavior 
explains why chemiluminescence is emitted in the form of a "glow" that increases in intensity for several 
minutes and then persists for several hours (Figure A9-11). On nylon membranes, the kinetics are even slow
cr beca use the excited dioxetane anion is stabilized by hydrophobic pockets in the membrane (Tizard et aI. 
1990). The hydrophobic interactions between the nylon and lhe anion also cause a "blue shift" of ~10 nm 
in the emitted light, i.e., from 477 nm to 466 nm (Beck and Küster 1990; Bronstein 1990). 

In most experimental situations, the extended kinetics of chemiluminescence on nylon filters are 
advantageous because they allow time to make capture images at several exposures. However, the slow kinet
ics may be af practical importance whcn alkaline-phosphatase-triggercd lhemiluminescence is used to 

dctect extremcly low concentrations of DNA, RNA, or protein, for example, when the target band of DNA 
011 a filter is expected to contain <10-18 moles. In such cases, CSPD, a halogen-substituted derivative of 
AMPPD, may be a better choice. The addition of a chlorine atom to the 5-position of the adamantyl group 
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FIGURE A9·9 Detection of Immobilized Nucleic Acids and Proteins with AMPPD 

(Top) Detection Df target protein by western blotting; (bottom) detection of nucleic acid sequence in 
Southern ar northern blotting. 



A9.44 Appendix 9: Detection Systems 
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diminishes the tendency of the 1,2 dioxetane to self-aggregate and restricts its interactions with nylon til
ters. With this compound, the time to reach maximum light emission is markedly reduced so that very small 
quantities oftarget molecules can be detected rapidly (e.g., please see Martin et aI. 1991). 

CDP-Star, a third l,2-dioxetane substrate, follows a decomposition pathway similar to that of AMPPD 
and CSPD, but it produces a signal several times brighter. The CDP-Star signal also peaks earlier in the reac
tion and persists for longer (up to several days) than that of its rivais (source: Tropix Web Site www. 
tropix.com). 

Nitrocellulose filters lack the appropriate hydrophobic surfaces and are therefore not recommended for 
use with either AMPPD, CSPD, or CDP-Star; however, PVDF can be used with all three. 

AMPPD is an extremely stable compound: The activation energy for its thermal decomposition in H
2
0 

is 21.5 kcal/mole and its half-life at 25°C is ~20 years. Since nonenzymatic hydrolysis is very slow, the back
ground of chemiluminescence on blots is minimaI. In fact, the sensitivity of chemiluminescent detection of 
proteins and nucleic acids is generally limited, not by spontaneous decay of AMPPD, but by the presence of 
trace amounts in buffers of alkaline phosphatase ofbacterial origin (Bronstein et aI. 1990). 
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Shown are the kinetics of chemiluminescence 
:::> 6 of alkaline-phosphatase-catalyzed decompo. ..J a: 

sition of AMPPD in (A) 0.05 M bicarbonate/ 4 

2 
carbonate/1 mM MgCl2 (pH 9.5) or (B) on a 
Biodye A membrane. luminescent rates are 

5 10 15 20 expressed as relative light units (RlU). 
(Reprinted, with permission, from Tizard et a!. 

time, hr 1990.) 
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AVIDIN AND BIOTIN 
_ .. _------------------------------------------------------------------

Biotin (vitamin H, coenzyme R; F.W. 244.3) is a water-soluble vitamin that 
binds with high affinity to avidin (M,. 66,000), a tetrameric, basic glycopro
tein, abundant in raw egg white (for review, please see Green 1975). Because 
each subunit of avidin can bind one biotin mo!ecu!e, 1 mg of avidin can bind 
-14.8I1g ofbiotin. The dissociation constant ofthe complex is -1.0 x 10-15 1'.1, 

o 
11 

.... c ..... 
HN NH 

HC CH 

H2C CH - (CH2)4 - COOH 
.... 5/ 

which corresponds to a free energy of association of 21 kcal/mole. With such a tight association, the off-rate 
is extremely slow and the half-life of the complex is 200 days at pH 7.0 (Green and Toms 1973). For ali prac
tica! purposes, therefore, the interaction between avidin and biotin is essentially irreversible. In addition, the 
avidin-biotin complex is resistant to chaotropic agents (3 M guanidine hydrochloride) and to extremes of 
pH and ionic strength (Green and Toms 1972). The strength ofthe interaction between biotin and avidin 
provides a bridging system to bring molecules with no natural affinity for one another into dose contact. 

Biotin can be attached to a variety of proteins and nudeic acids, often without altering their proper
ties. Similariy, avidin (or streptavidin, its nonglycosylated prokaryotic equivaJent) can be joined to reporter 
enzymes whose activity can be used to locate and/or quantitate avidin-biotin-target complexes. For exam
pie, in enzyme immunoassays, a biotinylated antibody bound to an immobilízed antigen or primary anti
body is often assayed by an enzyme, such as horseradish peroxidasc or alkaline phosphatase, that has been 
couplcd to avídin (Young et aI. 1985; French et aI. 1986). In addition, in nucleic acid hybridization, biotiny
lated probes can be detected by avidin-conjugated enzymes or fluorochromes. Derívatives of biotin are used 
to biotinylate proteins, peptides, and other molecules (for revíew and references, please see Wílchek and 
Bayer 1990). 

The disadvantage of egg whíte avidin is the relatively hígh background of nonspecific bindíng caused 
by the presence of oligosaccharíde groups. Thi5 problem can be reduced by using streptavidin, a tetramer
ic nonglycosylated 58,OOO-dalton protein secreted by Streptomyces avidini that binds biotin with approxi
mately the same affinity as egg-white avidín. 

For more information on biotin, please see the information pane! on BIOTIN in Chapter 11. Much use
fui information about avidin-biotin chemistry and avidin-bíotin techniques IS available in a handbook enti
tled Avidin-Biotin Chemistry: A Handbook, published and sold by Pierce. 

FIGURE A9·12 lhe Avidin-Biotin Complex 
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IMMUNOGLOBULlN·BINOING PROTEINS: PROTEINS A, G, ANO L 

Protein A 

Protein A, a cell wall component of Staphylococcus aureus, binds to the Pc region of immunoglobulins (lgG) 
of many mammalian species and thereby helps the bacterium escape the immune response of the host 
(Forsgren and Sjõquist 1966; for review, please see Langone 1982; Boyle and Reis 1987; Boyle 1990; Bouvet 
1994) (please see Table A9-7). The interaction of protein A with the Fc portion of IgG molecules does not 
block the ability of the antibody to combine with its antigen (Figure A9-13). Protein A has been used exten
sively for both qualitative and quantitative analysís of immunochemical reactions (Godíng 1978; Harlow 
and Lane 1988, 1999). 

TABLE A9·7 Binding of Protein A and Protein G to the Fc Region of Mammalian 

IMMUNOGLOBULlN 

Human IgGl 
Human IgG2 
Human IgG3 
Human IgG4 

Mouse IgGl 
Mouse IgG2a 
Mouse IgG2b 
Mouse IgG3 

Rat IgGl 
Rat IgG2A 
Rat IgG2b 
Rat IgG2c 

Rabbit IgG 

Bovine IgGI 
Bovine IgG2 

Sheep IgG 
Sheep IgG2 

Goat IgGI 
Goat IgG2 

Horse IgG(ab) 
Horse IgG(c) 

Chicken 

Hamster 

Guinea Pig 

PROTEIN A 
(STAPHYLOCOCCUS AUREUS) 

++ 

++ 

++ 

+ 
++ 
++ 
++ 

+ 

++ 

++ 

++ 

++ 

+ 
++ 

+ 
+ 

(+) 

++ 

PROTEIN G 
(STREPTOCOCCI 

OF GROUPS C AND G) 

++ 

++ 
++ 
++ 

+ 
++ 

++ 
++ 

+ 
++ 
+ 

++ 

++ 

++ 
++ 

++ 
++ 

++ 
++ 

++ 

(+) 

(+) 

+ 

+ 

Data on human 'gG from Forsgren and Sjõquist (1966), Kronvall (1973), and Myhre and Kronvall (1977, 1980a); on mouse 
from Kronvall ct aI. (1970a), Chalon et alo (1979), and Myhre and Kronvall (l980b); on rat from Medgyesi et aI. (1978) and 
Nilsson et aI. (1982); on rabbit from Kronvall (1973), Myhre and Kronvall (1977), and Forsgren and Sjõquist (1967); on bovine 
from Lind et a!. (1970), Myhre and Kronvall (1981), and Kronvall et aI. (l970b); on ovíne, equine, and caprine from Kronvall 
et aI. (l970b) and Sjõquíst et a!. (1972). Data on other animaIs are from Ríchman et aI. (1982), Bjôrck and Kronvall (1984), 
Ákerstrõm et a!. (1985), and Âkerstrõm and Bjõrck (1986). 
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TABLE A9·8 Binding of Immunoglobulins to Protein L, Protein A, and Protein G 

A9.47 

IMMUNOGLOBULlN PROTEIN L PROTEIN lAa PROTEIN A PROTEIN G 

Human 
IgG ++ ++ + +++ 
IgM ++ ++ + 
IgA ++ ++ + 
IgE ++ ++ + 
IgD ++ ++ + 
Fab ++ ++ + + 
F(ab')2 ++ ++ + 
K light chains ++ ++ + 
scFv ++ ++ + 

Mouse 
IgGl ++ ++ + ++ 
IgG2a ++ ++ ++ +-t 
IgG2b ++ ++ ++ ++ 
IgG3 ++ ++ + ++ 
IgM ++ ++ + 
IgA ++ ++ ++ + 

Polyclonal 
Mome ++ ++ ++ ++ 
Rat ++ ++ + ++ 
Rabbit + ++ ++ +++ 
Sheep ++ ++ ++ 
Goat ++ + ++ 
Bovine ++ + ++ 
Porcine ++ ++ ++ ++ 
Chicken ++ ++ 

Modified, with permission, fr0111 CLONTECH (www.clontech.com/archive/jUL98UPD/proteinL.htmll. 
"Protcin LA combines lhe iml11unoglobulin. binding domains of protein A and prolcin L 
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Protein G 

• When coupled to a radioactive, enzymatic, or fluorescent tag, protein A is an exceUent reagent to detect 
and quantitate antibodies with high affinity for the protein. Protein A chemical1y coupled to partides of 
colloidal gold can be used to locate IgGs by electron microscopy. 

• Protein A immobilized on a solid support can be used to purify antibodies and to collect immune com
plexes, antigens, and whole cells (please see Figure A9-14). 

• Using ELlSA·like sandwich techniques, DNA fragments can be purified and detected using purified 
protein A or engineered fusion proteins containing the IgG-binding domains of protein A domains (e.g., 
please see Lindbladh et aI. 1987; Peterhans et aI. 1987; Werstuck and Capone 1989; for review, please see 
Stahl et aI. 1993). 

Chimeric proteins containing two independent ligand-binding domains have also been explored as 
adhesive immunological reagents. For example: 

• Molecules labeled with digoxygenin may be labeled with a fusion protein containing an IgG-binding 
domain of protein A and an antigen-binding site of an antidigoxygenin antibody. The label may then be 
detected with any antibody that binds to protein A (Tai et aI. 1990). 

• Streptavidin·protein A chimeras may be used for indirect labeling of antibodies with enzymes (Sano 
and Cantor 1991). 

• Protein A-maltose binding protein chimeras may be used as bifunctional reagents for binding antibod
ies to a solid matrix (Xue et aI. 1995). 

• Protein A can be used as an affinity tag to purify fusion proteins synthesized in pro- and eukaryotic cells 
(e.g., please see Kobatake et aI. 1995; Nilsson et a!. 1985; for reviews, please see Nilsson and Abrahmsén 
1990; Uhlén and Moks 1990; Uhlén et a1. 1992; Stahl et aI. 1993). The simplest protocol involves purify
ing fusion proteins containing the Fc-binding domains of protein A by affinity chromatography with an 
IgG resin (Uhlén et aI. 1983; Nilsson et aI. 1985). 

The gene for protein A (Uhlén et alo 1984) encodes a preprotein of 509 amino acids that consists of a 
signal sequence, which is removed during secretion: five homologous, independent IgG-binding domains, 
each of 58 amino acids; and a repetitive carboxy-terminal anchor (region X), of 180 amino acids. 
CrystaJIographic analysis of cocrystals of a single IgG-binding domain of protein A bound to human Pc 
shows that the IgG-binding domain contains two a-helices that form extensive hydrophobic interactions 
with the second and third constant regions ofthe Pc domain (Deisenhofer 1981). 

Protein G was first isolated from streptococcal strains belonging to groups C and G (Bjôrck and Kronvall 
1984). Protein G, like staphylococcal protein A, has a high affinity for the Fc region of mammalian anti
bodies. However, the two proteins are quite different in structure and have different affinities for antibod
ies (please see Table A9-8) (Âkerstrôm et aI. 1985). Whereas protein A is rich in a-helices and forms 
hydrophobic interactions with immunoglobulins, protein G has a large content of ~-sheet structures 
(Olsson et aI. 1987; Gronenborn et a!. 1991). Protein G binds to the first constant domain ofIgG (Erntell et 
aI. 1985) and the interaction between the two molecules involves alignment of ~ strands to form a contin
uous ~-sheet across the interacting surfaces (Derrick and Wigley 1992). The structures recognized by pro
tein G and protein A are dosely related (Stone et aI. 1989). However, many species and subdasses of IgGs 
that do not bind well to protein A bind with hígh effidency to protein G. For example, protein G is able to 
bind efficiently to human immunoglobulins of the IgG3 subclass, whereas protein A cannot (Sjôbring et alo 
1991). Chimeric proteins, containing ligand-binding domains of proteins A and G exhibit the cornbined 
specifidties of the parental proteins (Eliasson et aI. 1988, 1989). 

One potential disadvantage of protein G as a reagent to collect immune complexes and to purify IgGs 
is that it binds strong1y to bovine serum albumin (Bjõrck et aI. 1987). However, the IgG-binding site and 
the serum albumin-binding site are structurally distinct (Nygren et aI. 1988; Sjõbring et aI. 1989) and engi
neered versions of protein G lacking the albumin-binding site are commercially available. The serum albu
min domains of protein G have been used as purification tags in fusion proteins (Nygren et alo 1988, 1991; 
Sjôlander et a!. 1993). 
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fiGURE A9-14 Isolation of Antigens or 
Whole Cells Using a lacl-SpA fusion Protein 
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Protein L (M, -76,000) (Ãkerstréim and Bjéirck 1989) is a cell-walI component of the anaerobic bacteríum 
PeptostreptococCllS magnus (Bj6rck 1988), which binds with h1gh affinity to the j( light chains 01' 
immunoglobulins. This interactíon does not interfere with the antigen-binding sites of the antibody (Ãker
strom and Bjéirck 1989). Protein L binds to a wide range of 19 subclasses including human, mo use, rat, rab
bit, and chicken (please see Tabie A9-8), but it does not bind to bovine, goat, ar sheep Ig. These species-spe
cific binding characteristics make protein L a use fui tool for antibody purification, in particular for the 
purification of monoclonal antibodies from media supplemented with fetal bovine serum or bovine serum 
albumin and the purification ofhumanized antibodies from transgenic animais. Protein L i5 available com
mercially (e.g., CLONTECH and Pierce). 
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INTRODUCTION 

The Process 

Applications 

With the growing abundance of sequencing data from such diverse organisms as yeast, bacteria, 
fruit fly, several plants, and humans comes a pressing need for developing and applying tech
nologies to perform comprehensive functional analyses. DNA microarrays have been developed 
in response to the need for simultaneous analysis of the patterns of expression of thousands of 
genes. Microarrays therefore offer tremendous advantages over traditional "single-gene" methods 
such as northern hybrization, reverse transcriptase-polymerase chain reaction (RT-PCR), and 
nuclease protection. 

In a typical application, high-density nudeie acid samples, usually cDNAs or oligonucleotides, are 
delivered (or printed) bya robotie system onto very small, diserete areas of coated substrates (or 
ehips) usually microscopic glass slides or membrane filters, and then immobilized to the substrate. 
The resulting microarray is then hybridized with a complex mixture of fluorescently labeled nude
ic acids (probe) derived from a desired source. Following hybridization, the fluorescent markers 
are detected using a high-resolution laser seanner. A pattern of gene expression is obtained by ana

lyzing the signal emitted from each spot with digital imaging software. The pattern of gene expres
sion of the experimental sample can then be compared with that of a control for differential analy
ses. The use of terms varies in the literature; however, in this discussion, probe refers to the mix
ture of labeled nudeic acids and target denotes the immobilized array of nucleic acid samples. 

Two chief applications of DNA microarray technology are described briefly below. Other appli
cations indude gene discovery, genotyping, and pathway analysis. 

Ana/ysis of Gene Expression 
Gene expression patterns are biologically informative and provide direct dues to function. 
Correlating ehanges in gene expression with specific changes in physiology can provide mecha
nistie insights into the dynamics of various bíological processes in an organismo Microarray tech
nology may be used, for example, for simultaneously detecting expression of many genes in díf
ferent tissues or at different developmental stages; for comparing genes expressed in normal and 
diseased states; and for analyzing the response of cells exposed to drugs or different physiologi
cal conditions. The value of microarrays for identifying patterns of gene expression has been 
demonstrated clearly in organisms such as yeast, fruit flies, mice, and humans. In yeast, for exam
pie, gene expression patterns obtained using eDNA arrays eorrelate very well with ehanges in the 
yeast cell cyde (yeast data sets and analysis to ois are available at cmgm.stanford.edu/pbrownl). In 
explorations of human cancer, expression arrays have aided in the molecular dassification of B
celllymphomas and leukemias. These studies are likely to help us to understand the pathophysi
ology of eancer and to define targets for therapeutic intervention. 

Monitoring Changes in Genomic DNA 

Caneer cells typically exhibit genomic instability, induding gain-of-function mutations of onco
genes often marked by gene amplifications or translocations and loss-of-function mutations in 
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tumor suppressor genes often marked by point mutations and subsequent 1055 of heterozygositv 
or by homozygollS deletions. Three laboratories are now llsing micrnarrays for high-resolutiol1 
analysis of gennmic DNA: 

• lhe Brown laboratorv (cmgl11.stanford.edu/pbrown) uses cDNA rnicroarrays. 

• lhe Gray laboratory (cc.ucsf.edu/gray/J uses microarrays of genomic DNA c10ned in BAC vec
tors. 

• lhe Wigler laboratory (nucleus.cshl.org/wigler/) uses l11icroarrays derived from low-complex-
ity represcntations of genomic DNA. 

Which mcthod or combination of methods wiU be successful in measuring changcs in copy num
ber of nonabundant sequcnces with high statistical confidence in clinicai samples remains to be 
determined. 

Mutations and polymorphisms, in particular single nucleotide polymorphisms (SNPs), GIIl 

be studied within and among species using high-density o1igonucleotide arrays. Thesc so-called 
ll1utation detectiol1 arrays consist of oligol1ucleotides representing aU knowl1 sequence variants of 
a gene or a collection of genes. Because hybridization to oligonucleotides is sensitive enough to 
detcet single-nudeotide mismatches, an homologous gene carrying an unknown sequencc varia
tio!1 can be screened rapidly for a large nUl11ber af changes. Examples of mutation detcction 
arrays include a p53 gene chip, an HIV gene chip, anel a breast caneer BRCA-I gene chip. 

The remainder of this discussion focuses on the technological aspects 01' DNA microarrays, 
with little further emphasis on applications. It is imperative to remember that DNA microarrays 
represcnt a dcveloping technology and that there rel11ain substantial obstacles in the design anel 
<lnalysis of these microarrays. 

OVERVIEW AND SCHEMA OF DNA MICROARRAYS 

There are six basic steps in performing a DNA microarray experiment (please see Figure A I O-I ): 

1. Processing cDNA clones to generate print-ready material. 

2. Printing cDNA clones (or oligonucleotides) onto a substrate. 

3. Sample RNA isolation (either total RNA or I11RNA). 

4. Preparation of the probe (e.g., cDNA synthesis and labeling). 

5. Hybridization of the labeled probe DNA to the DNA arrayed on the substrate. 

6. Image acquisition of hybrielization results anel image analysis. 

Clone Sources and Their Description 

The initial resources required to design and fabricate gene exprcssion l11icroarrays include 
genomic or cDNA sequence data, cDNA clones, ar both. Traelitional approaches to gene disclJ\'
ery, such as cloning, have identified only a small subset of genes in an organismo More recent 
approaches, for example, large-scale sequencing of expressed sequencc tags (EST~), have greatly 
enhanced the rate of gene discovery. GenBank now has a collectiol1 of > I million hUl11an ESTs. 
EST sequences are deposited into the databank dbEST (www.ncbi.nlm.nih.gov/dbEST/ 
index.html), a division of (~enBank. Sequences stored in dbEST are subjccted to an autol1lated 
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FIGURE A10-l Flowchart: Performing a Microarray Experiment 

process called UniGene that compares ESTs and assembles overlapping sequences into clusters 
(www.ncbi.nlm.nih.gov/UniGene/index.html). Clone sets, comprising the largest single represen
tative of each cluster, are sequence-verified and then made available to the public through licensed 
vendors (http://image.llnl.gov/image/html!idistributors.shtml). 

The current UniGene collection of human and mouse cDNA sequences (~40,000 and 
10,000 sequence-validated clones, respectively) is available for purchase through official vendors 
such as Research Genetics (www.resgen.com)andIncyteGenomics(gem.incyte.com/gem/prod
ucts/unigemv2.shtml). The Uni Gene collection is likely to expand proportionally with progress in 
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the various genome sequencing projects. Another resource for the human cDNA collection is the 
German Human Genome Project (http://www.rzpd.de/general/html/glossary/unigene.shtml). A 
comprehensiw, sequence-valídated full-Iength mouse cDNA collection is also available from 
Riken Genomic Sciences Center, Japan (http://hgp.gsc.riken.go.jpll and from the National 
lnstitute of Aging (http://Igsun.grc.nia.nih.gov/). Table AI0-l presents genomic resources for 
organisms other than human and mouse that are available for microarray tlbrication. 

Robotics for High-throughput Processing 

Considering the enormous size of clone sets derived from eukaryotic genomes, some degree of 
automation is typically required to obtain print-ready material with a high degree of accuracy and 
reproducibility. Two robotic systems, designed for high-throughput parallel processing, encol11-
passing fully automated or semi-automated liquid-dispensing and plate-handling systems are the 
Robbins Hydra Work Station (www.robsci.com). which uses high-precision Tetlon-coated capil
laries, and the Beckman Coulter Multimek (www.beckmancoulter.com). which uses disposable 
tips. In addition to accurate volumetric handling of liquids to and fi-om standard 96-well or 38·1-

well plates, these robotic systems also have reformatting capabilities, allowing the transfer of mate
rial between 96- and 384-well plates on the same work surface. Each robotic unit can be integrat
ed with other automated systems. Robots with analogous capabilities are the Qiagen BioRobot 
(www.qiagen.com/automation!), Tecan AG GENESIS sample processor (www.tecan.com), 
Packard MultiPROBE (www.packardinst.com), and Tomtec Quadra (www.tomtec.coml. 

Solid Support and Surface Chemistry 

The development of novel solid supports and efficient chemistries for the manufacture of spa
tially resolved microscopic DNA arrays is essential if the potential of DNA chip technology is to 
be fully realized. A good substrate must bind DNA efficiently and uniformly, and leave the sur
face-bound DNA both functional and accessible. The density of DNA attached to the substrate 
must be high, the bound array must be stable, and the substrate must be chemically inert and have 
ultra-low intrinsic fluorescence while providing strong signal intensity and a broad dynamic 
range. Two basic substrates commonly used are glass and membrane filters. 

Chemically treated microscope glass si ides are the most widely used support. Glass is opti
cally superior, durable under high temperatures of hybridization, and nonporous, thus keeping 
hybridization volumes to a minimum; it has low autofluorescence and good geometry and is 
amenable to high-densíty array fabrication. The major disadvantages of glass are that its planar 
surface has low loading capacity, the array on a glass support is no! reusable, and an efficient 
chemistry for linking DNA to glass is lacking. 

Glass slides coated with amine or aldehyde surface chemistry are available from Corning 
Mícroarray Technology (CMT) (http://wvvw.cmt.coming.coml) , Cel ( www.cel-l.com/bio-mole
cular_products.htm), and TeleChem International (www.Arrayit.com).Itis also possible to 
attach DNA covalently to glass slides. SurModics' 3D-Link Activated Slides are coated with a 
three-dimensional matrix that covalently binds amine-terminated DNA (PCR products or 
oligonucleotides) through endpoint attachment (www.surmodics.coml. A common method for 
making amine-coated glass slides in-house is to treat them with polylysine. Details on the chem
istry and instructions for preparing polylysine si ides are available on the Rrowl1 laboratory \>\'eb 
Site (http://cmgm.stanford.edu/pbrown/index.html ). 

A major effort is now under way to explore the use of porous materiais i such as nitrocellu
lose, nylol1, and acrylamide) as substrates for attachment of nucleic acids. Porous substrates per-
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TABLE A10·1 Genomic Resources for Mirrllar'ra'vs 

ORGANISM 

Ara/lidap,i; tlwlialla 

C.lt'llorllllbditis e/egalls 

MATERIAL 

6000 cDNA clones 

ORF-specific primer 
pairs 

intergenic region 
primer pairs 

7900-member clone set 

I I,S()O EST clones 

cDNA arrays represent
ing the complete set of 
C. elegans genes 

primer pairs 

/lro.'ol'hila I/Ie/i/I/Oga,ter cDNAs representing 
12.00() genes 

1:.<cheri.-llÍtl co/i 4290 ORF sequences 

!laâl//I.' S/Ibti/is 4107 ORF sequences 

C;ei/ll1Í 

In Development: 

Staphrlo«)(C/ls aI/reli, 

C,lIldida aibiml/s 

putative 1590 ORFs of 
strain 26,695; 91 ORFs 
uniq ue to strain )99 

1654 genes 

1900 ORF sequences 

ORF sequences 

COMMENTS 

1500 sequence-validated clones are available. 

These primers are designed to amplify complete coding 
regions induding 5tart and stop codons from genomic 
DNA (possible because very few yeast genes contain introns). 
Recently, The Sanger Centre and the Imperial Cancer 
Research Fund have initiated work on amplification of 
coding regiollS from the tlssion yeasl S. pombe. 

These primer pairs are designed to amplify regions that 
lie between tbe open reading frames (ORFs), from genomic 
DNA, for use in cloning yeast promoters upstream of 
reporter genes, assaying deletions or insertíons in yeast 
genes, and mapping transcription-factor-binding sites. 

The clones represent genes from ali major tis sue cate
gories (e.g., roots, rosettes, and inflorescence). 

Collection was generated at Michigan State University. 

These microarrays along with support for hybridization and 
data analysis are available to other C. elegans laboratories on 
a collaborative basis. 

These primer pairs ean amplify ali or a portíon of each 
of the 19,000 genes. 

The cDNA colleetion is currently undergoing annota
tion at lhe Berkley Drosophila Genome Project. 

Membrane arrays containing a complete set of PCR
amplitled genes. 

PCR-amplified ORFs. 

RESOURCE 

Research Genetics 
(www.resgen.com) 

Research Genetics 
(www.resgen.com) 

Research Genetícs 
(www.resgen.com) 

Ineyte Genomics 
( www.incyte.com/products/ 
organisms.html) 

Affymetrix 

Stuart Kim's laboratory 
at Stanford University 
(cmgm.stanford.edul -
kimlabl) 

Research Genetics 
(www.resgen.eom) 

Berkeley Drosophi/a 
Genome Project 
(www.fruitfly.orgl will be 
available for purchase 
through Research Genetics 
(www.resgen.com) 

Genosys Biotechnologies 
(http://www.genosys.com/ 
expression/frameset.htmll 

Genosys Biotechnologies 

Genosys Biolechnologies 

Genosys Biotechnologies 

Ineyte Genomics 
( www.incyte.com/products/ 
organisms.html) 

Ineyte Genomics 

mit the immobílization of large amounts of target molecules due to greatly enhanced surface area, 
providing enhanced sensitivity compared to planar substrates. Porous substrates based on poly
mer rnatrices provide a three-dimensional hydrophilic environment similar to free solution for 
biomolecular interactions. The utility of nitrocellulose-coated glass surfaces for microarrays has 
been demonstrated. The high binding capacity of nitrocellulose combined with low background 
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tluoresce!1CC makes these mcmbrane-coated slidcs a superior substrate for micwarr,lYs. lhey are 
availablc from Schlcicher & Schuell (www.s-und-s.del). 

Microarray Production 

Microarrays may be produced using one of the methods described bclow. Alternativdy, preÚlbri
cated microarrays frol11 many sources are available commercially. Mic[oarray Úlbrication tech
nologies are of two kinds: in situ synthesis of nucleic acids and exogenous dcpositioll of prepared 
materiais O!1 solid substrates. Three types of advanced technologies havc ell1crged ,IS carlv 
favorites in au tomated l11icroarray production. 

Contact printing 

In this approach, DNA fragl11ents are directly depositcd onto a glass support using a precision 
robot. The DNA sample is loaded into a spotting pin by capillary action and small volumes are 
transferred to a solid surface, such as a microscope slide, by direct physical contact betwecn the 
pin and the solid substrate. After the first spotting cyde, the pil1 is washed and <l second samplc is 
then trans1'erred to an adjacent address. A robotic controI system and muItiplexed print heads 
allow automated microarray fàbrication. One of the crucial factors affccting array t:lbrication 
using the contact printing method is the reproducibility and durability 01' the spotting pins (aIso 
called guills or tips). Custom, machine-made high-precision pins can be obtaincd from Tclcchem 
I ntcrnatiollal (www.arravit.col11), Majer Prccision Engincering (http://www.majerprecision. 
comI), and Die-Tech (San Francisco). 

The first contact printing arrayer was designed and built in the Iaboratorv of Patrick Bro",n 
at Stan1'ord University. An arrayer based largely on the Stanford prototype was subsequcntly tilb
ricated in lhe National Human Genome Research lnstitute (NHGRI, www.nhgri.nih.gov/ 
DIR/LCG/15K/HTML) and at the Albert Einstein College of Medicine (http://sequcnce.aecol11. 
yu.edu/bioinflmicroarray/printer.htm\J. For the "do-it-yourself' approach, dctailcd instructions 
for assembling a contact printing arrayer, including a description of the nccessarv parIs, can bc 
found at http://cmgm.stanfórd.cdu/pbrown/mguide/. Commercial rnbotic systcms for making 
<lrrays by contact printing are offered by 

• Cartesian Technology (www.cartesiantech.com/pixsyspa.htm) 

• C;cneMachincs' OmniGrid (www.genemachines.coml 

• Genomic Solutions (www.genomicsolutions.com) 

• BioRobotics (wvvw.biorobotics.co.uk) 

• (;cnetix (www.genetix.co.uk/Microarraying.htm) 

• Intelligent Bio- Instruments (www.intelligentbio.com) 

• Genepak ( www.genpakdna.com ) 

• Amersham Pharmacia Biotech (www.apbiotech.com/application/microarray/) 

A Icss expensive altcrnative to robotic spotting of samples onto substratcs is to use a hand
hcld 384-pin arraying dcvice, availabIe from V & P Scientific, Ine. (www.vp-scientiflc.com/).This 
vendor offers pin tools for 96-, 384-, and 1 536-wcll plates, as wcll as registration accessories that 
allow the creation of high-density arrays of up to 3456 samples per array. 
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Photo/ ithogr aphy 
Developed by Affymetrix (www.affymetrix.com).this method combines photolithography tech
nology fram the semíconductor industry with DNA synthetic chemistry to permit the manufac
ture af high-density oligonucleotide microarrays. A solid support is derivatized with a covalent 
linker terminated with a photolabile protecting graup. A photomask is used to determine which 
positions react with light. Exposure to light causes díssociation of the protecting group at the 
exposed site. A chemical coupling reaction is then used to add a specific nucleotide to the new 
deprotected site, and the process is repeated using a different mask. The end result is a precision
made array, containing many oligonucleotídes of known sequence. The Affymetrix method for 
making arrays demands a technical sophistication that generally cannot be imported to academ
ic laboratory settings. 

Pin and Ring 

A "pin and ring" device is used for sample spotting by a noncontact mechanism. The ring holds a 
draplet of solution picked up from the well of a microtiter plate, and the pin punches a smaller 
droplet fram this reservoir onto the substrate. The main advantage of this technology is the abili
ty to generate consistent delivery from a variety of solvents with DNA, proteins, and small mole
cutes on virtually any substrates. The technology as it currently stands has a high degree of preci
sion but lacks the desired robustness. This technology was developed at Genetic Microsystems, 
now wholly owned by Affymetrix (www.affymetrix.com). 

Commercial Arrays and Integrated Array Services 

The formidable task of generating microarrays is time-consuming and frequently cost-prohibi
tive for many laboratories. Some commercial ventures have fabricated microarrays on mem
branes (nylon and nitrocellulose) and/or glass, and these are available commercially (please see 
Table AI 0-2). Commercial arrays are also available from Hyseq (www.hyseq.com) and Stratagene 
( www.stratagene.com/ge/gene.htm). 

Choice of an Array System 

The choice of a DNA array for a particular experiment requires consideration of the expense, 
desired density of DNA on the array, reproducibility among chips, and type of DNA to be immo
bilized on the surface. The first decision is whether the chips should contain ímmabilized cDNAs 
or shorter oligonucleotide sequences. cDNA samples must be spotted onto the chips as complete 
molecules, whereas oligonucleotides can be either spotted or synthesized on the surface of a chip 
with high fidelity. Another important decision is whether the user will make the arrays or pur
chase the chips. The advantages and disadvantages for each of these issues for each approach are 
presented in Table AlO-3. 
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TABLE A 10-3 Choice of an 

ARRAY TYPE 

()Ii~llnudeotide chips 

Commcr(Íal systems 

ADVANTAGES 

• Availability 01' large nonredundant, sequence~ 
validated clone seIs from different organisms. 

• Because prior sequence information is not required, 
cDNA arrays are an excellent choice for gene discovery. 

• cDNA size is optimal for specific hybridization. 
'Iechnology for spotting DNA on glass and membranes 
is readily available. 

• High.density chips can be fabricated. 
• [n situ synthesis on the chip generates consistent dnd 

unif<xm geometry of spots. 
• Oligonucleotide arrays may be used for genotyping as 

well as for gene expression analysis. 
• Maintaining large collections of cloned DNA molecules 

is not essential. 
• Hecause oligonucleotides are relatively short and can be 

designed for any gene region, oligonudcotidc chips can 
be used for sequencing, identifieation of polymorphisms, 
and potentially for identifieation of different transeript 
splice variants. 

• Technology for array fabrication is readily available and 
well suited to laboratory setting. 

• Once the infrastructure is established, it is a le55 expen· 
sive way of making arrays. 

• Unlimited number of a rrays can be generated as reqllired 
(quite useflll considering microarray experiments are 
performed with a large number of arrays). 

• Most tlexible and versatile way to stlldv any available 
genes. New genes can hc adde'd easily. ' , 

• Use r has complete control over the research and is less 
dependent on commercial companies. 

• Unitormity in chip quality. 
• Burden of production and quality control is on the 

manufacturers, 
• User has aeeess to proprietary technologies and private 

clone reSOlUces. 
• I ntegrated packages are available for array hybridization 

and downstream informatics. 

DISADVANTAGES 

• Proeessing clones to generate prinHead)' 
material is eumbersome. 

• Density of printed cDNA is lower than for in~ 
situ~synthesized oligonuc!eotides, 

• cDNA sequences may conluin repetitive 
sequences such as A/li in human 3' UTRs or B 
elements in rodent 3' UTRs, reslllting in cross~ 
hybridization. 

• Clone authentication (an be a problem. 

• There is an absolute seqllence data requirement 
for designing oligonucleotides. 

• Oligonuc!cotide selcction rules are not well 
detlned. 

• Short sequences are nol lhe best targct;, for 
hybridization and, therefore, appropriate eon· 
trols mllst be included. 

• Oligonucleotide ehips are extremely expensive 
and the current manufacturing process is inher
ently intlexible. 

• User must learn to design and bllild chips, 
• No! the system of choice if only a small number 

of arrays are needed or a Iimited number of 
experiments are performed because capital costs 
run high. (This cost (an be circumvented by 
establishing core facilities and shared resources. ) 

• Tracking of clones and print material (dn be 
cumbersome and error'pronc, 

• Limited tlexibility. 
• Chip cosls are extremely high. 
• User is totally dependent on outsourced produc

tion of chips. 

IMAGING AND ANAlYSIS DF lHE ARRAY 

Sample Processing and Hybridization 

Once the array has been printed or purchased, the next step is to hybridize a labeled probe to the 
immobilized DNAs on the array. Typically, the probes for arrays are labeled representations of 
cellular mRNA pools isolated from various biological resources, such as cell cultures, tissues of 

model organisms, clinicai biopsies, and histological samples. Detailed protocols for preparing 
the probe samples (including isolation of RNA, synthesis of cDNA, and incorporation of fluo
rescent dyes) and hybridizing the probe molecules to the immobilized DNA arrays are available 

on the following Web Sites: 
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Cold Spring Harbor Lahoratory 
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IIC;R proto(ols 
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Defection of the Hybridization Signal 

After hybridization, the DNA microarray is scanned to monitor lhe tluorescence of each probe 
thal was successfully hybridized to the target. Most microarrays utilize two tluorophores, typical
Iv, the most commonly used fluoropho!"es are Cy3 (green charme! excitation) and Cy5 (red chan
ncl excitation). To generale a complete microarray image, it is necessary to acquire an image for 
cach of thcse tluorophores. In general, two different scanning approaches are uscd: ( 1) sequential 
scanning acquires one image at a time and then builds the ratio image after acquisitiol1 is com
pleted, and (2) simultaneous scanning acquires both images at the same time. Although a range 
of scanners is available, it is difficult to judge their relative performances at this time. A listing oI 
scanners and their notable features is presented in Table AI 0-4. 

TABLE Al0-4 Scanning Systems 
~~~~~~~~~~~~~~~~~~~~~~~~~~---. 

SCANNING 

SVSTEM SOURCE DESCRIPTION 
, '~~~~----_._~~~~~~~~~-~---~~~~---

(;el1cPix -iOOO .\\Oll ImtrUIl1('nts, lllc. 
11'I\'W.,lXOIl.(Om 

"c·,ln,\rr,l) 50()() (;l'ncraI SC<lnning, ln(. 
\1'\ VIV. gsi IUlll () n i o. co ml p rud li els_ 
frd me! da tash tsl SCCl narray I 
sd5()()().htm 

(,L'nl'I\(' I (JI)() (;cllomic Solutiolh 
11'\1'1I'.gCI1()J1] icsolu t lOns.coml 
pnldllds/bio/img.htlll 

I j I' (;l'l1l':\rr,1\' rk\\'kll~l'ackard 

"l ,\ 11 I1lT \11I'IV.a ffymct rix. (om/p md uctsl 
in,_array.html 

!lll' Storm "'Stl'l11 .\Io!ccular lJynamiés 

(,,\1,, ,) 1 ti ,\1'1,1\ 

II 11'11 , Illdyn .coml ,1 rr<lnl gCI1. h t m 

('l'lletic ~li(roS\'stems 
1111 \\'.<1 IT\'I11<.'1 rix.com 

~~-~--

This highly compact scanner has 10-pl1l rcsolutiol1 and simultancous dual 11 <lI C 

Icngth scanning. lts main strengths are a \'er;' shmt scan timc alld pl'l'tt:d pixd
to-pixel rcgistration af the images in both challnels. (Kceping the pixels in rcg~ 
istcr belwecn ehannels is a problem oftcn associatcd with dllal~lI'avekngth 
scanners.) It also includes claborate imagc analysis SOftW,lI'l·. lhe ,\\on scanllCl' 
is currently limitcd to using only two tluorophores. 

"I his microarra)' scanner utilizes a confocallascr with a I\',ollltlon 01' 1 () fim and 
incllldes advanccd software for image acquisition, image ,ll1ah'sis, and lbta 
mining, lhe distinguishing feature is the use of 4 differellt l'\citatioIl Iasers and 
10 emission filters, providing users with the t1exibility of lI1an)' ditlercnt 
tluorescent dycs (emission spectra hetwccn 500 and 700 I1IllI for o,lmplc Iabci~ 
ing, lhis setup permits more than t\\'o differentl)' Iabelcd sampb to he lIscd 
for probing cach microarray. 

(~eneTAC 1000 uses a CCJ) camcra and a highly scnsitive dctl'ctor C,lP,lblc oI' 
dctecting up to four tluorophores per c\pcriment. It also h,15 ,ln autolllatl'd 
samplc holder, with provisiolls for loading and sC<lnning ::'-i ,lide:. ~lt one timl'. 

lhe HP C;cncArray Scanner is a high-resolution t 3-pm) oCdnllL'r designed to 
read Affymctrix (~cneChip probe arra)'s. 

This s)'stem combines phosphorimager alltoradiography lc'chnology \Iith tll'O 
nonradio<!ctive tlllorescent-bbcling t('chniques: dircct !lu, 'rl"Cl'IKC <1n,j chcmi
tluoresccnct:. Thc Storm S)'stCIll SCJns storage phosphor ,(recns plus tll101'cscent 
gcis and chemitluorcset'llt blots in <l .1S x -I3-el11 scanning ,1I'('a and is thllo \\'ell
sllited for scanning membranc arrays. 

This 'ystem is a scanning laser confoc,d imaging epilluOI'l',ú'ncl' 111 iCl'Oscope 
with a 1 O~pm resolutjoll. 
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Image Analysis 

The objective of microarray image analysis is to extract hybridization signals from each probe. 
Signals are measured as absolute intensities for a given target (essentially for arrays hybridized to 
a single sample) or as ratios of two probes with different fluorescent labels, representing two sep
arate treatments to be compared with one probe as an internai controI. The ratio of two signals 
provides relative response ratios rather than an estimate of an absolute signal. A typical color 
image is shown in Figure AIO-2. 

Once images are obtained in digitized form, they are subjected to further analyses using a 
variety of software programs. These programs provide a more accurate quantification of the 
intensity ratio. Undesired features of the data such as uneven spots, dust on the slides, and non
specific hybridizations are flagged as inadequate and are not considered for further analysis. 
Background fluorescence, such as autofluorescence of the solíd support or nonspecific binding of 
sample to the array, can also be subtracted from the intensity of a feature. Subsequently, the mean, 

FIGURE A 10-2 Expression Patterns in a Human cDNA Array (from cells induced with the 
human tumor suppressor PTEN, protein tyrosine phosphatase, and tensin homolog) 

A portion of a human cDNA array hybridized with a red fluor-tagged experimental probe and a green fluor
tagged reference (uninduced) probe. lhe measured intensities from the two fluorescent reporters have 
been false-colored red and green and overlaid. Yellow signals (red plus green) indicate roughly equal 
amounts of bound cDNA from each sample and therefore have equal intensities in the red and green chan
nels. Spots containing mRNA present at a higher levei in one or the other sample show up as predomi· 
nantly red or green. (lmage provided by Vivek Mittal and Michael Wigler, Cold Spring Harbor laboratory.) 

I 

'I 
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median, and standard deviation of pixel intensities in each feature is determined and slIbjected to 
further detailed analysis. The following image analysis programs are commonly lIsed: 

• GenePix Pro is a program for scanning and analyzing microarray slides using the CenePix 
4000 Scanner. lt can also be used to analyze images acguired with other scanners. l;t~nePix Pro 
alltomatically aligns the blocks of feature indicators on an image and alip1s feature il1dicators 
within the blocks with features 011 the image. It is flllly integrated with the \\'eb in slIch a \\'<1\' 

that the gene names or their accession nllmbers can be linked to any dalabase. I t can be pur
chased directly fram /\';;:on (www.axon.com). 

• ScanAlyze, a program similar to GenePix Pro, was developed by Michael Eisen at Slanford 
University and is freely available fram http://rana.stanford.edll/ software!. 

Other image analysis programs include ArrayVision (from Imaging Resedrch Inc.: 
http://imaging.brocku.ca/products!); deArray (fram NHGRI: wVM.nhgri.nih.gov/DIR/LCG/ 
15K/HTML); ImaGene (fram BioDiscovery: http://www.biodiscovery.com/products/lmal;ene/ 
imagene.html); TIGR Spotfinder (from TIGR: www.tigr.org/softlab/); MicroArray Suite (from 
Scanalytics: \,,"ww.scanalytics.com/sos/product/hts/microarray.html); GenExplorc (from Appliúl 
Math5: www.applied-maths.com/ge/ge.htm);GeneDataAG(froI11Base!:w\\.w.genedata.com/ 
prod-exp.html); Partek Pro 2000 (from Partek Inc.: www.partek.com/);andSpottlre.net (from 
Spotfire: www.spotfire.coml. 

Some Considerations in Performing a Microarray Experiment 

Because microarray experiments are miniaturized and of a high-throughput nature, they are sen
sitive to both externai and internaI fluctuations, for cxample, during deliver)' of the target U:--;As 
OlHo the substrate and during hybridization. Approximate!y 7-8% of the variation in lhe data is 
estimated to be due to background noise. 11 is therefore imperative to follow proper averaging and 
normalization procedures, both to minimize these variables and to ensure that the extracted data 
are reliable and meaningful. It is aIs o important to note that, as of this writing, there are no glob
ally accepted rules or standards for performing controlled microarray experiments. Furthermore, 
the platforms as well as the methods for data extraction and analysis are subject to great variabil
ity. The following are general recommendations for performing experimcnts O!1 homemade 
arrays and should be used as guidelines only. 

• Replicate each experiment on multiple arrays. Averaging the normalized ratios for the same 
controls to compensate for array-to-array variation. 

• Perform experiments using color reversal to account for variations in dye incorporation. 'The 
purpose of reversing the label for the two replicates is to reduce variabilitv in signals that can 
occur due to differential incorporation of fluorescent labels by reverse transcriptase or other 
associated technical variability. False positive results can be substantialJv reduced llsing this 
strategy. 

• Randomíze the address of arrayed DNAs on the surface of the substrate to control for varia
tion in hybridization that may occur at different locations 011 the array. 

• Include a large number of controls on every array to verity the slIccess of the probe synthesis, 
labeling, and hybridization. Some recommended controls include: 

Dopíng/spiking RNA controls, where mRNAs synthesized froll1 cDNA clones by in vitro 
transcription are added to each labeling reaction. Ideally, these mRNAs are derived from 
genes that are not homologous to the organism under study (e.g., nonhomologous plant 
mRNAs are used 011 the human expression array). The cognate genes for thesc mRNAs 
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are represented on the array. These controls are useful for determining variations in dif
ferentiallabeling of samples, for assaying the stringency of the hybridization, and for cal
ibrating the ratios for comparisons among experiments. 

Intensity series clones, where dones from the organism under study that represent high, 
medium, and low expression are represented on the array. These are useful for estimat~ 
ing sensitivity of detection and measuring relative saturation and scanning effects. 

Blocking controls. Most array hybridization experiments require the addition of cold 
DNA (e.g., human Cotl DNA and polyadenylic acid for human cDNA expression arrays) 
to block nonspecific annealing including hybridization due to repeti tive elements. 
lnclusion of human CJI DNA ar oligo(dA) spots on human expression arrays should 
have little ar no hybridization signal if repetitive elements have been successfully blocked. 

Background hybridization controls. It is often use fuI to include blank salt spots and 
spots of DNA from another organism whose mRNA is not represented in the sample. 
These controls give an estimate of the nonspecific component af the hybridization and 
are useful for sllbtracting background from feature values. 

Contamination controls. DNA samples that are llsed multi pIe times for printing arrays 
may become contaminated with bacteria or yeast. Total genomic DNA ar cDNA clones 
of common contaminants such as E. coli and yeast are represented in the array to moni
tor for spurious hybridizations. 

cDNA synthesis and RNA label quality controlo Hybridization intensity is often dictated 
by the size of the labeled sample. This variable can be monitored with appropriate qual~ 
ity control elements. For example, DNA fragments, encompassing 100-200 bp tiled 
acrass an entire gene, can be spotted on arrays. Labeled cDNA probes of high integrity 
will hybridize efficiently to a11 spots, whereas cDNAs of lesser quality wiU generate pro~ 
portionately weaker signals with fragments that map to the 5' end of the gene. 

• Control 01 geometric artilacts. The use of standard t10ating coverslips for DNA array 
hybridization sometimes results in uneven distribution of the probe DNA on the array, which 
compromises the hybridization. This situation occurs becallse the hybridization volume under 
a coverslip is small, which results in inefficient mixing of the hybridization fluid and genera
tion of localized temperature gradients. The compromise is manifest by geometrical distor
tions in the image dlle to varíations in hybridízation at different locations within the array. 
One way to circumvent this variable is to use custom-made raised-edge coverslips (a150 
referred to as "lifters"; available from www.eriesci.coml). These coverslips provide separation 
and ensure even dispersaI of hybridization solution between the arfay and the coverslip. 
Another sollltion is to use larger hybridization volumes within specially designed hybridiza
tion chambers. These ensure efficient mixing of the hybridization t1uid, which brings more 
probe mulecllles into contact with the cognate target in the array, thus increasing the number 
of productive events. Hybridization chambers are available fram Schleicher & Schuell (www.s
und-s.del) and CLONTECH (www.clontech.com). 

MICROARRAY DATA MINING, ANALYSIS, AND MANAGEMENT 

Because microarray analysis is a high-throughput technology, the amount of data being generat
ed is expanding at a tremendous rate. The handling and analyses of these data therefore require 
elaborate data bases, query tooI5, and data-visualization software. A brief description of some of 
these databases and analysis software follows: 
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• Another MicroArray Database. AMAD is a nat file, Web-drivcn databasc svstCI11 ",rittcn 
entirely in PERL andiavascript, and intended for use with microarray data. A~IAD sllpporh 
both ScanAlyze and (;cnePix image analysis software. Further l11ultivaria te statistical anah'scs 
are perfonned on the \'alues obtained from the data analysis program \w using Mikc Ei~eI1\ 
Cluster analysis and TreeView; both are freely available from www.rana.Stanford.edll/,oft
warel. AMAD, developed by a group of experienced scientists original h, frum Stan!l)]"(l 
University, is the onlv free database (available from www.microarrays.orgJ and pwvidcs a reli
able analysis and data storage tool for investigators with little or no ex~'criencc in handling 
cnormous amounts of microarray data. 

• Resolver (Rosetta Inpharmatics). Resolver is a comprehensive storage, visualization, and 
analysis tool for highvolume gene expression data obtained using eDNA microarr,H's, 
oligonucleotide arra)'s, and other technologies. It is interlaced with a powcrful discovery tnol 
for pathway interrogation, functional gene assignment, and compound analysis. Multi-expcr
iment analyses are possible through correlation plots, cluster trees, and BLAST-likc searches 
that can be conducted within the database. This feature enables the useI' to perform rankcd sim
ilarity searches across entire data sets containing tens of thousands of gene exprcssion profiles. 
More information about Resolver is available at www.rii.com/prodserv/resolver/index.htm. 

• GeneSpring (Sílicon Genetics) is a powerful analysis anel visualization software suite available 
for genomic expression experiments. It is capable of handling and analping enormous data 
sets from any organismo Clustering, pathway determination, regulatory sequence detectiol1, 
Eigenmode analysis, and a variety of data visualization tools are principal fcatures (lf 
GeneSpring. A copy of a free demonstration version and software for purchase are availablc at 
www.sigenetics.con1. 

• IPLab MicroArray Suíte for Macintosh (Scanalytics) is image analysis software capable of per
forming basic routines for extracting and visualizing microarray data gencrated from virtual
Iy any scanning device. Originally developed by researchers at lhe National Institute for 
Human Gel10me Research (NHGRI), this software is now a completely supportcd product 
available from Scanalrtics Inc. (www.scanalytics.com/sos/product/hts/microarray.htmll. 

A DNA microarray databasC' can be linked to a reference database, for example, the UniCcnc 
database, to allow access to information about particular genes. Each Uni Gene entry corresponds 
to a single human or rodent gene and provides a direct link to GenSank gene and EST cntries, to 
SWISS-PROT entries, and to literature entries through PubMed. Several groups have begun to 
assemble comprehensively curated gene databases for mammals. Such data bases will t~lCilitate rapid 
retrieval of information concerning functional and biochemical pathw<'Y5. Some nf the data bases 
under de'Tlopment are: 

Kyoto Encydopcdia of Gelles and 
(;cnol11cs ( KEGC) 

Locus Link 
\VIT 

SPAD Signaling pathwi1Y Databasc 
( ;cnccards 
BI\ITE 
EC;All 
Stanford gcnOl11C resource, 
Data base Df transcribcd scqucnces 
South African :--.Jational Bioinfor-

l11atie, STACK datab,lse 
T1CR C;cne Indiccs 

http://\\'\\'\\'.gcnomc.ad.jp/kegg/ 

www.ncbi.nim.nih.gov/LoclIsLink/ 
wit.l11cs.anI.gov/WIT2! 
www.grt.k:.ushu-u.ac.jp/spad/ 
http://bioinfórmatics.wcizl11anll.ac.il/ca rdsl 
www.genome.ad.jp/brite_old/ 
www.tigc()rg!does/tigr-scriptslegad_scripts/nlIc_ n:p( 1 rt.S P I 
http://gcnome-www4.stanford.edu/cgi-!lin/SM [)i source! sOUlccSe<l rch 
\N\\'w.cbil.upenn.edu/DOTS 
www.sanbi.ac.za.Dbases.html 

www.tigr.()rg!tdb/tgi.shtml 
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The large-scale data sets normally obtained from related microarray experiments are sub
jected to pattern recognition analysis to identify groups of genes that are regulated in a similar 
manner across many experiments. Pattern recognition is performed using a variety of multivari
ate analytical algorithms, such as hierarchial clustering, k-means clustering, and self-organizing 
maps. Typically, the interpreted array analysis highlights a relatively smaller number of spots rep
resenting differentially expressed mRNAs whose cognate genes are further validated by rese
quencing and whose patterns of expression are confirmed by other more reliable but low
throughput methods such as northern blotting, nuclease protection, or RT-PCR (for details of 
these protocols, please see Chapter 7, Protocols 8 and 10, and Chapter 8, Protocol 8). 

As large-scale gene expression data accumulate over time, public access to these data 

becomes an important issue. In its current format, the data are widely dispersed and lack uniform 
structure and retrieval modalities. Efforts to establish some type of standardized data format for 
storing and communicating microarray-based gene expression data are in progress, largely due to 
efforts of the European Bioinformatics Institutc (www.ebi.ac.uk/microarray/MGEDI). The main 
objectives of this effort are (1) to ensure reproducibility and verifiability of results, (2) to identi

fy controlled vocabularies for annotating the samples and experiments, and (3) to define the data 
communication standards. The development of standards for cross-platform data comparison 

and normalization is also under way. 

EMERGING TECHNOLOGIES 

The field of microarray technology presents a tremendous technical challenge for both academic 

institutions and industry. Commercial companies are vying with one another to establish market 
dominance. Novel platforms are being developed that promise higher throughput and better 
reproducibility; but which technology will emerge as the system of choice remains to be deter
mined. This discussion surveys some af the emerging technologies that are likely to have a sig
nificant impact on the future of microarray research. 

Novel Microarray Fabrication Methods 

• Piezoelectric Printing uses technology analogous to that employed in ink-jet printers. The 
sample is loaded into a miniature nozzle equipped with a piezoelectric element around the 
nozzle. An e1ectric current is applied to the piezoelectric e1ement, which causes the nozzle to 
expel a precise amount of liquid from the jet onto the substrate. After the first step, the jet is 
washed and the second sample is loaded and deposited to an adjacent address. This method 

allows high-density gridding of virtually any molecule of interest, including DNA, antibodies, 
and small molecules, onto the substrate of choice. Arrays can be praduced on nonporous 
(glass), porous (filters), and three-dimensional (Hydro-gel) substrates. The piezoelectric tech

nology is not currently as robust as photolithography ar microspotting. The BioChip Arrayer 
from Packard Instrument Co. uses piezoelectric "drop-on-demand" tips to provide noncontact 
dispensing (www.packardinst.com). 

• Bubble Jet Technology uses the ink-ejecting mechanism used in printing devices. A Bubble ]et 
ink-jet device is used to eject 5' -terminal-thiolated oligonucleotides onto glass surfaces. The 
printing head (which is similar to conventional piezoelectric devices) consists of a heater that 
generates a bubble of fluid in a nozzle. The bubble pressure then ejects a microdroplet of mate
rial frum the aperture. 
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Alternate approaches for fabrication of high-density in-sitll-synthesized oligoIlucleotilk 
arrays are under way. The Digital Optical Chemistry (DOC) system devcloped bv Skip Carner 
and colleagues at the University of Texas Southwestern Medicai Centcr (w\\'w.pompous.swmcd. 
edlll) consists of three parIs: a Digital Micromirror Device that selectively focuses lIltra\'iold Iight 
onto a glass substrate ",here chemistry is done, a t1uidics system that delivers the chemical 
reagents in the proper sequence, and a computer program that c011trol5 both the Digital 
Micromirror Device and fluidics system according to the desired sequence pattern. lhis system 
a\lcviates the need for expensive photolithographic masks (using instead a "virtual" digital mask) 
and generates unique chips very rapidly. Another benefit of using DOC is that the machine is a 
benchtop unit that can be manufactured for use in any laboratory. In a similar technological 
direction, Xiaolian Gao at the University of Houston (W\vw. zeiram.chem.uh.cdu/gao/) uses a dig
ital photolithographic system and new oligonucleotide deprotection chemistry using photogen
erated acids and newly developed synthesis microreactors. These technological improvements 
should in the future permit chips of any design to be made in regular research laboratories at an 
affordable cost and with improved quality. 

AIso known as sequencing by hybridization (SBH), reseqllencing uses a set of oligonucleotides 
comprising ali possiblc combinations of sequences in a given length that are synthesized and 
immobilized on a chip. The DNA fragment to be sequenced is broken down into smaller pieces, 
t1uorescently labeled, and hybridized to the chip. The sequence of the DNA emerges from the pat
tem of f1uorescence bound to the nested sequence. Since the chip contains ali possible sequences, 
this system has the distinct advantage ofbeing able to sequence DNA from an)' sourcc. Fragmcnts 
containing nonrandom sequences such as direct and inverted repeats presently limit this tcch
nique. The techno]ogy is being developed by Hyseq Inc., in collaboration wilh PE Corporation 
(www.hyseq.com). 

Specific, High-throughput Genotyping by Primer Extension on Microarrays 

A system to genotype SNPs and point mutations by a DNA-polymerase-assisted primer cxtension 
reaction lIsing a microarray format is being developed by Ann-Christine Syvanen at UppsaJa 
University in Sweden. Miniaturized reaction chambers formed on microscope slides allow anal\'
sis of 80 individual samples for hundreds of SNPs, potentially allowing the generation of > 20,O{)O 

genotypes per si ide. Minisequencing single-base extensions from one primer per SNP with 
dideoxynucleotides labeled with tour fluorophores, or alternatively, cxtension of two allele-spe
cific primers per SNP with one f1uorescent deoxynucleotide, may be used. The genotypes 01' the 
samples at each SNP are determined by measuring the slides in a fluorescence arrar scanner. 

Direct Identical-by-descent Mapping Using DNA Arrays 

This mapping method is being developed in both the Brown (w\vw.cmgm.stanford.edu/pbrown/) 
and the Cheung (www. w95vcl.neuro.chop.edu/vcheungl) laboratories and facilitates the isola
lion and physical mapping of DNA fragments shared identical-by-dcscent (IBD) between indi
viduais. IBD mapping is a combination oftwo techniques: genomic mismatch scanning (GMSl, 
a method for genetic linkage mapping, and DNA microarray technology. In this method, special
ized enzymes are used to isolate DNA fragments shared IBD between two individuais. lhe isolat
ed DNA fragments are mapped at high resolution by hybridization to a DNA array representing 
physically ordered genomic segments. Compared to traditional genotyping methods, direct IBD 
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mapping allows the entire genome to be analyzed in one step wíthout laborious loclls-by-Iocus 
genotyping. Microarray-based genetic linkage mapping will be useful in mapping genes that 
underlie complex genetic traits in yeast and in the distribution of meiotie recombination events 
across the entire genome. Parallel work is directed at adapting the GMS methodology to the 
human genome. In a demonstration of the feasibility af this technique, a gene for congenital 
hyperinsulinemia has been mapped by the Cheung lab. 

Protein Microarrays 

As a complementary approach to gene expression profiling on cDNA microarrays, microarrays of 
specific antibodies are being developed to measure the abundance of thousands af different pro
teins in samples from cells, or in biological fluids, such as serum or urine. Preactivated surtàces 
are used for the covalent immobilization of antibodies. Proteins from experimental and reference 
samples are differentially labeled with fluorescent dyes and hybridized to the array. Evaluation of 
the various applications of protein microarrays in detecting and diagnosing disease is under way. 
Because this application would not be restricted to antigen-antibody systems, protein microarrays 
should provide a general resource for high-throughput sereens of gene expression, receptor-lig
and interactions, and protein-protein interactions. lnformation on the development of protein 
arrays is avaílable at www.molgen.mpg.de/~proteingroup/LuekingetaIPub.html. 

Tissue Microarrays 

This array-based high-throughput technique facilitates gene expression and copy-number sur
veys of very large numbers of tissue specimens. For example, as many as 1000 cylindrical tissue 
biopsies from individual tumors can be distributed in a single tumor tissue microarray. Sections 
of the microarray provide targets for parallel in situ deteetion of DNA, RNA, and protein targets 
in eaeh specimen on the array, and consecutive sections allow the rapid analysis of hundreds of 
molecular markers in the same set of specimens. Tissue microarrays were developed in the alli
P. Kallioniemi laboratory at the National Human Genome Research Institute (www.nhgri.nih. 
gov/DIR/CGB/TMA/about.htmll. A machine to make tissue microarrays is available from 
Beecher Instruments (www.beecherinstruments.com). 

Use of Arrays to Detect DNA-Protein Interactions 

The potential of DNA microarrays for high-throughput screening of DNA-protein interactions is 
being exploited in severallaboratories. One of the major interests is the detection of transcription
factor-binding sites in the genome under different physiological conditions. The general approach 
uses construction of an array containing both the intergenic and the coding region of the 
genome. Next, the total DNA and protein content of a cell is cross-linked in vivo, and a chromatin 
immunoprecipitation (ChIP) experiment using antibody specific to a transcription factor is per
formed. The DNA component of the immunoprecipitate (DNA-protein-antibody complex) is 
labeled with fluorescent dyes by PCR and hybridized to the array. A positive spot on the array is 
likely to be the target of the protein. This approach is feasible for organisms whose complete 
genomic sequence is known. Methods to analyze genome-wide protein-DNA interactions in yeast 
are being developed by Iyer and Brown at Stanford University. 

Using a more general approach, the Church laboratory (http://arep.med.harvard.edu/gmcIJ 
has generated arrays of single-stranded DNA oligonucleotides (all possible sequence combina
tions) carrying a constant sequence region at one end. The single-stranded arrays are converted 
to a double-stranded array by annealing and enzymatically extending a complementary primer. 



Barcode Chip 

l:mc1Sil1g 'lállllOlogics AlO.19 

Arr"ys containing all pn:,sible permutations Df a site at each pnsition will bcilitate exploration of 
the spcctrum of sequcnee-speeific protein-binding sites in gcnol11es. 

In al1 etlort to assign a function to every gene in the yeast genol11e, a 110\'('1 high-throughput 
111ethod is under development at Stanford University. The project is described on the \\'eb Sitc 
h tI p:1 I seq uel1 ce-www.stanford.edu/group/yeast_deletion_proieet/deletions3.htl111. 

A library of yeast strains, harboring a deletion in each gene, is gener,lted, bch of the dele
tíons ís tagged with a unique 20-mer DNA sequence that aets as a molecular barcode for indi"id
ual de1ctiom. The mixturc of all slIch tag strains then allows for lhe analysis of the entire genome 
with the manipulation of a single sample. During growth under a variety ot conditiol1s, the lo~~ 
of a tag indicates the loss of a corresponding deletion from the population. lhe concentration of 
each tag is determined by peR amplification of the mixture and hybridization to a chip that con
tains tag complements at defined positions, Thus, phenotypes of individu,ll strains can be an,\
lyzed in parallcl. This approach has prospects for USe in other organisl11s as \\'ell. 

Bioelectronic Chips 

SUMMARY 

A number of companies are focusing 011 ereating microchips Llsing mícroek:ctronics. Nanogen
chips I ",w"'.nanogen.comll conta in probes that can be electrically activated individually. A sa111-

pie is applied lo the chip, and the spot is electrically activated, which al\ows lhe 5<1111ple lO be con
centrated and bOllnd etficiently. The chip is then washed and another samplc appliecl. Thus, 111111-
liplex Iwbridiz,ltions can be performed to the same ehip, This technology has potential applicl
tions in a number of other analvses, including antigen-antibody, enzyme-slIbstrate, cell-receptor. 
and cell separation teehniques, 

Orchid Riocomputer (Prínceton, NJ; WW\\'.orchid.comJ is designing ,1 microt1uidics chip 
thal has precise control Over the fiow of process chemicals and temperature integration. This chip 
is useel for screening Sl\'Ps, 80th of these technologies have implicatiol1s in drug screening anel 
clinicai diagnostics. 

From providing detailed profiles of the differential expression of literally thülls,mds of genes to 
exploiting protcin microarrays to build a resource of protein interactions, the applic.ltions of 
array technology are likely to produce an explosion of information 011 many biological fronls. lhe 
tInal challenge, beyond the emerging technological developments, may well lie in developing 
effective ll1eans tor storing. sharing, and analyzing the information. 
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TABLE A11-1: BIOINFORMATICS SOFTWARE 

TABLE A 11-2: DATABASE SIMllARITY SEARCH SOFTWARE 

TABLE 11-3: BIOINFORMATlCS DATABASES 

AIU 

AlI. U\ 

A 11.22 

The following tables present widely used software for analyzing UNA, RI'\A, and protein 
sequences, as well as data bases and types of searches that can be performcd for DNA, RNA, and 
protein structure and function. The organization for TabJe A 11-1 is outlined belo\\': 

• DNA 
Sequence Subl11ission 
Sequence Alignments (Paírwise and Multiple) 
Scoring Matrices 
Motifs and Patterns 
Genes, Exons, and Introns 
Promoters, Transcription-t:lctor-binding Sites 
Other Regulatory Sites 

• RNA 
Secondary Structure 
RNA-specifying Genes, Motifs 

• Protein 
Seq uence Alignl11ent 
Motifs, Patterns, and Profiles 

Because of the ever-changing nature of software and World "Vide Web sites, it is wnrth the 
effort to consult the rele\'ant Web or FTP sites for more information and the latest versions of 
software and databases. In most instances, a license is needed if the programs or databases are 
used for col11mercial purposes; see each site for further information. Commercial programs have 
not been included in this survey. For more information on these options, refer to the \Veb Sites of 
the relevant companies. 

AII.1 



A 11.2 Appendix 11: Bioilljórmatics 

In addition to the specific sites for software and databases, there are several "gateway" Web 
pages that offer access to many of the sites listed in the tables, as well as to additional sites. The 
following Web pages offer a good starting place for many searches: 

National Center for Biotechnology Information (NCBI) 
Web Site: http://www.ncbi.nlm.nih.gov 

This site offers a wide range of databases and searches via Web-based interactive forms, inelud
ing GenBank, PubMed, BLAST, genome biology resources and databases, cancer resources and 
databases, and many olher resources. These resources are integrated by Entrez, a search and 
retrieval system that also includes cross-referenced information. Submission to the GenBank 
database can be made here. 

Baylor College of Medicine Search Launcher 
Web Site: http://www.hgsc.bcm.tmc.edu/SearchLauncher 

Web-based interaetive forms and links are provided for many types of searches, ineluding ouele
ie acid, proteín sequence and pattem, species-specific protein, sequence alignments, gene fea
tures, and protein secondary structure, as weU as for many sequenee utílities. 

The Sanger Centre 
Web Site: http://www.sanger.ac.llk 

Web-based interaetive forms and línks are provided to a wide range of databases and software 
lltilíties, ineluding the many genome sequencing projects. 

EBI-European Bioinformatics Institute, EMBL Outstation 
Web Site: http://www.ebi.ac.uk 

Web-based interactive forms and links to databases and software lltilities are given. Sllbmissíons 
to EMBL Data Líbraries can be made here. 

ExPASy Molecular Biology Server-Expert Protein Analysis System, Swiss Institute of 
Bioinformatics 
Web Site: http://www.expasy.eh 

This proteín-specific síte provides a wide range of links to database and software utilíty resouces 
for analysis of protein structure and fllnction. 

For more extensive information on the mathematical and statistical underpínnings of 
bioínformatics software, as well as methods for database searchíng and analysís of DNA, RNA, 
and protein sequence, please see Mount (2001). 



TABlE All-1 Bi()iniorm"li(~ 50flw.ue 

PROGRAM NAME 

Seljuence Submission 

lLlI1kl1 

flH'merk c'"lkd 

Wehin 

WEB SITE/FTP SITE 

F IP: \\'ww.nchi.nlrn.nih.go\'/sl'quÍIl 

ht t 1':/1 \\'Ww,d,i ,ae. u krI,)obl i I1de\, ht m I 

DESCRIPTlON!PLATFORMS 

\\'ch·h.t'cd \t'qucncl' :-'Uhn1i:-'\IOIl tool f{}! 

dircct ,tlhnú~ ... ion to (;CnB.lnk; :-'UbIl1iUed 

sequcnct' mllsl ],,, 1 lNAIR "li scquellcl' Ih,ll 
h., ... bc1...'l1 \cqtlt'nú'd hy lhe ,,"ubmittcL 
Thi ... tooI i.\ for one O[ a fcw subnlissi 
U!1colllplicated St'quc-th:t' .lnnotation. 

Subn1i~sion and subnl1S-

~lllt()lllatically p'l·rf(llTnS tllnctllHl~ 

to bl.' dOlll' nl<lnu.llly in other ~uhn1i:-.siol1 pro-

sequence annotation tools, built
validation fúnctions; graphical and sequcncc 

vie\\'s. 
Runs 011 l:NIX ,mel PC; h'l< NctworkAwarc 
ll10dc to ",changc ;nl')rn1.llion ",ilh ~CBL 

Web-based inlerface prcfcrrcd f'>r El\1BL sc
qucl1Cl' sublnission. 

Data can bc moditlcd and viewed before sub
mission; has bulk submission proeedure for 
25 or more rclated sequences; also EBI veetor 
screening softvvare. 

INPUT FORMAI 

I,\~I :\ 

tllc,; abo 
PHYUP, NI'XUS, l\IACAW, 
h\STA( ;i\P for population, 
phylogcllctje, ~lnd Jnutation 
studies. 

EMBL Data Librarics accc"i"n 
nu!nbcr. 

Seljuetlce Alignments (methods for aliglling two sequences at a time; for database searches that give pairwise aligllments, see Table A 11-2) 

!liAS'!' (Hasic Alignment 
Se3 rch 1'001) 
(Altschul et ai. 1990; 
Karlin and Altschul 1990, 
1993; Tatusova and 
Maddcll 1999) 

FASTA progt'ams 

FASTA 
(Pcarson and Lipman 
lliXíl) 

( ~'ofllilJlI('tI on ft,/loH'ing !'ugt·s.) 

allgning tv\'o sequcncl's 
cl)nserved 
.. tlignnlenl. 

a pair of se-

for 
searching for 

.• lI1 

nrimarilv for similaritv searches 
in seauence uarabases it mal' als~ bc uscd 

"ioftwarc. Perlnissioll Ill'eded for conllllL'rci.ll 
u,..,c. 

ot conl
putcr p!attorms, induding Macil1tosh anel PC 
\\'indo",s, but ",ithout a graphicdl in!crface, 

FASTA or Accession/Genbank 
index number (web síte) 

FASTA or Accession/Cenbank 
indcx nllll1her (weh sire) 

I NTERPRETATlON/RfSULTS 

J{durncd h\" 1'-1l1<lil ,n ... : 

(;cnB-lllk 1];,1 
~lL·(c" ... ion I1lllnhl'r~ 

c'omplett'd (;cnBank tlatt!le, 

(;enBank tLlt tile; (;enBank 
~lC(l'ssion nUll1her. 

Local alignment. 

Local alignment 
based on word "seeds" and 
graphical representation of 

Single, local I Smith- \\'atcr
T11an) alignrllcnt hct,,'ccn t\\n 
.... "-'qUl'11(l'~. 
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TABLE A 11-1 (Continued) 

PROGRAM NAME 

Lh\STA 

FASTX/FASTY 

LAUGN, LALIGNO, 
PLALIGN 
(see Huang el aI. 1990; 
Huang and Miller 1991) 

PRSS 
(see Huang el aI. 1990; 
HuangandMiller 1991) 

Bayes Block Aligner 
(primarily used for 
sequence alignments 
out also has oeen used 
for similaríty searching 
in sequenee databases) 
(Zhu et aI. 1997, 1998) 

WES SITE/FTP SITE 

hUp:1 If"st,l.biod,. virginia.edll 

http://fasta.oioch.virginia.edu 

http://fasta.bioch.virginia.edu 

http://fasta.bioch.virginia.edu 

www.wadsworth.org/resnres/bioinfo 

DESCRIPTION/PLATFORMS 

(:olllparcs two protein or I lNA SCtlueIKl" for 
local similaritv; uses the FASTA w"rd search 
method to ")~,lte rl'gions of simil.lfity ,1l1d the!1 

and Sêores a local (Smith Waterman) 

matrix used hv default hut 
other matric ... s êan also oe specitie(Í; gap 
C<ln also oe designated. Use LAUGN or 

Compares translated DNA sequenee lo protein 
sequence dalabase. 

Compares 2 DNA or 2 protein seqllences to 
identify regions of seqllence ,imilarity; default 
scoring matrix is BI.OSUMSO but others can 
be specified; oPlional gap penalties; uses sim 
algorithm to provide a local (Smith-Waterman) 
alignment; provides n different alignments 
with the same two residues never aligned more 
lhan once using lhe SIM method; can identify 
internaI repeats. 
LALlGN scores penallies for gaps at the ends 
of the alignment; 
LALlGNO does no! penalize end gaps. 
PLALlGN prodllees a graphíeal plot of the 
alignment much like a dot matrix. 

INPlJT FORMAT 

FASTA 

FASTA 

FASTA 

Evaluates the significanee of pairwise similarity FASTA 
scores of 2 DNA or 2 protein sequences; uses 
BLOSUM50 matrix and standard gap penalties 
as default for proteins, but other, may be used; 
second sequence is scrambled (at leveI of indi-
vidual characters or of words) manv times and 
each scrambled sequence is aligned'with first se-
quenee lo give a range of unrelated sequence scores. 
Fram these scores, an Fxpect value for the origi-
naI alignment score is calculated, i.e., the number 

alignmeots betweeo unre1aled sequences that 
such a score. 

Finds ali possible blocks (short ungapped align- FASTA 
ments between a pair of sequences uI' to a 
specified number of blocks l, then generates ali 

dlignmcnts of the scqucnces that in-
eompatible sets of these oloeks. 

There is no gap penalty; lInmatehed sequence 
regions between hlocks are oeither aligned nor 
scored. 
Seores alignmenls wilh a series of log odds 
sC'oring matrices to provide ao odd, score for 

I NTERPRETATlON/RESlJ LTS 

Local ,equl'IK'" .11i1'1l1lll'1lt. 

Translates DNA sequencc in 3 
forward and 3 reverse frames; 
allows frameshifts. 

Reports severa! sequenee align
ments if there are similar 
regions as well as similarity 
scoreS. Web sÍlc reporls signifi
cance of alignment score 
based on PRSS analy,is 
(see next entry). 

Reports similarity scores for 2 
sequenees; the second 
is then shuffled a spcc 
number of times eompared 
with lhe firsl sequence, 

Most probable sequenee 
alignments according lo differ
ent sampling criteria; 
ily that a givcn pair Df residues 
is aligned; probability of each 
scoring matrix and each choice 
for number of blocks, and Bay
esian probability Ihat sequen
ces are related. 
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SIi\\ 
(Huang d aI. 1 (NO; 

HUilng anti Milkr 1991 

Scoríng Matrices 

BLOSUM scoring matrice., 
(sec also BIOCKS data base) 
i Hcnikoff and Hcnikoff 
1 <)92, 1993, 1994; 
Henikoff et aI. 1995) 

DNA PAM matrices 

PAM (Percent 
Accepted Mutation or 
mutations that survive 
natural selection) 
! Jayhoff l't ,11. 197X; 

SchwarlY and 1 )ayhof! 
197H; for more r~cent 
VCr"ill!1~, plcase scc (;O!1-
nclt ct aI. 1992; Jones ct a!. 
1992) 

(COlltiflucd 011 !êJ//(J\vill,'':' pagcs. J 

html 

s('oring 

lTP: ftp://ncbí.nlm.nih.gov, directory/ 
blast/matrices 

l\llh ali\!ll111cnt ,Illd Ill.ltrix (olllhination. Thc 
~unl of ,111 (lf thl':--C ~("orl':-' i:-. cal .. :ulaled ~1I](1 the 
lontributioll of ,,-',Kh ,dignrnent, hhH..-k nLJll1hcr, 

anti .... coring fnatrix to this :-UJ1) i .... used to calcu
late po. .... terior probahiJitic~ for lhe alignrl1cnt 

l11atrix, etc., lI\ing (.onditiol1al proh,lbil
(Bayesian statistics). 

ch<lr~H.:tcr:. dJigncd Tno:\t oflcn n.'gard
kss (Ir othcr vari,lblcs may be dClcrmined. 
[)ownlo"d and compile software for Sun Solaris 
or SGI lrix or as C source code. PC Windows 
version also avail"h]e with no graphic interface. 
Licensing agreement needed. 

alignmcnt algorithm \Vith 
lll11lh incn:a't'd 

EX.ll1lilll" mllltil'le alignments of rclatcd protein 
in order to prodllLc a Inatrix of al11ino 

substitutions scores, rather than cxtrapol
aling from scores af divergent but dosei v related 
sequences (as do the PAM scoring 
Most alike proteins in the alignment may be 
c1ustered to reduce the frequency of changes 

cOIllmonly reprcsentcd an1ino 

that are 62% OI' more idcntical are c1ustcred). 
Thcre is no spccific cvolutionary rnodel for 
lhese matriees as lhere is for PAM matrices; ali 
sequences are considered just as likcly to be the 
ancestor of lhe others (a star phylogeny). 

ASSllm,,, Markov model 

Predicts the expected amount of substitution 
in protein seqllences that have had a given 
amollnt of evolutionary time to diverge from 
a conllnOIl ance<.;tnr ..;.e{juencl'. 

A"umes a Markov modcl of changc (no ,ite-to
~itl' variatlon and no changc in COJllposition) <.lnd 
!()rward "nd rever,,: <.:hanges equal1y 
1\1atrix valucs gi\'c 
or I11ismatchcs. Bcst 
is found when 
number "f mismalé'hes in the alignment is used. 

f'ASTA 0,- local Llligl1l11enb in 
or ~in1iJarity ~cor('. 

lletection Df simi!arity bc
tWCC!l protcin scqucl1ces as l'vi

dcncc Df evolutiollary hOl1lol
ogy. 

Predictiol1 of l'volutionary di5-
L:lIh..:C bctwt'l'11 DNA scqul'n(c~. 

,\lhen used with alignment 
measure af 
2 ~e{p..len(('s 

hl'ing charactcrizcd hy evolu
tionarv distance. 1 PAM cor-
IT .... por~d~ to lhe averagc ch<'lnge 

in l (!<{) of ali iin1ino aóJ po~í
tion ..... 
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TABU A 11-1 (Continu('d) 

PROGRAM NAME WEB SITEíFTP SIH 

DNA Sequence Alignment: Multiple Sequel1ce Aligmnent 

\ISA 
(l.ipmaIl cl aL 1'11Nl 

CLUSTALW 
and Sharp 1988; 

ct aI- 1992; 
Tlwmpson ct .rl- 1994) 

I'IMA (Pattern-induccd 

1990, 
I'N2) 

Intcrlldin' \rcb rOr/H5 aI: 

hup:/I \\'ww.ibc, "'1"1 tedlll scrvicc/ 
mS<l/indcx,html (olher programs also 
aV<lilahk on this ,itel 

FTP: ftp,ebi.acukdirlpublsoftwarel 

ll/remeti!'c \VeIJ-t1€1scdlím1/ 111,' 

FTP: ftp_ebi.acukdir/pubJ5oftwarelunix 

OFSCRIPTlON!PlATfORMS 

Sl'\'l'r~11 I1lH . .-kic acid or protein st.~qllcnLcs 
ust'"s ... iyn'Hl1lC prtlgr<.lInn1Íng to prodlKl' 

•• Ií!'lllllelll of ali SCljUellCes aI the s.lIne 
~('quen...:es are weightc:d in ~Kconl with 

Iheir similarity to other ,equellces in lhe 
U."Il'S sunl of pairs S('OfC f{)f t"valuating 
in lhe Jtignment; l10rmatly limiled to _, se
quences because il r('quires brge amounts of 
compu ter time and memorr Three verslons alio,," 
alignment of >3 sequences; up to 50 sequences 

cach SCtlllCncc has < ISO rcsiducs; uI' lo 

each scqucnce has <SO() 
rcsidues; up to 10 scqucno.',\ where caeh se
quence nas < 1000 rcsidues, 
Interactíve Web-based form; UNIX, 

Performs multiple alignments on a sei of DNA 
or protcin sequences or adds oew sequenees to 
an t.'xisting alignlnent; US('S a progrcsstve ~llign
ment of sequt'nce pairs and 
guidc of sin 
genetic tree 
ments oF the sequenees_ 
The contribulÍon of individual sequences to 
the alignment is weighted in accord with lhe 
amount of dívergence from the other sequences 
(differcnt fcom MSA), 
Uses posilion-dcpcndent gap penalties depend

O!) lhe cstimated divergenee in each region 
aligncd scquenccs, 

Excellen! method for sequences lha! are no! 
very divergent; can make errors in the initial 
alignments of most-alike sequenees lhat be
comes more possible with increasing divergellCe, 
M,ltrices tha! maybe used are BLOSUM80,62, 
45,30; (;onnett80, I 20, I 60,250,350; PAM20,óO, 
120,350. CI.USTALW (weighled alü!l1ments) is 
a maior uf)date and rcwrite 
lnteractíve Web-based form; ANSI-C version 
for UNIX and VMS or any machine with 
ANSI-C compiler; executables for major plat
forms MAC, PC 
Clustal X providcs a graphic interface for an 
X vvinJows t'nVironnlent. 

Constructs 11l1lltiple seqllencc alignmcnts by 
lir;;! performing pairwise alignments between 
lhe segtlences and clllstering the seguences 
into Ol1e or more families based 00 lhe scores, 

INPUT FORMAT 

!:\S'IA. (;CC, PIR and othcr 
f0f111ats rcco\.!I1IJ:cd h\' thc 
REt\PSEQ p~()!,rJIlL ' 

FASTA; also GCC/MSF, NBRF/ 
PIR, EMBLlSwiss Prot, GDE 
nat fik, CI.USTAL, anti t;CUI
RSf l;lTmats, AI! scquerlCcs to /1" 
aligned must be in OIle filL 
form,lts rccognized by REASEQ 
program may be used_ 

See previolls elltrj"-

INTERPRETATION!RESUlTS 

align-
alignmcnt is 

calculation of 

"Iign
nlent; Il13.xinlUnl ~core of opti
mal aligmncnL 

Output formatted in CLUSTAL 
(shows sequence ali . ' 
btocb), NBRf/PlR, 
I<)f input inlo GeX; software; 
PHYLlP for inpuI inlo I'hylip, 
(;])1' tlarfiks, 

alignment,other 
as Phy\íp, must 

bc usctL 

Mllltil'le sequencc alignmenL 
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,\Iultq'k 
.·'Ilgnrllcnt (.'un'trut..liol1 

,11"1,\11,,11,,, \\',,,khClldlJ 

(~lhllkr ct ,11. 1<)'111 

J '1 i': lllhi.1l1nLllih.gonlir/}'llh/111.K,l\\ 

SA1'.1 (Sequ~nce Align- http:í/www,cse,ucsd,edu/research/ 
menl dnd Modcling System) 
(Hausslcr et aI. 1992; 
Ilughei' ,llld Krogh 1'195, ',11111,0 I ,t,lrJ,crypt 
1<)<)6) 

IIM1'.1EI{ 
I Haw,skr ct aI, 1 'J'J2; 

and Krogh 1995, 

)J\(;1\ I Scqueno': Align
mcnt Iw (;el1t'1ic rllgorilhm I 
(\lotredame and 
J <)')6) 

( {llfllflUt'd {}11 !olloH'ill~ pa~i':>.) 

http:// gCllOllll', wusl Ledul edd y Ih m meJ', 
hlml 
FTP: genome,\\'ustLedudir/pub/cdd) 

http://w\\.\\..cbi.ac.uk/-cedric 

(,tlnlrl)('ll 1',1l1lTll' ,lll' IOl"lnllll l"lelJ I,Ullill 
,llld tl1L' '>et llf -"'l'qll'lTh.t.,'" i ... {IH']} .digned u..,ing 

the"l' p,lth.Tlh.h "l.lr!iJl~ pUlnh; Ll",,-'''' \,.(111 

~tr.linh to dl..'tL'rnlll1l' 

IntcLll.. ti\ 1".' \\· .. .'h-h.i. ... l'd 

1.0Cltl", <111,lh tt'\-, ,1IHI \.'dib hIUt..h:-, of ]olali/l'd 
~\..'qtH .. _'n(\.' !->i\'ni\~Hit\' 

i:-. lls..:-d. 

.. wc \o(ated t1~ing ./ ..... urn of 
to producc ,; local multi
~'llt or lhe (;ibhs ",,"pler 

helm\'), a sU I i,t i"JI me! h"d, 

Th!..' useI' il1tl'rt~lct..' ~dlo\-v, ... tl1l' cditing <lnd linkint!. 
Df block" PC, NT, I\la(, , , 

Uses a hidd~n i\larko\' model to reprc'l'nt a 
11l11ltiple sequcnce alignmen! 01' a set of fllll 

i n:-.ert ion .... , <.llH.t 
ddl'lions in lhe alignnll'nL A 111Ddel is pro
duced for each :-..cqucno .. ' set by trainin~ lhe 
1l1odd wilh a t,,,"il)' of rd.Jted Sl''1 li l'IlCC'S , 
A large number of sequences (>50) are requircd 
to produce d representa!ive model, and the 
larger the set, the better lhe model produced, 
A multiDle seollt'nce ~Ii"nm"nt mal' be l1sed 

\Vil! 
sequcncc alignnlent 

~equ('n('e~, and 111<ly abo he Llsed to Sl'anJl 
new t~l111ily nlcll1bcrs in scqucl1cc datahase~. 
HMMs have the advantage of oHúing a wel!
deflned probabilístic model of sequcnce align
nlents. 

Conversion programs for HMMER formats 
are II1CiUtlt.'tl. 

Fncrypkd SDurec (ode; UNIX, 1\1,1S-l'ar. 

Uses hidden Mark,,\' modeb to prodl1ce 111ulti
pie sequence alignment of UNA, RNA, Of pro
kin sequellccs hcc ,lho SAM e!ltr)'), 
Uses hídden1vlarko\' models to search data

homologs of the quer}' scql1ence famil\', 
\crsion;.,. 

Crcatc.' Jlignrncnts u:-.ing 
"cndi..: algorithms idc\'dopéd 
science 100]) and uscr-ddl11Cd func
ti,,", (descriplors dI' 11111ltipk alig11menl qualíl \' I, 
Softw,lrc c\"oi\'l .. • ... popul~ltjon of <dic.1l1ncnh in 

\:-'1.\ 

alpha
bels; llscr-ddl11t'd ,!Iphabers, 
nl0st conlnl0n fornlals such ;.1" 

h\S'],,\, CCIlBank, NIIRF, FI\IBI , 

Uses READSEQ 

FAST\, Ccnl\ank, E.'''lBl, S\\'i,,,~ 
Prot, GCC/i\lSF, SELEX 

~L'e progrdnl flotl'~. 

l'\.du,ltion of hltlí.:k ">llllil,lrl!\ 

Hiddcn i\larkO\' 111odel-bascd 
l11ldtiple scquencc .llignnlcnt 
dat<.lha"c ..;e,lrdl for nc\\' i:lmih 
nlt'!11hef's. 

Ilíddcll I\Lu'k",' Ilh.dd-h,lSl'd 

ali~ll
menls found by database ' 

(;I()b,d NCL'dkm,llc \\l111,,~h 

.llignnH.'nh fou.nd hy (l.lt~l.h~l\l' 
~~'.l rch i Il~. 

(;Ioballv ,,['tim,li ll1ultíplc 
.\eqllcncc .1ilgnnlent. 
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TABLE All-l (Conf;nued) 

PROGRAM NAME 

DIALIGN segment 
alignment 
(Morgenstem et a!. (996) 

MuItAlin 
(Corpet 1988) 

PRRP progressive 
alignment (randomly or 
doubly-nested) 
(Gotoh 1995) 

DNA: Motifs and Patterns 

MEME (Multíple Expecta
tíon Maximizatíon for 
Motif Elicitation) 
(Bailey and Elkan 1994, 
1995; Baíley (995) 

WES SITE!FTP SITE 

http://www.gsLde/biodv/ dialign.h tml 

http://protein.toulouse.inra.fr/ 
rnultalin.htrnl 

ftp.genome.ad.jp/pub/genome/ 
saitama-cc 

http://www.sdsc.eduIMEME/meme/ 
website/intro.html 
lnteractive Web-based form ate 
",ww.sdsc.edu/MEME/websitel 
meme.html 

DESCRIPTION!PlATFORMS 

quasi-evolutionary manner; improves the IIt
ness of the population using 
functíons. 

objective 

Thc software can align <20 sequenccs that are 
< 400 residues long. 
A related program, COFFEE (Notredame et aI. 
1998; available at same site), can be used to 
optimize the multiple sequence alignment 
obtained. 
ANSI-C and UNIX versions. 

Compares whole segments of sequences instead 
of single residues. 
Constructs pairwise and multiple sequence align
ments from gap-free pairs of equal-Iength seg
ments, called diagonais. 
Especially useful for detecting local similarities 
in otherwise unrelated sequence. 
Download executables for DEC, SUN, HP, SG, 
CONVEX, and LINUS. 
(For commercial use, contact genomatix@gsf.de. 
DIALlGN2 offers a Web-based interactive formo 

Web-based ínteractive form for multiple sequence 
alignment. 
Alignment parameters can be set; consensus levei 
options can be chosen for output. 

INPLJT FORMAT 

EMBL, PASTA, GCG/RSf, 
GenBank.DNA!protein 
sequences < 1Mb. 

Multi-Alin FASTA; 
EMBL-SwissProt; GenBank 

INTERPRETATlON/RESULTS 

Alignment of input sequence; 
graphical representation of 
degree of local similarity bc· 
tween aligned sequenccs 
sequence trec 
of similarity. 

dcgrecs 

Multiple sequence alignment 
output as colored image, plain 
text, or HTML. 

Iterative method of multiple sequence alígnment 
based on a profile method in which groups of se
quences are repeatedly aligned, guided by a tree 
until best score is obtained. Avoíds errors made 

Special format (scc program notes). Best alígnment after repeated 
trials. 

by progressive alignment methods when sequences 
are divergent. 

Detects motifs (conserved sequence pattems of 
the same length; no gaps; no covariations be
tween positions) in groups of related DNA or 
protein sequences. 
The software uses a statistical technique (the 
expectation maximízation or EM algorithm) to 
locate motifs of a given length range, of which 
there may he 0, 1, or more in an individual se
quence, as specified by the user. 
The output is a PSSM (a position-specific-scoring
matrix) of each motif found with columns that repre
sent motif positions and rows that represent the distri
bution of resídues in each column in a log-odds formal. 
The matrix may be used to search sequence 

Results are e-mailed to user, 
íncludíng: PSSMs, which repre
sent the distribution of 
resídues in each column of the 
motifs found; diagram show
ing the information content of 
each column (represents 
degree of conservation at each 
motif positionJ, multilevel 
consensus sequence, exam 
of motifs found, and locat 
in input sequences; motif also 
output in BLOCKS formal. 
PSSM may be subsequently 

~ 

.... 
Ôo 

::t.. :g 
"" ~ 
~. 

....... 

....... 

t:l::l 
õ· 
~ 
O' 

ª ~ ~. 



\kla-\lE\11 
I (;rundy l'l ,11. 191.)7 I 

ASSET (Aligned Segment 
Statistical Evaluatí"n To,)I) 
I N,'uw"ld and Cr .... n 1994) 

BLOCKS server (see also 
Table AII-2) 
(Smíth c-t a!. ]990; Hení
knrf and Heníknff 19"]; 
Heníkoff et aI. ] "9'ia,h) 

BUMPS-llLOCKS 

]'i91; Wallacc and Hcni
koff 1'i92) 

F1P: H1etanit?nH: ..... d;-,(.t.·\.hl 

ln{tTflt In'c \\í:ll-[J.bt'd f{)fJ1J aI" 

FTP: ncbi.nlm.nih.go\' 
I Jir:/pub/as., .. t 

http://www.olocks.fhcrc.org 

emotif IExploring the http://dna.stanford.edu/ernotifl 

NCVll1-Mannlllg et a!. J 'i9il) 

MAST (MotifAlignlllc'lll 
and Scarch Tool) 
(Bailey and Grihskov I YYH) 

simple.htrnl 

{CollÚllltt'd 011 !(Jllowing pagcs.) 

d<ILlh<l'>l· ... :-'L\\l. 
Lil"Cn .... c J1t'c{ied fDr L'Ul1lIl1CrLi,ll lhl', 

IntcLldi\'(' \\'eh-h'bl'd fonn; A~SI ..,nlln.T 1.0dl'. 

(~nlnbint'S D~:\ nr proteln lY'ln11i 

I\lh\IF inlo .1 hiddcn I\Lu-kO\ 
fn)nl 

reprcsl'l1h an aliglllllL'nt ot the :-.t'qLH .. 'tllC:-' 

<llignIllents of the conserved l11otif..l. 
\1 lndy tht'11 he uscd to .sc.Ht.:h ... equcllú_' 

databases for other familv m~mbcr,. 
lntcractÍvc \Vch-based fo~m; ANS1-C SDurec éode 
and program binaries fór sdected plat!órm. 

PerfornlS a depth-tlrst search for cnnserved 

I\vailabk as C ..:ode for L:N1X systUll. 

Blocks are conserved 
sequences of the same 
in Jncn,hcrs of a protcin 

of amino acid 
(no gaps) found 

The BLOCKS rc,,,urec will <""C.lte bloeb from .1 

mumplc sequencc alignmcnt or locate them 
unaligned scquences by cithcr a 

Of statis!ica] 

DLV\...l\,:l server is used to produce positinn-specífic 
scoríng matríces (PSSMs) and a consensus 
(enboler) sequencc that mar in turn bc lIsed to 
scan additional orntcins in sequencc datahase, 

Blocks have been calibrated for specificity 
against the Prosite and Swiss- Prot databases. 

Alignrnent seafch software lhal scores 
BLOCKS databa,e or hlocks 

sequence. (Sec also BLOCKS datah"sc in DNA: 
Motifs and Patterns.) 

Forrns motífs or subsets of aligned sequences. 
Interactive Web-based formo 

Scarchcs databa,es for seqllcnccs that éontain 
one or more molifs. (Molif, elrc detined on this 
site as. con~erved scquence patterns of tne ~an1~ 

that occur une or Inon: tÍnll::-' iH d n.-:-

set of sequenecs.) 
Motifs are identitied by searching 
sct of rdated scquencc" wilh lhe 

SCl of .... inlíLn \);-..: A or prolein 
"'\.'quclkC:-. in \'.l.riL't~· ot fonnclh 
(C.l! .• h\ST:\) OI,) ,,·1 "I "lOlil 
I1H;dels pre\'inl1~ly ddennined 
lI.,ing ,\11'.:-'11' 

FASTA 

Input sequenees in fASTA formal 
on alignment (scc description). 

Scc BLOCKS scrver. 

Aligned sequcnce. 

One or more morib in MEM1; 
oulput or any filc an .1I1 

priatc f,mnat (eCe 
concaknateJ GC(; 
motif file format). 
Jnotif~ cannot contain gaps. 

lhnl rt 11 d.lt.lh,i"<': "01,.',111. hv,> 

'hing \IA\ I 

~\niif-\"M",('d 111uhlpk ,,('''-] \.1 \..'n..: 1..' 

.1ligllIHCllt of qucr~' .\<..'1 01 ,"'t'

qUCIKl'~ for l1~l' in ~t".lr,,-·hing 
:-,equc:ncl' databa:-.cs for 
t ion,ll fatniiv IlH.'Illbcr .... 
Computes \'iteroi sn)re Dr loral 
probability score for homolog)" 

rep"'1ed as log-odds scorcs 

Pattems f')lInd are 
InotiL"i \vith scorc 

in ~cqll('nce .... 

Blocks found are 
their own (bloeks) 
PSSl\h anel .1 cobblcr 
,',u:-,) dre al ... o 

databasc scarehing 

See BLO{ :KS ,erver. 

List of retrieved motifs. 

in 

Retric-vcd t110tifs; JllaxínlUI11 of 
50 marches retumed. 

consisb of nan1e~ of 
hiºh-~corinº ~equeI1i.:e,.." 1110tlf 

order and 
that 
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TABLE A 11-1 (Continued) 

PROGRAM NAME 

(Lawrence et aI. 1993) 

DNA: Genes, Exons, Introns 

Genie 
(Kulp et aI. 1996; Reese 
et aI. 1997) 

GeneMark 
(Borodovsky and Mclnich 
1993) 

WEB SITE/FTP 51H 

FTP: ncbi.nlm.nih.gov 
Dir:/pubfgibbs 

http://genemark.biology.gatech.edu/ 
GeneMark/gm_info.html 
e-mail service: genemark@amber 
biology.gatech.edu OR 
genemark@embl-ebi.ac.uk 

OESCRIPTION/PLATFORMS 

BLOCKS serve ... ,; each are r"f'rl'senkd by a 
PSSI\! (position-specific scoring malri,,) sho\\'
ing the \'.lri.ltion in each (olumn of the aligncd 
nlotif~ .I.'> a lng odd~ s(orc. 
hKh PSSI\ I is mo\'ed a.:ross eilch datah.lsc se

high-sl'Oring marches. 
hlghest-scoring ll1ah.:hes ~HI..~ 

interactive torm. 

Finds conserved patterns of sequence oI' the 
same length in a set 01' related sequences (no 

no correlations between Dositions 1 by a 

repeatedly rescans individual se
quences in the set with a trial PSSM (position
specific scoring matrix) to find conserved 
patterns, using a probabilistic approach for 
choosing a matching location in the sequence, 
and then updates the matrix. Eventually, common 

wi\l be recruited to the matrix. 
require initial estimate of pattem length 

(see also BLOCKS Web Site and MACAW). 

Finds potential genes in Drosoplúla genomic 
sequences using a hidden Markov model trained 
on known Drosophila genes, including a neural 
network trained on Drosophila splice sites. 
Tries to find one gene match on each strand of 
each sequence submitted; multiple sequences 
can be submítted. 
Software has been trained on human genes, 
but c1aims to give good results for other verte
brate sequences, Drosophila, other invertebrates. 

Identifies protein-coding regiom in prokaryotic 
or eukaryotic genomic DNA sequences. 
Uses inhomogeneous Markov chain models, 
each trained on known genes of each organismo 
Analyzes EST sequences; predícts long exons; 
can be used for designed RT-PCR primers. 
Web-based interactive form; e-mail server. 
License required rór use of local version. 
GeneMark.hmm algorithm (Lukashin and 
Borodovsky 1998) is an extension oU;eneMark 
used for more accurate finding of 5' ends in 
bacterial, human, and C. elegans genes. 

INPUT FORMAl 

FASTA 

DNA sequcnce in FASTA or 
multiple-FASTA; maximum 
DNA sequence length is 90,000 
bases. 

DNA sequence in GeG, FASTA, 
EMBL, GenBank, PIR, NBRF, 
Phylip, text formaIs. 

INTERPRETATION!RESULTS 

111 

tion 

s~or('s for i..';1ch nlotif found, 
and a combined probabilit\' 
,,:orc that th~,~ 11l.\rch", wo"ld 
have occurred by chance is 
also shüwn. 
HTML or ASCII format. 

Location of conserved pattern 
in the s~quences. 

Highest-scoring gene location 
on each inpul DNA strand. 

orientalion and frame ot 
region; mcan probabílit}' fUl1<:

tion; internaI exon predictiolls. 
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d,);! tI ~,~'lil' f{\'(1):~1I1~1\1!1 

dfld 111.,j"h JllllTIIl'1 Illlk 
l hl'rlul.hl.'l .ll1d \llJl.ll 

1'1'11 

(}L'nt.'P~1r .... cr 

(ST1\"dcr <-1l1\.l ~hHn1o 199J., 
1995 

(;fc:\SCA"I 
Buq.;l' ,uHI ~,lrlin 1997) 

l'\etGenl' 
(Brunak et"1. 1'1911 

H;l-.Nr.S 
(V.\'. Sol()\·yc\, lInpllbl. 

\171·r 1.\lich",·1 /11.,,,).'·, 
Lx,ol1 I tndcr, 
1/11.111[; 1'19, 

fConfi/lfit'd 011 Ji 11lowiug tI/Xi ',"-. ) 

11111'· (d 

} FP: n(,{lgIC.I..-ol()r~lt10.t-·LlllJpU{)/ 
(;t-'lld\lr:-"l'1 

I ; 

http://CCR-OílJ.miu'dll/(;r\:ht ,\:'\ .. 
html 
\,\'ch .... Cr\'crs ,ll ... o;:lt Sl,lnltHd L'ni\'cr:-.ity, 

nKl'/IUdBnl'1. ) leidclbL'rg, 1'.lStClll 
Imlillltc 
e-mail sener at Pastellr IIbtitute 

I'rt,drt!.., t'\()lh!il flUlll.1Jl :--;l'llllllUl "l'\llll'llu: ... 

l-" ... ,,·. lh.'U!.d !lct\\-(jrk" 11d.ín,:d '.>Ii lntlun kn~~Jh, 
{l{ tIHll[l(hlticHl, l-{l(.lll!1 U",l~L', (, flhT [)fcÍl'n.'l1u.' 

'lllllLl!tlll "L (In .. '." ,IJH! (}thL'r k.Ullr<..'\ 

l"ht'''C '.LOrt'" .. lrt.' \\-eii.!.h!ed 111 t!li..' Ill'llr,lllh't\\{)' 

"u .,'-, lu .gi\L' !h L, b'-.,'.t' n\ L'r,lil predil! 101) 01 tilL' 

\r.únint:, .... l .. l)UClh1,: .... 1111 l1t'\\ "t.'ljUL'Ih.l'\,.1 ... lidJllg 
;"l'ljllClll-L' \\ indo\\' h tl1t)\cd <11. .. '1'0 ..... "> tht' '.t'qUl'lltt' ,lnd 

~l prL'dilt ií 111 / l'\, 111 ">u 11 C I i., Ill,ldL' IUI 

PrL'dich gCIlt.' :-.trULturc in gl..'l1onÜL' I }.'\::\ "-L'

L\l\~ scquent.-c indiL'atnr~ found in 
t,'.'\on:-., l11trol1:-', and 

t ~ee (~r ail ! to l'\'a\ 1l~1t(' I ike1 iho!)-\.' ..;C(} li L'll ,:L' 

inler\'ai reprC\cnb ~11l l'\OJl OI" llltroll 

dyn<ullic progr~lIlllllifl~ algorÍlIHll to 
the L.'xnn/introl\ t'ot''I1hin,\Ünn tll,H rn,hi 

Illi/l" lhe likclilw"d fundioll l<>r prcdicting 
gene struL-turc. 

;-":cural nct\\'ork used to adiu.st wc-ighh to ~e
quenct' indicator~ fOT best fit to known gcnc~, 

1 )\.;,\ ha'l'd O!l 

\'~lriou", organi:-..nb. 

L\l'clItable, .,vailahk for L!I'\IX; lic'l'I1.'l' Ill'l'<lcd 
for o . .ln1il1eróal u~e. 

30.225.67. 1 99/servicesll\:etGenel Predicts spliee sites in vertebrale gene,. L'ses 
neural net\vork"i trained to reCOllnÍ7e differ-

C-}fidi! _,cITi( t': lletgcnL.'~I't. .. b:-..dtll.dk 

l lir:/puhhc\t:l1Ct.'/ll1/l'l 

l'ncl'S in sl'quencl' !l'aturc\ hct\\'l'en L'\011 ,lnd 
nOlh .. '>.on ,,>e-qW .. 'ilu.'\ C"'Cl' (;r .. lil). 

Pn .. 'did:-. genc .... ,lnd CXOlb by lhíng pattl'fn
based slructure prediction. 

on pattern recogllition of 
types of exo"" promoters, alld 

signals; dynamic programming finds 
cOIl1billdtions ~HHj thcl1 con:--truct\ \ct 

111Ollcb. Intl'ractive \Vch-based t'lrlll. 
I'( ;FNFSI! I I A.A. S.rlalll'" ,rnei V. \ .. 

'1 prcdiCh nndt iplc gCfll':-' in 

"'ouence ming a hidJcn ~lark()v l1lodel oI' 
:-..irl1ilarity with known protcÍn. 

pattern-ba,ed human 
or i;enc :-.tru-.::ture prediction. 

Predit..h intl'rnal codln::; \..''\tH1'. l{,\'-,cd on prt..'
díctiOIl ~llgorithrn u ... ing qu.idrdtí .... di:-.u-iI11il1,lI1t 
fundiu!) for Il1tdti''-,H"i,ltc '-,tati..,tícd p,lttcfn 

fl'cognition {be:-.t di);.:rin1ilhltL~ bct\\L'l'll L'\OI1 

~llld 11011l'XOIl ~l'~Ul'!h,"'L' ..... u:-.ing ... cqUt'lh,:C teaturt.' .... 

SU11iLlr to iho\e de:-,cflbt-'d for 
Software fi'r Sl·:,\·, DEL .\Iph". ~l'ClI ,ill' lic'nhc 
for C0I11Ilh.'TCitll U"'t', 

"'t'\ Cf.tI I, li rn.Jh, 

\Cl' <inL urncTlUtlon. 

I f'<,'\ ;-,CLjUCI1L'L", ol1c-lct ft'r t.'{ ) dI..'. 

FAST\ 

FA:,IA ~t.'qUl'I);"'l', 

\~T.\, Ill."illlllll> "I 20\1 kh. 

1'.101 hl'\! t.lIh~ld,ltt' l'\('ll" 
,llld fl10..,! prnj"ulc ~t'!}l' ..,tl UL 

turL'. 

i .... t of ht..':-.t (~1I1di{1Ik 1,'\On"> 

.1nd 1110:-..t prohah\c gene ..,uu(
t urc:">. 

i\1~)",t proh,lhlc gene ..,rnh..!t:rc,; .. 

Producc,', 'i~t of most strongly 
predictcd l':\o!1 ..... 

Jc.\t OUlpllt: Illllllbcl 
dicted gelle" numbcr 
dicted ~xons~ positions 
predicted genes and CXOI". 

i \.011 hUllnt1aftc_,,> in h,l"l' ptlir ... , 
pu",tcrior prohability, ír,lllll' 
pn .. ·k·fcIlCC '-,{-,"ore, OHj· ordil1,l 

tür~ <.lc(:c-ptor ~'(or~. t:odinS 
prl..'f'",,:rcncc :-...::orc, dUJHH ~t..Url'. 
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TABLE A 11-1 (COlltiIlU('d) 

PROCRAM NAME WEB SITE/FTP SITE 

DNA: Proll/olers, Transcriptiotl-factor Binditlg Sites 

I r~ln ... f~lt-~ 
IlciIlC111C\<..'r t.'t aI. Il)t)t}) 

CorePromotcr 
(Zhang 199KI 

NNPP (I'romoter Predic
tion by Neural Ndwork) 
(Hcese 1994; Rce,,: Jnel 
Eeckman 1995; Rccsc el aI. 
19'1h) 

TESS (FranscriplioIl 
Element Search Svstem) 
(Schug and Overton 1997) 

TFBlNIl 
(Tsunoda and ", kagi 
19991 

)!,endinderl 

http://www.fruitt1y.org/ seq_toolsl 

http://www.cbi I. u pellll.ed ui 1 cs, 

hl 11'://1 thind.ims. u -toky( I.aeip 

DESCRIPTlON/PLATFORMS 

rr~ln~fal... i .... ,1 rclatidnal d.lt.lh.hC of tr~llhlTiplion 
tiL"tur (ls-~lLl ing billding ~itt.' .... ... HHl t r.u1:--.Tinf ínn 

f~h .. lor. ... froH1 111:10Y org<l<ni~nl"', ~ll1d <ll~o 
PS~i\1s \Po~ition-:,pe~-ifil.c' :-.~'uritH!. rnalri~-l''''') 

in l'~h:h 
aligncd hinding sltes for one 

bctor. (SOlllC nla~riCt_~s fn.ly n~)t he spt,;cific so 
that t~llse po~iti\'(' 111<1h.:ht.'~ are ...:onlI11011,) 

\)ownluad i, t1at ASCII tlles. Software is (,r 
nOIlClHllnlercial U~l' only. 
PnWt-:II1l' indud\.' (:oinspc~-tor, l\lathhpl'dOr, 

Predicts transcriptional star! sitc, and localizes 
them intu 50-l00-b" core-promoler regions. 

analysis to dis-
scqllCllCC tl"'atllrc~ (e,g .. cunscr\'C'd 

sequCl1Cl' words) charaderi .... tic of prornotcr 

scqucnce 
interi.lctive fOfIll. Liccl1sc nel'dcd 

for cummercial use. 

prokaryolic promoters in 
sequence. Uses time-dday neuralnetworks 

n .. 'cognizc f('ature .... :-,uch <1 .... th(: 
,(;C box, lhe Ci\AT buxo anti lhe 

initiator region th'll spans the transcriplion 
slart sitl' (TSS). 
TDNN is repeatedly trained and re-trained 
until it recognizes the most important ("atures 
of each element as a scoríng matrix. 
Predictions for cach element are then combíned 
so that ell'lllents can he f(Jllnd eVl'Il whcll th('lr 
~paciJ1g varies. 

hnJs potcntial IrJnsniption-f.lCtor-binJing 
sites in DNA scquence (scc Transfacl. 
Has \Vcb-based illteractivc 
search 

'>carchc, f()f trallscriptioll-i'lctor-bindillg .'Iks. 
including 'IA'I'A boxe5, (;(~ boxes, 

transcription start :, i te ..... 

INPIIT FORMAI 

Sl..'t' \\{,.'h .... itc. 

F:\ST:\; \1NA scqucnce must be 
<~ kb. 

FASTA 

UNA se<.jllencc 

!CASTA 

INTERPRETATlON/RESIJl rs 

Prl.'diclt..'d IO\:.itioll of lT hind 
In!!, .... l1e .... 

scnres~ 

probabilitv; QDA 
datd; nlaxlnlunl nurnber of 
predidion:-... 

start sites 1110St 

promoters. For 

. where ti 
predicted tr"nseriptiol1 

prokarj'otes, 46 base.' 
ng from -41 to + 5 
+ 1 is the predicted 

transcription start site. 

PredíC1<:d siles. 

Predicted ,ites. 

~ 
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h"( 
".\'. \olu\\~'\ l."I,d., 

Ullf'lIhl. 1 "'L' 11(11'" 
d(lt. i!ngt'll.hl.."lll.t Ilh:.cdu: 
LHJI/gl..'lll' Ilndl..T/gChtrllll) 

'ISS\\' 
V, \'. SOI"'\'L" ct ,li .. 

1IIlpllhl.l\L'L· hllp:/I 
dut.i 111gcn. bCJll. tnlC.L'du: 

9.B I/g~nl'-!illlkr/gf.htll1ll í 

ivl:\R-l'illdcr 

(Kramer et aI. 1\1\16; Singh 
ctaLl9\17) , 

1\I\l6<1,h) 

DNA: Other Regulatory Sites 

(On<.;ell<.;US and \\'ç()n<;l..'n~lh 
lt'rt/ and ~t{)rJno JlJLJí..) 1 

{( ,'onfiUlIt·d OJ( ,;d/ol\,jlls'/J;/gt'\. 

kll' 
h .... g.h!!lll !In 1I1lorlll,ltinll 

(' I!!Utl ,'I'/l'ft {': "L'r \ !I..l'{d 1 11..>0 1"\. h I.. 11'"'
tllh.edll 

l'lIt h"g In "Uhll..',-·1 lllll' 01 1l11''"'!,I~I..', 

~ '>C'o 'I\t'I~lli fll.I!II\ III 1!.llbldl.. d.tLlb,l"lC _1111..1 

I li f \ ,!lUl'" I 'l'(" I f ,ltht.ll ' 

\\',-,h h'\'>L'd inh'l,h.. Int' 11l1l1' 

Hi...·u\gni/l.,'> hU!ll.lll P\)IIJ 11I(1l11{1tL'1 Il'~i(Hl .llld 

tr,lIhtrlplll111 '>Lllt "Ik. 

l'" .... ',", ,I lilll',1I l..h"'l..rilllill~1I1! IllIllI10fl (h.!! UHl1 

hillt'" lh,lr<ldl..Ti'lil" 01 flllh.,tion.d 11l11tif" ,llid 
nliogllUl..kolllk 1..-~lJllpo..,itiot1 01 lr.lIhll"l}1tllHl 

"Lirt ..,itl'~, 

klp/ Rc(nglli/C: ... hUll1~lll PollI prOl1lotcr regioll .Illd 
h."w.htlnl-Inr infofln.ltion tr,Hl"criptioll \Ll.rl "itc. 

(. IlI,til SC/TI(C: ~cn iCl·\d'hl..h~.lIh.L'dll (}j( l: .... c\ lilll\1r di,-;u'jll1ifldlil lúndioll for prcdjLtlon~ 
.... cf\·iel''\~l!bioi nforiH~ll ic~. wCiZnlal1Il . ..lc.il cOlnbi nc\ (har<.h .. ~krisi te:... dC~I...-rÍbing hlllt.·tinnal 

rnotif .... ...lnd olignlludcotidc cOlnpo,itinn of 
Put bs\\' in subje .... ·t linc of nlcs:,agc. the \it ...... ~. 

i\IMl'illLkr/ 
about.html 

http://www,gsfdc/hÍOlh'j 
gcnonlE'ÍnspectoLhtml 

J-"I' P:he.lgIL'.et )1, ~r.H.ií).l'd uI puh/ L I Hl..,Cll:.U .... 

1l1at I'Í~ -clS"lCiJtul 

nuclear rllatrix and are neces
sary f{rr transcríptiona1 Tl'guJation.) 
f\kthod lL ... cd is "tatistit .. al inkrcncl' ;lTH.i ,1 Book\ln 

IH'lwurk; I X tllotif.s known to OC(LIr in thi..' 
nL'Íghborhood of f\IAR, <1re llSCtl in lhe analy\i,\, 

\\'eh-b,bcd Ílltn<lctÍve lorm; rl'gistratioll IlcCl'ssary. 

Detects elistancl' corrclation hetween 
re<1ding fral11cs anel transcription binding ,ites 
on nll'gaha~cs of nudeotíde "l'quence; 1.I"(''I 

largc- .... cllc corrdation ~ln,ll\'sí.". 
1 )(;\\,Ilload CXL'Lut<1hk'\ !"r í)H: Alph<l, Slil\, 
111', SilÍcun (;r<lphic\, C:C)l\VFX; UNIX ,1I1d 

X-wÍndO\\'" LÍccn;c nl'nkd li)!' cOllllllcn:ialu,,'. 

;\ ,Iidill~ \Vindo\\ !nHl1 t',I~ 11 '-,C{jlH'llú' i" "l,lllfll'd 

\\ ll1do\\.., ilf the relll,lllllng. ;O"l'qUClli..'l' .... lo 

lhe l11l):.t ~dikc n .. 'gloll'-.. Th\.' (Oll1blfH . .'d 

• 1IignlllL"llh of two OI' 11101"1..' windnw-... ,Irl' thell 

u..,~>d to rCl..-ruit ~lddjtion<d lnatching n .. 'giol1~ 
fnH1) othei" \l'qucl1\..'e". 

rhc .dl!.orithJll i.., grecth' in th\.' "icn,,\..' thdl tlll' 
fir::-.t \C:]UCllCC'> lo"'he nl~ltdled dl'kTlninc lhe 

ultiJll.11l' ~11ig1l1111'111 of ,111 ..,itc" fOlind. Thth, 

1)'\ \ "'l'qll~'lh " 

~,HllL' 01 'ÚIUt'I1Lt.'; 

ktkr'." . .\Ll\.lInUlll liDe 

-9 L I1,11",t .... lL'f":-. 

1'/\'>11\ 

" 

Mally fOr!luts includÍng datahase 
annotatioll, CCG, ConsIllspcctor, 
i'vLltJn"ped(}t". 

~ct ,d inpl..ll. :--,l'qLII..II .... l"'-. 

I'nHlll)lt'r I"t..'~~inn, ilh 

fl.l!l1l',II)1 

reglon .... , 
"ik'.",·1 
tr.1I1'iLTiplion st.lrt :-'Ik }"'{)\l

tiOll', fUI1(1on<t1I11<ltif, I;" 
c.llh pn:diLkd rL<~ion, 

:\.1 11 h' oI' "cqU;.'llt.'C; lillL'dr di" 
Lrin1in,lllt tUlldinll thrc,h{\ld 

<.t11d Icngth oi' "cqucn ..... c; llllill

bel' of preJiL~tl'd rrol11okr 

,itions of prcdit.. lL'd 
bo\., ,1nJ lral1:-.crip-

tio!} "!!~H'l :-.ill' Pl):-.!tHlIh 

tiOll.tlllluli( ... 
Ctl rcgiol1. 

flllh-

High-scoring rq.Ó\.H1S in h,l...,c 
pair" induding :lVcragc and 
Íntcgrated strength,; graphical 

output Df rda
po!cnl;,l] 

cor-

hinding LIl tor 1 hínding ~ih:~. 

\Iigllcd "itc" in ill~11l1 
\cqUl'Ilt...L'" .lnd pO\ltioll--'pL' ... i!IL 

........ 'oring In.ltriu .. '\ tor the,,\.' \1Íl'\ . 

>--l 
~" 
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TABU A 11-1 (Continued) 

PROGRAM NAME 

polyadq 
(Zhang 1997) 

WEB 5IH!fTP 51n OESCRIPTION/PlATfORMS 

tion conh.'nt 
e.l(h (olumn! 

In 
uscr-:-'1-'1cótled, J.nd 

cnns('r\'~ltion of bases in 
PSSI\I i position-spcci!lc' 

s(nring matrixL 
lndud~s important statistic.ll evaluatíon of the 
PSSl\L Note that lhere is no aecounting for 
covariation within the sites as in palindromic 
rcgulatory sites, bul methods to 10c'1I<: sllch 
regions have been ckscríbed (Hcrtz .lIld Stormo 
1995). 
Availablc for impkmcntation on UNIX plalttH"llls. 

is a true AIgonthm uses 
(see MZEFl 

P,,13scan http:ílirisbioc.bio.unipr.itlpoI3scan.html Searches eukaryOlÍc DNA sequeno: for Pollll 
(Pavesi ct aI. 1994) 

RNA: Secondary Structure 

MFOLD 
et 31. I Wl9; Zuker 

Wa1t~r et aI. 1994) 

Vienna RNA c 

198R; l\1cCJSkill 
Shapiro and Zhang 

hu p:llww'V.thi.univic .<lc.all ~ i\'oIRNA 

intergenic control regions; can discrÍminate be
tween tRNA genes and related elass lI! elements. 

method based on analysis of 231 
eukaryotic tRNA promoter regions; "eight 
(position-specific seoringl matrie.:, and weight 

Predícts RNA secondary structure; computes 
number of folds, 5' base Ilumber lstart), and 
}' base number (stop!. 
Uses energr minimizalion mcthod of Zuker. 
A maximul11 01' 1400 bases can be folded. 
,Veb-based interactive form. Can be implemenl
ed on a local UNIX host with graphic interface 
for exploring alternative ,tructural models in 
given energy range. 

Calculates pr<:didíons (lf RNA structur<:, with 
minimum frc<: encrgies as well a, equilibrium 
partition funetions and b,lse-pairing probabil-

INPUI fORMAl 

PASTA. Can set cut-off score bv 
fonr methods. . 

etc. 

RNA and DNA l-nncleotide se-

de 

Rt';\ "equelKe; HIT n:pn:scnt.l
tion for structure repn:sellt..ltion 

INTERPRETATION/RESULIS 

sequence. 
or n1inlb pr\?d.idlon, 
quence, and score. 

trAll,crintlnn terrnlnation sites. 

Energy matrices Ihat determine 
lhe oplÍn1.l1 and SuboPlimal 
.... ';-nnd;;!'v structure; conlputed 

energy withín givel1 
range ot cornputcd lnl1111l1UI11 

free energy. 
Matríces are wrÍtten to an (lU!

put file. Plotfold ,oftware is 
used to read lhe file and dis-

a rt>prL'~cntati\'l' "ct of 
anti suboptimal sec

undary strllcture!-l. 

plot, ,1Ild 

).. 

--~ 
)o. 
~ 
~ 

~ 
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1')lH), d ,11 
!t)Q5, II'!1Llll.l d ,li. 1')CJ 

H(ll.lt hlT l'I.1i jlFJ.1: 

\\'Ut ht\ \.:1 -tI. j t)l)l) 

RNA: RNA-specifyillg Gelles, Motifs 

11(~,\".lJ'~SI. 

I'ich.1Il1 .lIlel 11m", 1')<)1; 
hldy .l"ti I lu,.bi" 1 ')lJ,I; 
Pa\T,í d .11. ILJl).f; 1.0\\'<.' 

anti Fdd" 19LJ7) 

Slh)!U,A 

(( o\Ve ,1I1d Edd)' J ')99) 

Proteill: Sequellce Aliglll/lellt 

t1,N'\'c,lIl-~1 

http;!/rna.IVustLedu!moRN!\db 

L\S~L\, SSL\R(:I L B.l\C' Pie.",' ,ec 1 ),\:,\ "''I'h'n«' ,llígnmenl 
hlock <digncf "l'ctlon. 

01lItITftt', , ou '01/0 11'/1 I,\: !'tI,I.!,C-". 

J!ll". \\ .. :11 I',l'\cd Illit.'I<llll\l hlllH!in lllUdl'l 

'l/nl j{'\,.\,~ 

lC'·.\!tdd l,lkuLtt~,,, "l'U1l1..1.11\ I{:-" \ (1-1. 1111\ .. 

H\:.\l'\,tl ",tkuLlh· ... l·!1I..·rg\ (d IC,,-,\ "'l'qlll..'l1u.' 
~1\'Cll "tnILtull', 

1\:\:\ht\l! ,-<dud,llc" 'I'(:t..ilit Ih.\lt 01 H\..-\ 
IC-,\,·\il!h·r"" (ind" .ll1 H~,\ "l'ljUl'I)U: \\jlh.1 

;.;i\'1.'n "t,:UHld,lry ... tn!l..lurl', 

""~\,ht.!I'," c.d,ul"t", IIl,' di,I.1I1l<· ,01 I\"~\ 
:-.t ru...-turl'. 

L',liclllatL':-. thc di;-,t.lnCL' uI' thcnnn
t.h n.l111íL' R\:.\ :-'L'UHltian ... Uudurc 

R~\:\~llhopf l',l!Clll,ltc,> ,uhoptiI11.d .... tY,H)(hn 

... Irlldurl'. 

)0\\ nl(1,h1 :-..tHJrl .... ".-odc .... I ( t..ode lihr.lr\ J or 
,t,llltl-,t1OIlC progr.!lll' I;),. 1':\1'\, II:\l',\~ 

~l'<lr(he ... for /)~A OI' 

tI high!~' \t'ledi\'e tR!\.'\ n}\~lri

(sequcnce \'ariatlon that occurs at 
two separated sites to conserye base 
""gíon, of RNA secondan' s!rUC!llre); 
ar~ done Clt 50,O()() bp/scc: 
TIr,' nrt'lhod clbo "'clrClrC' !llr <'uk.tr)'ot í( Poli 11 
.'\ite ... anti Rl\:A pnll11ott.-r;-,. \\'l'h .. h<l~ed inter,ldin.' 
fonll.l~\lIX ~Otlh.'-l' d)lie C.ln <d~o bc <l((l'~:-'L'd 
fnllll the \Veb p<lgl'. 

rrcscrecned sections of gellonlÍ .... ' SC'

characteristi-c ~{'quellce pattc-rns 
2'-O-ribo,c mcthrlatíon guíde S!10RNA 

(..:;nn, ~lllall nlldi'nhr 

111dh{)íJ" 

i 11 ~pel'ch rccogl1it iOI1 <I nd 
CtHl1PU!dliollallíglli~tic~. 

~CI:C l11odcb! s!ocha.stic, (olllc\t-frcc 
IHafS I c1rl' used to recogni/\.' regioll'> \Vinl '-1 
pani .. .-uldf pattcrll of sequen((' CO\',lrí~1tion in 
scp~lrdted region:-. of ... cquencc thdt corrc:-.pond ... 
to <.,cqut'ncc<.; that h,!<.;c pair to fOrl11 d .... R"\.' ,\ 
\Clt Hlt.Ll r~' .... t rUI..-t II rt'. 

j,L.l\\· \L'I._ltlt..'IlÚ." I'A~'I:\, (; ... ·nl'LHü .. , 

I· \1 !lI.. CCC. (L. Sc,lJ~,~hcs "re 

he~t ,1;-' (1)(' Sl'qUClh ..... ' ~H ,-t tillh\ 

each se(1uence lInder 1 ()(),OO() 

I'nth,lhdllIC"-, 
H:'\.-\ ..... \,t! ~l\l" t'III,:rg\ In 1-.:. .. ,11 
mo!.."; I{~.\ Ih.'.\L. h."lllpl.."r,lturt 

111 dq . .;.fl·l· .... ( ,"pt'lilll.. 

h.l,J!/: Ilh.h-· f(: 

R\':,\iJl\1.'r"'t" t()Ulld "t'qUt'lh_~" 

I Ll.Illlllll1g di"!.llltC lo "Url 

""qUC[l\.'c. 

R:\.~\dí,t.lIl(t" h,N' 1'.11 r d"lr,
hutt(HL 

R~.--\phdi~l, partition fUlh .. ·liull 

<llld lll;.ltri:\ of b,-hc-n,lirin~J 

proh.lhilitic ..... do! 

R0:f\ ... uhnpt, ;-,1 rll...-tlIrt .. ' in 

hrd",kl'1 not,ll ion ,llld l'lll'rg~ in 
",.tI/ll",k~ 

LlIldid<lk tR1\ .. \ gt'Il,"~ 

~ 
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'" ~ 
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TABlE A 11-1 (Continu('d) 

PROGRAM NAMf WEB SITE/FTP SITE 

Proteins: Motifs, Patterns, Profi/es 

clll"tif, !'roIIk~!akl'r, 
l\i-BL:\ST,l'h;-BL:\:,1, 

PmverBLA:-T 

I'f-;cal1 (ProtIleScan) 
(Swi" Il1stitutc of I\io
infoflnatit:s I Sl'l' W\V\V sitl' I) 

Pfam 
(Sonnhal11ll1l'r c\ aI. J997, 
J 9Wi; Batemall et aI. 199'1, 
20()()) 

Plcase scc Il:-':,\ ll1otifs, p,lttuns, prutIles 
:-.t'\.."tlOH. 

wlVw.cgr,ki.sclPfam 
USA: pt'"11.wllstl.edu 

DESCRIPTlON/PlATFORMS INPlJT FORMAT 

Provides added fllnctionality OVé1' lhe traditional I'ASIA 
BLAST programs. 
AlIows m<lsking llf a sequence againo.;t hunlan repe
titíVt~ e1elllCnts, cOlnparis(H1 ()f 111askctl scqucllcc 

1l111ltiple databasl's simllltaneously. 
examinali"n Df FSTs, STSs, ,lI1d gene 

c'Ol1l<:xt (lf th.:ir 'palial relatiol1ships lo 
one anolher, 
User can sd additional parameter" filler ELAS'!' 
hit, by organism, and choose multiple outpllt 
oplions. \Veb-based inleractive form. 

Sea", protein or DNA sequenee against protlles 
from the PR( }SITE catalog. 
PROSITE conlains amillo acid patlerns fuulld in 
families of functíonally related proteins, e.g., 
representing active site af Drolein kinases. The 

acid positions. 
Also scans 
sequence 
database. Web-based interactive 

Prot prolein 
the pfam 

h\STA 

Enables rapid and automatic classifIcation of FASTA 
predicted prolei", into protein domain t"milies; 
considers d{)lllaln org~lnization of 
Annotates protein using hiddcn 
s()ftware (sec HMMER) that represents 
suitable probabilistie models of 
predicls genes, and annotales 

the Wise2 package. 
contains 212R f3milies ll1atching 

6S'}'o of the protelns in Swiss-Prot. <. ~l'nonlic 

UNA Glll he dircctly searched against the pfam 
library. 
Thi~ software wa!'! lIsed to anI1otah: lhe C. ClcgllllS 

genOllll'. 

I NT ERPRET ATlON/RESlJ l TS 

'lexl, HTl\IL, or AS:-':.I oulpul. 
A tIle is "utput ti)r eaeh se
quence in the quel'\'. Th" out 

Gll1 be vil'wl'd \\'ith a 111ask. 

.!in can bc u~('d to annotdk> 

thc' IH AS!' hits. 

Oplimal dlignfllent scores I(lr 
profiks-PROSITE prol"es N 
s(Ore; Pf'lI11-A Nscore; 
Gribskov Z score; PROSITE 
patterns. 

Craphical representation of 
dOIl1ain structurc. Nanlc of 
domain in P""11; ,tart ,mel em! 
['oints "f domain; statistical 
som: of match in bits ano [ 
values; alignment of matching 
sectíon of query sequel1ce lo 
relevant hidden Markov 
1110deL 
Providt.'s functi{Hlal annl){.i

tion, lilt..'r.lture references, and 
dataha,e links for l',1ch f,lIni!v. 
Th.: outpul (,111 bc linkcd to' 
the SCOP d,lIaba,e to detcr
nlinc íf the dotnain's stru(turl' 
has hecn solved. 
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T A8lE A 11 - 2 Database Similarity Search Software 

PROGRAM NAME 

BL\ST IH,hi" ,'\ligllll1c'1l1 
:;",Ir"h To,)I) 
I ,\I"cl1,,1 d 1 99{): ",Irlin 
,11).1 ,\Ibdllll 1990,1995; 
'1;llu,{)\'a ,1I1d \1.ldd"n 1999) 

PHI-BLAST (Position Hit 
fnitiated BLASn 
(Zhimg d a1. 199H) 

PSI -BLAST (Position-Spécific 

HiAS/') 
(t\ltsc'hul ct aI. 1997) 

WE8 SITE/FTP SITE 

hltf>:f 1\\\\,,,,, nc hi,nll1l,nih.~, )\'iH!.. \ST 

http://www.ncbi.nlm.nih.govIBI,AST 

http://www.ncbi.nlm.nih.gov/BLAST 

DESCRIPTION/PLATFORMS 

Sel}ucnú.' ~il11ilarity ~L'af'~h tool li))' ~lnaly,,>is uf nuclcotídc 
1 )~A) ,Im\ prOle;n dal,lh,I""; u,e, heurí,lic ,llgmithm 

,h .. 11 \\.'\.:k:-. hi~h-">Lllrillg \\'ord, .... anti thcn u:..t:" lhe'l..' to ~"ro
duce g.~\pped lo\.-a\ a~ig,nn1\:nh~ rilt~r~ o.u1 low-(:ornpk~xity 

rq;ions fnHll th(' se~lrch (optl0n~11); as~ign~ :-.corc~ \Vith wdl
ddinecl statisti",1I interpretali"n so Ih,l! r",11 malches c,m bc 
distinguished from random background hils. 
nebult scoring matrix is BLOSL't\ 162. The sií!.nitlc'lI1cés of 
lhe m,ltches ar'" given an Expect (E) score, th~ expected 
number of 'llignments between a random quer}' sequence 
and a datab~l.sc of randonl sl'quencl's of the sanll' "I~n~,.,ti" .. " 

anel Ilumber tha! \ViII score as wdl. 
as inkractive \'ieb-based interfacc, stablc UIU., 

,,-mail scrvcr, Iletwork BLAST \Vith downloadahk client f"r 
AIX, Ul\;IX (,ee Web Sitc tí.J[ details). 
Subprograms includc: 
"las/li-compares nucleotide query sequence against Ilucle
otide sequence data base 
hlt1.qp-(Onlpan.·~ Jnlino acid qucr)' :,l'qUCIKl' ag,ain:-.t pro
ll'in SCQUl"l1Ll' daLlha,',c 

bltlstx-compares 6-framc conccptual 
01' nudcotide 

sequence 
frames 

nudeotide 
6 readíng 

thlnstx-comparcs h-frame translations of nuclcotidc query 
Sl'qUl'nce 
datahase 

6-frame translations oI' nucleotidc scquencc 

A stand-alone BLAST 'y,tem can bc cstablishcd on 
plattorms, induding PC Windows 32, 

Iblast!executablcs. 

is integrated with PS1-BLAST 50 Ihat query rcsulb 
uscd to st<lr( one or more wunds of PSI-BLAST 

scarching using Wcb-hascd in\cractive furm. 

Search for similar prolein sequences USI11\! a multmle se
alignment as the query, thus 

nc-w cOll1hinatlons of fcsiducs found in the a1ignnlcl1t. 
Star" wilh a regular BLAST search, bllt ;IS new matching 
sequcl1ces are f ou 11 LI , thesc are "ddeel to thc alignmcl1t anel 
an lIcration uf lhe search can thcn be pcr/()[mcd; multipk 
iterations are possible until no more matching seqllences 
are found. Web-based interactive formo 

INPUT 

FORMAT 

h\ST,\ OI' 

r\("(t.'S~iiW'/ 

( ;enBJl1h 
,ndex no. 

FASTA or 
Accessionl 
CenBank 
index no. 

FASTA or 
Accessíon! 
( ;enHanl< 
index no. 

INTERPRETATlON!RESULTS 

l\lou .... c-t.:lickablc hi~togr.lnl oI' 111atcÍlc .... ; 
l\'\t of hi~h-~(nr\ng. dat<-1h~\~\.~ ~eqi.h."n((' ... ~ 
g''1'pl'd, local ,digl1ll1em oi qucr) 
:-,t...'qU\.'IKC wilh lH.1td1ing, daL.l b~l ... t..' 
,eqllenc:es \\'ilh statistic'al e\"alll,ltion; list 

paL.Hl1ctcrs used anti .:...tdti:-.tj(.d ..... lk·lI· 

lations made during seMch. 

StatÍstical sígníficance of sequences that 
contain pattems are reportcd lIsing E 
valul's. 
MlIltiplc scqllence alignmcnt (a 
\ion-spccific scoring nlatrix of 
matching scqucnces) call thel) b" us(d 
t,)f aclditional mund, (iterations) o[ 
data base searching using PS! -HLAST. 

sequence alignrnent (a posi
tinn-specific '\coring matrix of the 
matching scquel1ces) replaces the 
initial pattcrn anti mal' bc uscd f"r 
additiona\ rnunds (itcrations) of 
database searching until no more 
matching sequences are f"und. 
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\',1 ( 111 
\IhcJ.Uj d Il)\j, 

nl ,·\"'i-(ll'lltl1111.' "l'qlICllll''' 

111 q' \\ \\ ,\ II~ I !i.111 j I J 

h! t p://W\\ \\.lll-hl.tll 111.111 h.:-'-.t1\"/ 

gl'nt lil1C/ :"t-'q 

\\'L -BLAST I \L"hingloll htll':/Ibl''''l.wmt!.cdu 
IiL\\! ) 

cl aI, I 9'lll; (;i,h .,nd 
:-'lall" 199\; ",u'lin anel ,,\Ihehul 

199,; Alhchul.lIHI (;i,h 1996; 

W. (;i,h lInpub!.) 

h\S IA Prografll.\ 

h\STi\ 
Pear:\ol1 tllHJ Lípnlall 19K.X} 

'oulillJit'd 011 lolfoH'lflg l'ilS,"'>. 

\ , j I t l' Ill' \ \ l'j \ l I "-1< ) 11 ! 1 ~ I; I .. \ " I 
\\atnlll.lll! ,t1I).;lllllClll I'{)lll 111 

I! l~ ,ti ')11111 h 
\l'.l!lIH'''' .llld tI\\..''' tlH 

""!,lll'-.tk.!I ..... i~lJ)dh-)l1, 01 111l' ,lhgll11h'1l1 "l,l!\:" tIl 

iht' 11lP",t ~dikt' "{''-Illt'/h. .. :,,; tlli, 
the IH :\ '-tT2 progr.ln1. 

Llrlit'l" \LT"!Ull" tlf BL·\"I I id, .. :ntiliL''l1 !lH'" rt'glt.ll. ... , 

,uh1 lhCd tlh' .... uln pf llh'\,,-" "LOrt'.., to 

l.lIh.l' o! lhe ... l'qUl'lh.l' .... íllliLlI Jty. 

~e,n\.."h<..., ... d 

h~bC (nr 

\<':qUl..'n\..c _lg.lin"t the hUlll,11l gi..'!lOllll' d,!l.! 
gl'!lUllli-c :-'CqUl'tll.-'i..' ... LI.Llhasl'L Intcr,lltivi..' 

PL'rfllnns sirndal'Ity ~cdrd)i..'" of protei IlS ,llld IHI\..'it"otídi..' Sl'-
d,lI.lI>",,·,; ,in,i"'r lo N( :1\1 )\L\ST !>ul tlndo!,,,d 

in ... kpL'lldclllly ,\Ild \..'.111 produ\..c differcllt r<...';"lIlt~> 

\\'l'-BI.i\ST2 ll~L" g.IPpl'd .tli~nllll'(lh to ilknlif\' 1l1_ttching 
"l'tJllcnU.'\; prndul.c:-, ,I g~lppt.'\.1 h:h..',ll rS111ilh-\\'cllcrln'-lnl 

<ltignlnent; cakulate~ slatistical signific<lncL' based on the 
((Hllhined :-.core:-. 01' high-:-.corin~ ri..'gion:-. (the ::,U1l1 :-.tati~tic~ 
Illt'!hod ,IS in "arlier p~r-\'ersiol; 2 ,:;'rsions o/ Nelll BLAST). 
BI.ASTi':, BI.ASTP. TBI ASTN, BI ASTX and 1'\)1 ASTX pro
gr,II1I.' ,lrC .lVail,.hk 1 "CC Nelll I\I..\ST); indudcs il11l'rol'c-
llli..'nL\ for idelllifying Loding regioll:-' anti 1I;"l'~ I)NA ~(Orillg 
In;,l!ricl'.\ for nlOfe :-.ignificant ~dignnlelll of nudci,," 'h..·id~" 
('onuiIJ' ('nh;lnccn1~'nh for opti~ni/\"'d \..'secutfPII, reduced 
virtual memory requin'ments. support f"r par aliei proccssing, 
and eXtended Database Formal (XDFl. 
Software is downloadahle tí'OI11 \Vcb Site: Licens" is frec for 
a...:adenlic and nonprofit use; fel' for cOlnIlltTClal use. 

h<bl' SIIll!ldrlt,' 

ITICnt. 

Compares UNA seauencc 
UNA sequence 

prugranl:-' for data 
'cqucnce a!ign 

sequl'ncE' to anothl'T protein sequcllcc Of to a 
~L'qUl'n(."l' databa~L'; aho cOlllparc:-. protein sl'qUi..'IlCl' 

lo lrall,lakd 1 lNA ,cqUl'IlCl' or I Jr--.:i\ ,cqul'nce d,.lah"sc 

(ver:-.íon 3) rl'lurll:-' nl<ltt.:hL'~ h~l~L'd 011 a llonnalií'cd 
L s(ore,thc number oI' standard Jc\iatjollO abovc a meao of 
50 anJ slandard devÍdtion "f I () I'.r matching ali unrelalcd 
sequences ()f lhe same Iength in the datahase. 
The E (expect) value of lhe;: score, the numb"r of unrelated 
'>cQUi..'lk"C'> in lhe d.llclh,1,>c tll,lI ;lrc t'\pcdcd!o VI}!"C ,1\ wdl, 
t.,> gn;cn. 

(.~lll ~l'~H\..h individual gl'll()nlC~; d,l1aha.\'-'\ li:~tcd 011 V\'eh 
fonn, \\\.'h-h~l\cd inler,lcli\c fornl, or dO\\'Il-lo~tdahlc ,>oft

\\\1fe. Pernli;-,:-,itHl nl'cded for c0l11n1crlial u~e. 
IAS'!':\ 111a)' bc c\ub\i,hcd O" .1 \',Irich computer plalform" 
including ,\!"cinlosl, ,lJld 1'(. \\'indo"", bu! wítholll a 

inttrfa(e, 

1 \'<1 \ 

\ll. 1.'\'\11 ,11 

( f\:nH,II'lh. 

Jildc\ 

\:-, 1.\ OI 

.-\Lú"·~;-,iolll 

(;cIlILuü, 
indc'\ no. 

F:\STA OI 

,\rce,,,jnn! 
(;cnB,!nk 
indc\ 1lO. 

I'AST1\ or 
ACU:,.''.;s10nl 

C;enllank 
index no. 

:\Llkh ()I 'ol'\lllt'llu,' h~ LhIUllHI:-,(l111C 
IltlnlbL'L 

:\lnu;-'L'-dick.1hlc T11;'lP 01' 111akhing ">c
qtlL'll(L'~, li:-.ts 01" lll<lkhing '>l'qll<..'nlc~ 

wilh ~unl-.\i<lti,,,,ic,\ :'. .. "orl'S, g,!ppcd .rlign
lllcnh with polcllti,llly 1l11l1t 
of ,>inlíl<Hily~ í..~ln h\., u~cd t,) 
('xons in Il1uhi-('XOIl ~L'qlH?nCC~ ali co111-

pletc 011 par-ti<.ll copic~ oi" rcpditivc t.'"lL' 
Illl'"nt in gcnoIllic ~eqtH.'IKi.:. 

Provjdl'~ <) ~r.lphjcaj 

of ~llignnl('tH , ... corl'S foulHI 

quer!, sequellce and eaeh database se
quencc, with a fit of lhe scores with UIl

related proteins lo the extreme value 
distribulion. A lisl oI' hi\!h-scorinQ 

~orrn.11i/('d / :-. ... on.''> ~HT l.hL'd tu tk"'i,.'ribc 
lhe rclationship ()f lhe alignlllent SC(lIT he
lween rclated sequenccs to tha! !,nlnd tor 
unrelated sequencc, in the same Jenglh 

(mean 50, sland"rd deviation 10), 
\'alul' (lf thl''->l' high / "core,> i~ lhe 

IlUlllbl'r of lInrclaled \CqUCIH.l' 

aliglll1lL'llh \Vitll /; \(."01'('''' ,L\ h1gh <1\ lh~lt 
found ",ith !hc flwh.hcd ~("qll< .. 'n\.'{'. 
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TABLE A11-2 (Continuf'd) 

PROGRAM NAME 

TrAST\/Th\S I Y 
IASIX, FASTY 
I Chao <'I .11. 199~ 

FASTS/TFASTS 
Ft\STfITFASTF 

WEB SITE/FTP SITE 

http://t~ht<Lbio,,:h.\ irgini~Ll'dtJ 

http://fasta.bilKh. virginia.cdu 

OESCRIPTION/PlATFORMS 

(~onlp.tn.~, protcin sel]lk'Ih.-t.' lo tr<ln~tllcd I >:--":A !'I(.'tlllL'ih .. -C OI' 

D:\A '<'quel1ct' datab,ls,: !"ITAST\fTh\STYl (li" tr,1Ilsl.1ll'd 
I )l'\:\ .scquellce ag.1inst protl'in SC<jUC1KC d,II.1h,lSl' I h\STX/ 
h\~TY)~ dcsígned to .1ú:ornnHH.tllc high error r.Itl.' in ES') :-oc

tr'"11cshitis and substitutiol1.s. 

COfllpares sequenci;:" of peptide fragnlcnts {111aSS-Spel..-trn
photonll'tric anal)'sis) (FASTS) or an ordcrcd pl'!,tidl' mixture 
(FASTFl ,lgail1st a proll'il1 (FASTS) or DNA ItFASTS) d,lta 
base. 

INPUT 

FORMAT 

F:\ST.\ or 
A .... -("l·;-.sl(lnl 
(;"1111.,,,),. 
indc\ no, 

See \\'ch 
sit\.? 

INTERPRETATION/RESUlTS 

<llignnlcnt h\.,t\\'I..'l'I1.2 :-'l'qW. .. 'lh .. l'''': 

sequcllt..-l.' i~ tLlllslakd in j fOn\.lrd 
.lnd -' n ... '\'l'l":-.e fr,llllC:-'; prnkin qUt..'f;' i .... 
Ü)1l1p.lred to c.ld1 of the h deri\'cd protl'lll 

st'qlll.'nCc~. I)Nt\ SCtlUCflt..-t..' i:-. tr.lllslatctf 
fn.Hl1 unc end to th .... other .lnd inter\cning 

sequences are nol edited out; tl'rIl1i!1<ltion" 

are traml,ttl'J into unknown 
anltnO acids. 

Similar to FASTA. includcs lis! of 1ll,ltch
ing scqlH...·nCl.'~ in lh{.' databasc. 
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TABLE A ll-J Bioinformatics Databases 

DATABASE 

DNA 

CenBank 

EMBL 
(Bakcr ct ai. 20(0) 

[)!)BI 

DNA: Motifs, Patterns 

Codon use data base 

Aral>ídopsis 

Yeast 'plice sites by M. Ares, Ir. 
laboratory 
(Spingola et aI. 1999) 

DNA: Promoters and Regulatory Sequences 

EPD (Elh.:aryotic promoler J)atabibc) 
(Bucher 1990; Perier rt aI. 1999) 

TRRD (Transcriptional Rcgulatory 
[)atabasc; ) 

(Kolchanov et aI. 1999) 

TSSW (Recognition of human Poll I 
promoter region and slart of transcrip-

linear discriminant function 

OOTF)) rObjecI-()ricnted Tramcription 
Factor Data base ) 
(Ghosh 1998) 

PLACE (plant cis-acting regulatory 
elements) 
Higo el aI. ]')')')) 

PlanteARE I plant cihlcling rcguJalory 
dements) 

IRombauts et ill. 1999) 

Thyroid receptor resourcc 

(COlltilllled 011 f()llowill): peixes.) 

WWW AOORESS 

w"w.llcbi. II Im.nih.g("·!( ;cnb.lllk/( ;cnbankSc.lrch.llIml 

www.cbi.ac.uk/embl! 

www.ddbj.nig.ac.uk 

http://www.epd.isb-sib.ch/; 

http://www.isbi.nctf 

http://www.dna.affrc.go.jp/hldocs/PI.At:E/ 

DESCRIPTION 

1)\:,\ ".'ljUl'ncc data base maint,íÍned b} l\:alional Cenlcr 
fi,r Biotedlllologr Inf(,rmalion (:-':CBI); ml'l11bcr oI' 
1 ntcrnational [)\:A Dalabases. 

Dl\:A sequence datab,be maintained 
Bioinformatics Institule (EBI); 
DNA d'ltabases. 

European 
of Intcrn.ltional 

DNA sequcnce database maintained by D;\;A Data Bank oI' 
Japan; member of International DNA Dalabases. 

Con~ensus ~plice site~. 
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TABLE A 11-3 (Continuedl 

DATABASE 

RNA 

5S ribosol11.11 RNA d.,t.1 bank 
(Szymanski <:t aI. 1999) 

{;"base fór Mitochondrial Sequences 
(Korah- Lasko\\'ska et aI. 1991<) 

(;uidc RNA (gRNA) datahase 
iSOlua .,nd (;üringcr 1991<) 

tRNA C;enes, higher-planl milllchondria 
(Ceci et aI. 1999) 

Nucleic acid database and structure 
resource 
(lkrman eI aI. 199~) 

Pseudobasc i l'seudoknot dalab"sc main
taincd by E van Batenburg, Leidcn 
University) 

Ribosomal RNA mutation dalabases 
(Triman and Adams 1997) 

RNA modification datahase 
íLimbaeh <.'1 aI. 1994; Rozenski ct aI. 
1999) 

RNA sccondary stru(\urcs (Group I 
introns-16S rRNA-23S rRNA) 
(Gutel\ 1994; Schnare et aI. 1996 and 
references therein) 

RNA slruelure data base 

RNA World aI 1MB )clla 
(Sühnd 1997) 

rRNA (dalabase of ribosomal subllnil 
sequenccs) 
(De Rijk el aI. 1992,1999) 

Small RNA databasc 

stloRNA dalabasc tin S. n-r'TísliIC 
(I.owe and Eddy 199'!) 

tmRNA dalabasc 
(Wower anti Zwieh 1999) 

WWW ADDRESS 

hll 1':11 n"c.I1l"n.p'l/ 11 ,l!l. pll 'iSI ).,la!'iSRN A.hl ml 
"nd mirrored ai 

h tlp:1 / uscrpagc .,hem ir. fu-hcrl in. dei tb _ ,hcm iel ihe! agcrd man n/'iS _f R N A.h I m I 

h t1p:1 / alice. heh. U ll10n Irea!.ca! gener.,! gohaseí gohasc. hl ml 

htt 1':/ /www.bioehcm.ll1pg.dl.!-gocrillgc/ 

fl p:f fflp.ebi.ac ukJpubí dalabascs/plmÍlrna! 

http://ntibserver.rulgers.edll/ 

h 111':/ Iwwwl>io.lcidclllllliv.lll/-batenburg/pkh.html 

hllp:/lwww.fandm.edu/Deparlments/Biology/Databases/RNA.hlml 

hltp:/! medi ib.mcd.uuh.cdu/RN i\ modsf 

htlp:/ /pundit.iunb.utcxas.cdu 

htt 1':1 /grserv.nwd.jhmi.edll/-vcnklrnal 

hltp:llw\\'w. imb-.ícna.de/RNA.hlml 

http://rrna. uia.ac.bel 

hllp:/ ImbcLbcm. Imc.cdu/'lllallRNA/smallrna.hlllll) 

http://ma. wlIsI I.cdll/"lORNAdb! 

ht1p:1 Ipsyche.uthcl.cdul dbsltmH.llB/tm RI) H.htm! 

DESCRIPTlON 
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lll~,'\ \ d,lI,dl.l'>l' 

1/\\ i .... h tí.)lr; 

\'iloid .tlh.l \ !!oid IJt'd .. : IC\ \ 'l'tll!t'lh __ l" __ 

.d~Hlt,lirlL· d .d, 1l..)\.J9 

111: I'" 'I"" he. .. Ih, I.nlllídl "/,IIC\.\ I 'll; uR:-' \1 lll.hl "li 

I1tl1':1 \\W\v __ t,llll ... tU .... i.ll ... llLTh.\..~i! Jppl..."fl.l 

/Jrolf'Ín: MOlifs RaSCil 011 SCt/UClICC Aligllmcl/ts 

I ISSP (f I0111nlo~y-dl'rin_'d ,\--c(olh..LH~-
Structurc of J>roh.·jll~) 

(Sa11lkr ,mel Schncidl'r IlJ91 

1l1J)(:KS l'moli!", pClIll,]'ri,,!>, prodolll 

SYSITRS 
"r,lu,,' ct ,d. 19')91 

Pn.lton1<lp 

I Yona d aI. 1991') 

I)rodoll1 

I CorreI ct ,11. 1991') 

Protcin: Structural Alignmcnt 

SCOP (Structural Classitlcatiol1 of 
Protcinsl 
L\hruin c'l aI. 1995) 

FSSI' (j.'old da"ill~ati()1] b,lSl'd OI] 

Stl'uclurl'-.4.;tructurc ~1Iignn1L'llt 01' 

I'roteins) 

(Holm and Sander 1996) 

3D-Ali 

I PasGlrclla and Argos 1992) 

N.ttíonal (:cntcr for Bioll'chnology 

(nrornl,ltiol1 Struclurl' (;roup 

Biolllolecular Structurc and J\1odelling 
group at lhe Univcc,itl' Collegc, 
I.ondon 

rllnlpcan Bi(}[llltlrlll.llit.-- ... I Tl,..,t it utl', 

Ilil1Xloll, C,lrnbridge 

(COllflJlliCd 011 !ÚflOlt'ÚIg paKc~.) 

Scc 'L,hlc:\ 11-

h t t ~):/I w\\w.d k 1;-h eidd bng.de 1I hil sen in's; d lf> I l'r I, "'I cri, lrlll 

hltp:! iwww.hiochem.ud.ac. uk/bsm! 

ht I ~l:l !w\\'\\'2.chi.,IL.ukl 

Deri\'l'd {tlt,lb~lS(, lhat l11crgcs t\\'o- ,lnd thn .. 'l'-dil11t'll

:\iOll.l1 strut:"turc dlld ~\','qUt'llt:l; inforn1l11lotl. 

H.bnJ 011 \...--lustcring of ,di <,lnlil.ll ~1...'qllt'Jl(t.'.\ in Swi:-.,..,
Prol. 

:\lltomatic hinarchic.1l cl,l"illcalion of.1lI S\\'i" Pml 
protclns. 

Croup\- of sequcflCL' "q~1l1cTlh or dOlll.lin ... frolll ~i(niL.lr 
,'\1...'t..]UL'lllC:-> fOlllld in S\\I .... :-.-Prol d.tldh.l:\t.' hy BI.t~tp 
algorithl1l~ afi~n('d hy ,ntdtiplc ~I...'qul'n(l' aligll!11t'nL 

CIa"ifícaliol1 nf 11 proteins whose structllre is knowl1 
ha"'d on experl an,dysis; indlldcs ali I'IlB c'lIric". 

rhrec-dinletl~iollal ~trllcturl' (o!npari~on Df protcin 

structures in l'DB: strlldural alignmcnts are performed 
by Dali programo 

Aligned pro!cin structures anti related sCQUCl1ccs 

nnly sl',---Ond~lry strtll,,---tllrl'~ as~ígncd hy the author uf 
:.lructurl'~. 

Molecular ll10dding dalah,lsc' (1\.1.'.11 )1\), )'cct"r ,dign 

ment seareh 1001 (V\ST) for struelural comparisnns, 
viewers, threader software. 

CATH database, a hierarehic'al domain dassificatíon of 
prott..'in ~tructures h .. - L--L1SS, ~ln_hitct.--tllrt.', í""nld CUllily, ,lnd 

\llpl'rf~lnli\, otht...'r d.lt.lha~c~ alld ... trut...""Íur.d dnal)'st's, 

thrcadcr ~oftware_ 

1 ),lf,lh,I'L'S, '!( )!'S protcin slruclmal lopolog\' edrloom, 
I>,lli dOl11aín ,,,ncl', ,llld FSSP datahase. 
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TABU A 11-] (Continued) 

DATA8ASE 

Protein: Structural Coordinates 

PI lB (Protei n I ).11 a RlIlk! 

(/krlllan ct aI. 2IJOO) 

WWW AOORESS 

http://www.rcso.org/pdo 

OESCRIPTlON 

Threc-dimensional macromolecular structure data 
determined mainly by X -ray crystallography and nu
clear magnetic resonance; also contains atomic coordi
nates, referenee citations, and primary and secondary 
structure information. 
Operated by the Research Collaboration for Structural 
Bioinformatics, Rutgers. 

This survey of databases lists the principal databases as well as some of the more specialized database, for DNA, protein, and RNA. There are several Web pages lha! list and provide links to the Idrge 
array oI' data!>ascs. Among thesc are: 

(;.Ibrid\ 1101 I.i,! 

http://www.bmm.icnet.uk/usefulIusefulz.html 

Extensive lists oI' links to seq ucnce and structure databases and to specialized databases. 

A List of Databases, Rockefeller University 

Links to UNA, protein, and gcnome databases. 

Bioinformatics Resouces, Bioinformatics University' of Waterloo, Canada 

Links to DNA, proteín, and genome databases. 

The RNA World 
http://www.imh-jena.de/RNA.html 

l.inks to RNA-spccific datab"Sl". 

Amos' ,'/\"i\\1 Links 
http://www.expasy.ch/alinks.html 

Extensive Iists of links to protein databases and resources. 

anel also scc 

http://www.bioinformaticsonlinc.com,a vVeb Site I,)r Moullt D. Bio;l1jórlllilt;cs; SequeI/cc and gC/IOIIlC <ll/a/ys;s (Cold Spring Harbor Laboratory Pres, 20(1) 

~ 
"
"-
~ 
~ 

:g 
~ 
~ 
-.. -.. 
tl::I 
c' 
~ o ..... 

~ 
5;' 



Appendix 12 
Cautions 

GENERAL CAUTIONS 

The following general cautions should always be observed. 

• Become completely familiar with the properties of ali substanccs used before begil1ning the 
procedure. 

• The absence of a warning does not necessarily mean that the material is safe, since informa-
tion may not always be complete or available. 

• If exposed to toxic substances, contact the local safety office immediately for instructions. 
• Use proper disposal procedures for aU chemical, biological, and radioactive waste. 
• For specific guidelines on appropriate gloves, consult the local safety oftlce. 
• Handle concentrated acids and bases with great care. Wear goggles and appropriate glo\'es, as 

well as a face shield if handling large quantities. 

Do not mix strong acids with organic solvents as they may react. Sulfuric acid and nitric 
acid especially may react highly exothermically and cause tIres and explosions. 

Do not mix strong bases with halogenated solvent as they may form reactive carbenes which 
can lead to explosions. 

When preparing diluted solutions of acids from concentrated stocks, add acid to water ("If 
you do what yOLl oughta, add acid to wata"). 

• Never pipette solutions using mouth suction. This method is not sterile and can be dangerous. 
Always use a pipette aid or bulbo 

• Keep halogenated and nonhalogenated solvents separately (e.g., mixing chloroform and acc
tone can cause unexpected reactions in the presence ofbases). Halogenated solvents are organ
ic solvents such as chloroform, dichloromethane, trichlorotritluoroethane, and 
dichloroethane. Some nonhalogenated solvents are pentane, heptane, ethanol, methanol, ben
zene, toluene, N,Ndimethylformamide (DMf), dimethylsulfoxide (DMSOl, and acctonitrik. 

• Laser radiation, visible OI' invisible, can cause severe damage to the eyes <1nd skin. Take prop
er precautions to prevent exposure to direct and reflected beams. Always follow manufacturers 
safety guidelines and consult the local safety office. For more detailed information, see c<Jution 
below. 

• Flash lamps, due to their light intensity, can be harmful to the eyes and mal' explode on OC(1-

sion. Wear appropriate eye protection and follow the manufacturer's guide1ines. 
• Photographic fixatives and developers contain harmful chemicals. Handle thel11 with care 

and follow manufacturer's directions. 

A12.1 
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• Power supplies and electrophoresis equiprnent pose serious fire hazard and electrical shock 
hazards if not used properly. 

• Microwave ovens and autodaves in the lab require certain precautions. lf the screw top on the 
bottle is not loose enough, and there is not enough space for the steam to vent, the bottle can 
explode when the containers are removed from the microwave or autoclave. Always loosen 
bottle caps before microwaving or autoclaving. 

• Use extreme caution when handling cutting devices such as microtom.e blades, scalpels, razar 
blades, or needles. Microtome blades are extremely sharp! If unfamiliar with their use, have an 
experienced person demonstrate proper procedures. For proper disposal, use a "sharps" dis

posai container in the lab. Discard used needles unshielded, with the syringe stiU attached. Thís 

method prevents injuries (and possible infections) while manipulating used needles since 
many accidents occur while trying to replace the needle shield. Injuries may aIs o be caused by 
broken Pasteur pipettes, coverslips, ar slídes. 

GENERAL PRDPERTIES DF CDMMDN CHEMICAlS 

The hazardous materiaIs list can be summarized in the following categories: 

• Inorganic acids, such as hydrochloric, sulfuric, nitric, or phosphoric, are colorless liquids with 
stinging vapors. Avoid spills on skin or clothing. Dilute spills with Iarge amounts of water. The 
concentrated forms of these acids can destroy paper, textiles, and skin as weU as cause serious 

injury to the eyes. 
• Salts of heavy metais are usually colored powdered solids that dissolve in water. Many of them 

are potent enzyrne inhibitors and therefore toxic to humans and to the environrnent (e.g., fish 
and algael. 

• Most organic solvents are flammable volatile liquids. Breathing their vapors can cause nausea 
or dizziness. Also avoid skin contact. 

• Other organic compounds, including organosulphur compounds such as mercaptoethanol or 
organic amines, have very unpleasant odors. Others are highly reactive and must be handled 
with appropriate care. 

• If improperly handled, dyes and their solutions can stain not only the sample, but also skin and 
clothing. Some of them are also mutagenic (e.g., ethidium bromide), carcinogenic, and toxic. 

• Nearly ali names ending with "ase" (e.g., catalase, ~-glucuronidase, or zymolase) refer to 
enzymes. There are also other enzymes with nonsystematic names like pepsin. Many of them 
are provided by manufacturers in preparations containing buffering substances, etc. Be aware 
of the individual properties of materiaIs contained in these substances. 

• Toxic compounds often used to manipulate cells (e.g., cydoheximide, actinomycin D, and 
rifampicin) can be dangerous and should be handled appropriately. 



Hilzardoll5 Materiais AI2.3 

HAZARDOUS MATERIALS 
------------------------------------------~~------

Aeetie acid (concentrated) l11ust be handled with great eare. It ma)' bc harmful by inhalation, inges
tion, 01' skin absorption. Wear appropriate glo\'es and goggles. Use in a chemical fume hood. 

Acetonitrile is very volatile and extremeI)' flammable. It is an irritant and a chemical asphyxiant that 
can exert its effects by inhalation, ingestion, OI' skin absorption. Ire,l! cases (lf severe cxposure as 
cyanide poisoning. Wear appropriate gloves anel safety glasses. ese only in a chernical rum.: hooel. Ke.:p 
away from heat, sparks, and open f1ame. 

Acrylamide (unpolymerized) is a potent I1eurotoxin and ís absorbed through the skin (effec!s ,\rt' 

cumulative). Avoid breathing the dust. Wear appropriate glo\'es and a face mas/'" when weighing po\\'
dered acrylamide and methylene-bisacrylamide. Use in a chernical fume hood. Polyacrylamide is COI1-

sidered to be nontoxic, but it should be handled with care because it might contain small quantities oI' 
unpolymerized acrylamide. 

Actinomycin D is a teratogen and a carcinogen. lt is highly toxic and ma)' be fatal if inhaled, ingested, 
or absorbed through the skin. It ma)' also cause irritation. Avoid breathing the dus\. \Vear appropriate 
gloves and safety glasses. Always use in a chemical fume hood. Solutions oI' actinomycin [) are light
sensitive. 

AgN03, 5CC Silver nitrate 

a-Amanitin is highly toxic and may be fatal by inhalation, ingestiol1, or skin absorption. Symptoms 
may be delayed for as long as 6~24 hours. Wear appropriate gloves and safety glasses. Always use in .1 

chemical fume hood. 

Aminobenzoic acid mar be harmful by inhalation, ingestion, or skin absorption. \\'ear appropriate 
gloves anel safel y glasses. 

Ammonium acetate, H
3
CCOONH4, may be harmful by inhalation, ingestion, or skin absorption. 

Wedr appropriate gloves and safety glasses. Use in a chemical fume hood. 

Ammonium chloride, NH4Cl, may be harmful by inhalation, ingestion, or skin absorption. \\'ear 
appropriate gloves and safety glasses. Use in a chemical fume hood. 

Ammonium formate, sec Formic acid 

Ammonium hydroxide, NH40H, is a solution of ammonia in water. It is caustic and should be h<1n
dled wilh great care. As ammonia vapors escape from the solution, they are corrosive, toxic, and can 
be explosiw. Use only wilh mechanical exhaust. Wear appropriate gloves. Use onh' in a chemical fume 
hooe\. 

Ammonium molybdate, (NH4)6Mo702/4H2) (ar its tetrahydrate) may be harmful by inhalation, 
ingestian, or skin absorption. Wear appropriate glaves and safet}' glasses. Use in a chemical fume hood. 

Ammonium persulfate, (NH4)2S20S' is extremely destructive to tissue of the mucous membranes and 
upper respíratory tract, eyes, and skin. Inhalation may be fatal. Wear appropriate gloves, safety glass
e5, and protective clothing. Always use in a chemical fume hood. \Nash thoroughly after handling. 

Ammonium sulfate, (NH4)2S04' may be harmful by inhalation, ingestion, or skin absorptiol1. Wear 
appropriate gloves and safety glasses. 

Ampicillin ma)' be harmful by inhalation, ingestion, OI' skin absorption. \Near appropriate gloves and 
saJel y glasses. Use in a chemical fume hood. 

Aprotinin may be harmful by inhalation, ingestion, OI' skin absorption. It may also cause allergic reac
tions. Exposure may cause gastrointestinal effec\:', muscle pain, blood pressure changes, OI' bron
chospasm. \\Tear appropriate gloves and safety glasses. Do not breathe the dus\. l:,e onl)' in a chemical 
fume hood. 
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Are lamps are potentially explosive. Follow manufaeturer's guielelines. When turning on are lamps, 
make sure nearby computers are turned off to avoid damage from eleetromagnetie wave components. 
COJ11puters may be restarted once the are lamps are in operation. 

Aspartic acid is a possible mutagen anel poses a risk of irreversible effeets. It may be harmful hy illhala
lion, ingestion, OI' skin absorption. Wear appropriate gloves anel safety glasses. Use in a chemical fume 
hood. Do not brealhe the elust. 

Baeterial strains (shipping of): The Department of Health, Edueation, and welfare (H H\' ) has clas
sified various bactel'ia into different eategories with regarei to shipping requirements (please see 
Sanderson and Zeigler, MetllOds EllzylllOI. 204: 248-264 [1991] or the instruction brochure by 
Alexander and Brandon (Packllgillg (//ul Shipping or Biological Materiais at ATCC [ 1986] available from 
the Ameriean Type Culture Colleetion [ATCej, Roekville, Marylanell. Nonpathogenie strains of 
Eschcrichia coli (sueh as K-12l and Bllcillus subtilis are in Class 1 and are considered to present 110 OI' 

minimal hazard under normal shipping conelitions. However, Salmonella, Haemophillls, and certain 
strains of Stl'eptolllyces and PseUd0l110llilS are in Class 2. Class 2 bacteria are "Agents of ordinary poten
tial hazard: agents which produce disease of varying degrees of severity ... but which are eontained by 
ol'dinary laboratory techniques." 

BCIG, see 5-Bromo-4-ehloro-3-indolyl-~-D-galaetopyranoside 

Biotin may be harmful by inhalation, ingestion, OI' skin absorption. Wear appropriate gloves and safe
Iy glasses. Use in a chemical fume hood. 

Bisacrylamide is a potent neurotoxin anel is absorbed through the skin (the eftects are eumulative l. 
Avoid breathing the dust. Wear appropriate gloves and a face mask when weighing powdered acry
Iam ide and methylene-bisacrylamide. 

Blood (human) and blood products and Epstein-Barr virus. Human blood, blood proeluets, and tis
sues may contain occult infectious materiaIs such as hepatitis B virus and HIV that may result in lab
oratory-aequired infections. Investigators working with EBV-transformed Iymphoblast eell lines are 
also at risk of EBV infection. Any human blood, blood products, OI' tissues should be considered a bio
hazard and be handled aeeordingly. Wear disposable appropriate gloves, use meehanieal pipetting 
devices, work in a biological satety cabinet, proteet against aerosol generation, and disinfect ali waste 
materiais before elisposal. Autoclave contaminated plasticware before disposal; autoclave contaminat
ed liquids or treat with bleach (100êJ [v/v] final concentration) for at least 30 minutes before disposal. 
Conslllt the local institutional safety oftlcer for speeific handling and disposal procedures. 

Borie acid, H
3
B0

3
, may be harmful by inhalation, ingestion, OI' skin absorption. Wear appropriate 

gloves and goggles. 

5-Bromo-4-ehloro-3-indolyl-~-D-galaetopyranoside (BCIG; X-gal) is toxie to the eyes and skin and 
ma)' be harmful by inhalation, ingestion, OI' skin absorption. Wear appropriate gloves and satety gog
gles. 

Bromophenol blue may be harmful by inhalatiol1, ingestion, OI' skin absorption. Wear appropriate 
gloves and safety glasses. Use in a chemical fume hood. 

n-Butanol is irritating to lhe mucous membranes, upper respiratory traet, skin, anel cspecially the 
eyes. Avoid breathing the vapors. Wear appropriate gloves and safety glasses. Use in a chcmical fume 
hood. /l-Butanol is also highly flammable. Keep away from heat, sparks, and open t1ame. 

Cacodylate contains arsenic, is highly toxic, and may be fatal if inhaled, ingested, OI' absorbed throllgh 
the skin. lt is a possible careinogen and may be mlltagenic. Wear appropriate gloves and satety glasses. 
Use in a ehemieal fume hood. 

Cacodylie acid is toxic anel a possible earcinogen. It may be mutagenic and is harmful by inhalation, 
ingestion, OI' skin absorption. Wear appropriate gloves and safety glasses. Use only in a chemieal fume 
hood. Do not breathe the dust. 

Carbenicillin may cause sensitization by inhalation, ingestion, or skin absorption. Wear appropriate 
glo"es and safety glasses. 
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Carbon dioxide, CO2, in ali forms may be fatal hy inhalation, ingestion, or skin absorptíon. In high 
conccntratÍo!1s, it can paralyze the respiratnr)' center and cause sllffocation. Use olll~' in IVdI-\'cnti
latcd areas. In the form of dry ice, contact with carbon dioxide can <lIso cause frostbite. Do not plelCC 
largc quantitie~ of drv ice in encIosed areas such as cold rool11s. \\'ear appropri,lk glovcs and safel\' 
goggles. 

Cesium chloride, CsCI, mav be harmflll by inhalation, ingestion, or skin absorption. \\'ear appropri
ale glovcs and s,lfety glasses. 

Cetylpyridinium bromide (CPB) causes se vere irritation to lhe eyes, skin, and respiratory Irac!. Wear 
appropriale gloves and safet)' glasses. Use in a ehemical fume hood. 

Cetyltrimethylammonium bromide (CTAB) is toxlc and an irritant and may be harmful by inhala
tion, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Avoid breathing the 
dust. 

CH3CH 20H, scc Ethanol 

C6HsCH2SOl, see Phenylmethylsulfonyl fluoride 

CHClv sec Chloroform 

C7Hl02S, scc Phenylmethylsulfonyl fluoride 

Chloramphenicol may be harmful by inhalation, ingestion, OI' skin absorption and is a carcillogen, 
Wear appropriate gloves and safety glasses. Use in a chemical fume hood. 

Chloroform, CHCI
3

, is irritating to the skin, eyes, mucons membranes, and respirator\' traet. It is a 
carcinogen and may damage the liver and kidneys. lt is also volatile. Avoid breathing the vapors. \\'ear 
appropriate gloves and safety glasses. Always use in a chemical fume hood. 

Citric acid is <In irritant and may be harmful by inhalation, ingestion, or skin absorption. [t poses a 
risk of serioLls damage to the eyes. Wear appropríate gloves and safety goggles. Do not breathe the du,t. 

CO2, see Carbon dioxide 

Cobalt chloride, CoC1
2
, may be harmful by inhalation, ingestion, or skil1 absorprjol1. \\'ear appropri

ate gloves and safety glasses. 

CoCI2, sec Cobalt chloride 

Coomassie Brilliant Blue may be harmful by inha\ation, ingeslion, OI' skin absorption. \'\'ear appro
priate gloves and safety glasses. 

Copper sulfate, CuS04, mal' be harmful by inhalation or ingeslioIl. \\'ear appropriate gloves and safe
ry glasses. 

CPB, Sl'l' Cetylpyridinium bromide 

m-Cresolmay be t~ltal if inhaled, ingested, ar absorbed through lhe skin. lt ma}' .llso cause burns and 
is extremeI}' destructive to the eyes, skin, mllClIS membranes, and upper rcspirator\' trac!. Wcar appro
priate glo"cs and safety glasses. Use in a chemical fume hood. 

CsCl, see Cesium chloride 

CTAB, ice Cetyltrimethylammonium bromide 

CuS0
4

, scc Copper sulfate 

Cysteine is an irritant to the eyes, skin, and respiratory trae!. It mav be harmful bv inhaIation, inges
tion, 01' skin absorption. Wear appropriate gloves and safety gIasses. Do llot breathe the dust. 

DEAE, sec Diethylaminoethanol 

DEPC, sec Diethyl pyrocarbonate 

Dichloromethylsilane, see Dichlorosilane 
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Dichlorosilane is highly t1ammable and toxic and may be fatal if inhaled. It is harmful by inhalation, 
ingestion, or skin absorption. Wear appropriate gloves and safety goggles. Use only in a chemical fume 
hood. It reacts violently with water. Keep away from heat, sparks, and open tlame. Take precautionary 
measures against static discharges. 

Diethylamine, NH(C2Hs)2' is corrosive, toxic, and extreme1y flammable. It may be harmful by inhala
tion, ingestion, OI' skin absorption. Wear appropriate gloves and safety glasses. Use onl)' in a chemical 
fume hood. Keep away [rum heat, sparks, and open flame. 

Diethylaminoethano! (DEAE) may be harmful by inhalation, ingestion, or skin absorption. Wear 
appropriate gloves and safety glasses. Use in a chcmical fume huod. 

Diethyl ether, Et10 or (C1H5)zO, is extremely volatile and tlammable. It is irritating to the eyes, 
mucous membranes, and skin. It is also a CNS depressant with anesthetic effects. It may be harmful 
by inhalation, ingestion, OI' skin absorption. Avoid breathing the vapors. Wear appropriate gloves and 
safety glasses. Always use in a chcmícal fume hood. Explosive peroxides can form during storage or on 
exposure to air OI' direct sunlight. Keep away from hcat, sparks, and open tlame. 

Diethyl pyrocarbonate (DEPC) is a potent protein denaturant and is a suspected carcinogen. Aim 
bottle away from you when opening it; internaI pressure can lead to splattering. Wear appropriatc 
gloves and lab coat. Use in a chemical fume hood. 

Diethyl sulfate (DES), (C1Hs)2S04' is a mutagen and suspected carcinogen. It is ais o volatile. Avoid 
breathing the vapors. Wear appropriate gloves. Use in a chemical fume hood. Use screw-cap tubes for 
all DES-treated cultures and mechanical pipettors to manipulate DES solutions. Dispose of all DES
trcated cultures in bleach. 

N,N-Dimethylformamide (DMF), HCON(CH3)2' is irritating to the eyes, skin, and I1lUCOUS mem
branes. It can exert its toxic etIeets through inhalation, ingestion, or skin absorption. Chronie inhala
tion can cause liver and kidney damage. Wear appropriate gloves and safety glasses. Use in a chemical 
fume hood. 

Dimethylsulfate (DMS), (CH3)2 S04' is extremely toxic and is a earcinogen. Avoid breathing the 
vapors. Wear appropriate gloves and safety glasscs. Use only in a chemieal fume hood. Dispose of solu
tions containing dimethylsulfate by pouring them slowly into a solution of sodium hydroxide OI' 

aml110nium hydroxide and allowing them to sit overnight in the chemical fume hood. Contact the 
local safety office before re-entering the lab to clean up a spill. 

Dimethylsulfoxide (DMSO) may be harmful by inhalation or skin absorption. Wear appropriate 
gloves and safety glasses. Use in a chemical fume hood. DMSO is also combustible. Store in a tight1y 
closed container. Keep away from heat, sparks, and open tlame. 

Dinitrophenol (DNP) may be fatal by inhalation, ingestion, or skin absorption. Wear appropriate 
gloves and safety glasses. Use only in a chemical fume hood. 

Diphenyloxazole (PPO) may be carcinogenic. It may be harmful by inhalation, ingestion, OI' skin 
absorption.Wear appropriate gloves and safety glasses. Consult the local institutional safety officer for 
specific handling and disposal proccdures. 

Disodium dtrate, see Citric add 

Dithiothreitol (DTT) is a strong reducing agent that emits a foul odor. It may be harmful by inhala
tion, ingestion, or skin absorption. When working with the solid form ar highly concentrated stocks, 
wear appropriate gloves anel safety glasses. Use in a ehemical fume hood. 

DMF, sec N,N-Dimethylformamide 

DMS, scc Dimethylsulfate 

DMSO, sce Dimethylsulfoxide 

DNP, sce Dinitrophenol 

Dry ice, scc Carbon dioxide 



DTT, ice Dithiothreitol 

EDC, iCC N-Ethyl-N' -(dimethylaminopropyl)-carbodiimide 

EMS, ice Ethyl methane sulfonate 
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Ethanol (EtOH), CH
3
CHpH, may be harmful by inhalation, ingestion, 01' skin absorption. \Ú:ar 

appropriate gloves and safety glasses. 

Ethanolamine, HOCHzCH
2
NH2, is toxic and harmful by inhalation, ingestiol1, OI' skin absorptioI1. 

Handle with care and <lvoid any contact with the skin. Wear appropriMe glovéS and goggles. Use in a 
chemical fume hood. EthanolamÍne is highly corrosive and reacts yiolently witil acids. 

Ether, see Diethyl ether 

Ethidium bromide is a powerful mutagen and is toxic. COt1Sult the local institutional safety officer for 
specific handling and disposal procedures. Avoid breathing the dust. \Vear appropriate gloves when 
working with solutions that contain this dye. 

Ethyl acetate may be fatal by ingestion and harmful by inhalation or skin absorption. \ Vear appropri
ate gloves and safety goggles. Do not breathe the dust. Use in a well-ventilated area. 

N-Ethyl-N' -(dimethylaminopropyl)-carbodiimide (EDC) is irritating to the mucus mcmbranes anel 
upper respiratury tract. lt may be harmful by inhalation, ingestion, or skin ab,orption. Wear appro
priate gloves and safety gh1sses. Handle with care. 

Ethyl methane sulfonate (EMSl is a volatile organic solvent that is a mutagen and carcinogen. II is 
harmful if inhaled, ingested. OI' absorbed through the skin. Discard supernat<lnts and \\'<1shes contaill
ing EMS in a beaker containing 50% sodium thiosulfate. Decontaminate all material that has come in 
contact with E;V1S by treatment in a large volume of 10% (w/v) sodium thiosult~1te. L'sc extreme l\\LI

tion when handling. When using undiluted EMS, wear protective appropriatL' gloves and use in a 
chemical fume hood. Storc EMS in the cold. DO NOT mouth pipette EMS. Pipettes used with undi
luted EMS should not be too warmj chill them in the refrigerator befon:, use to minimize the volatili
ty of EMS. Ali glassware coming in contaet with EMS should be immersed in ,1 large beaker of I :\ 
NaOH or laboratory bleach before recycling or disposal. 

EtOH, see Ethanol 

FeCI
3

, see Ferric chloride 

Ferric chloride, FeCl3, mar be harmful by inhalation, ingestion, or skin absorptilll1. "'cal' appropriatl' 
gloves and safeI y glasses. ese only in a chemical fume hood. 

Formaldehyde, HCOH, is highly toxic and volatile. 1t is also a carcinogel1. lt is readily absorbed 
through the skin and is irritating or destructive to the skin, eyes, mucous membrancs, and upper rl',
piratory trac!. Avoid breathing the vapors. Wear appropriate gloves and safety glasses. Always use in " 
chemical fume hood. Keep away from heat, sparks, and open t1ame. 

Formamide is teratogenic. The vapor is irritating to the eyes, skin, mucous membranes, and upper res
piratory tracl. It may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate glo\'és 
and safety glasses. Always use in a chemical fume hood when working with conCl'ntrated solutions oI' 
f()rll1dmide. Keep working solutions covered as much as possible. 

Formic acid, HCOOH, is highly toxic and extremely destruetive to tissue of the mucous membranes, 
upper respiratory tmet, eyes, and skin. It ma)' be harmful by inhalation, ingestion, or skin absorption, 
Wear appropriate gloves anti safety glasses (or face shield) and use in a chemical fume hood. 

~-Galactosidase is an irritant and may cause allergic reactions. It may be harmful /1" inhabtiu!1, inges
tíon, OI' skín absorption. Wear appropriate gloves anel safety glasses. 

Giemsa may be fatal or cause blindness by ingestion and is toxic by inhalation and skin absorptioI1. 
Thcre is a possible risk of írreversible effects. Wear appropriate gloves anti safety goggles. Use only in 
a chemical fume hood. Do not breathe the dust. 
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Glassware, pressurized must be used with extreme cautÍon. Handle glassware under vaCUUI11, such as 
desiccators, vaeuul11 traps, drying equipment, or a reaetor for working under argon atIl1osphere, wilh 
appropriate caution. Always wear safety glasses. 

Glass wool may be harmful by inhalation and may cause skin irritation. Wear appropriate gloves and 
l11ask. 

Glutaraldehyde is toxic. It is readily absorbed through the skin and is irritating or destructive to lhe 
skin, eyes, mucous membranes, and upper respiratory tract. Wear appropriate gloves and safety glass
es. Always use in a chemical fume hood. 

Glycine may be harmful by inhalation, ingestion, or skin absorption. Wear gloves and safety glasses. 
Avoid breathing the dust. 

Guanidine hydrochloride is irritating to the l11UCOUS membranes, upper respiratory tract, skin, and 
eyes. lt may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safe
ty glasses. Avoid breathing the dust. 

Guanidine thiocyanate may be harmful by inhalation, ingestion, or skin absorption. Wear appropri
ate gloves and safety glasses. 

Guanidinium hydrochloride, see Guanidine hydrochloride 

Guanidinium isothiocyanate, see Guanidine thiocyanate 

Guanidinium thiocyanate, see Guanidine thiocyanate 

H3B03' see Boric acid 

H
3
CCOONH4, scc Ammonium acetate 

H Cl, scc Hydrochloric acid 

HCOH, see Formaldehyde 

H
3
COH, see Methanol 

HCON(CH)2' see Dimethylformamide 

HCOOH, ser Formic acid 

Heptane may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and 
safety glasses. It is extremely flammable. Keep away from heat, sparks, and open fiame. 

HNOv see Nitric acid 

H202> see Hydrogen peroxide 

HOCH2CH2NH2, see Ethanolamine 

HOCH2CH2SH, see ~-Mercaptoethanol 

H3P02, see Hypophosphorous acid 

H.104, see Phosphoric acid (concentrated) 

H2S, see Hydrogen sulfide 

H2S04, sce Sulfuric acid 

Hydrazine, N2H4, is highly toxic and explosive in the anhydrous state. It may be harmful by in hala
tion, ingestion, or skin absorption. Avoid breathing the vapors. Wear appropriate gloves, goggles, and 
protective clothing. Use only in a chemical fume hood. Dispose of solutions containing hydrazine in 
<!ccordance with MSDS recommenelations. Keep away from heat, sparks, anel open flame. 

Hydrochloric acid, HCI, is volatile and may be fatal if inhaled, ingested, or absorbed through the skin. 
lt is extremely destructive to l11U(OUS membranes, upper respiratory tra(t, eyes, and skin. Wear appro
priate gloves and safety glasses. Use with great care in a chemical fume hood. Wear goggles when han
dling large quantities. 
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Hydrogen peroxide, H
2
02' is corrosive, toxic, and extremely damaging to lhe skin. lt may be harmful 

by inhalation, ingestion, and skin absorption. Wear appropri,lte gloves and sakty glasscs. Use on\\ in 
a chemical fume hood. 

Hydrogen sulfide, H2S, ís an extrelllely toxic gas thar causes paralysis oI' rhe respiratory center. It is 
írritating and corrosive to tíssues and may cause olfactory btígue. Do not re'" on odor to detect íb 
presence. Take great care when handling it. Keep H)5 tanks in a chcI1lical fume hood or in a room 
equipped \Vith appropriate ventilation. Wear appropl~ialc gloves and safety glasses. It ís also very tbl11-
mablc. Keep away fr0111 heat, sparks, and open flame. 

N-Hydroxysuccinimide is an irrítant and mal' be harmful by inhalarion, ingestion, or skin absorptíoll. 
Wear appropriate gloves and safety glasses. 

Hygromycin B ís highl}' toxic and may be btal if inhaled, ingestecl, or absorbeel through the skin. \\'ear 
appropriate gloves and safety goggles. Use only in a chemical fume hood. Do not breathe the dust. 

Hypophosphorous acid, H3P02' is usually supplied as a 50% solution, which is cOITosi"e anel should 
be handled with care. /t should be freshly diluted immediately before use. Wear appropriate gloves and 
safety glasses. Use in a chernical fume hood. 

InositoI ma}' he harmful by inhalation, ingestion, or skin absorption. Wear appropriatc gloves.md 
safety glasses. 

IPTG, 51'1' Isopropyl-~-D-thiogalactopyranoside 

Isoamyl alcohol may bl' harmful by inhalation, ingestion, or skin absorption and presents a rísk oI' 
serious damage to the eye~. Wear appropriate gloves and safet}' goggles. Keep <lI1'ay from heat, spark:" 
and open flame. 

Isobutanol, scc Isobutyl alcohol 

Isobutyl alcohol (Isobutanol) is extremely t1ammable and may be harmful by inhalation or ingestion. 
Wear appropriate gloves and safety glasses. Keep away from heat, sparks, and open tlame. 

Isopropanol is irritating and may be harmful by inhalation, ingestion, or skin absorption. Wear appro
priate gloves anel safety glasses. Do not breathe the vapor. Keep away from heat, sparks, anel open tlamt'. 

Isopropyl-~-D-thiogalactopyranoside (IPTG) may be harJ1lful by inhalation, ingestion, or skill 
absorption. Wear appropriate gloves and safety glasses. 

Isotope 1251 accul1lulates in the thyroid and is a potential health hazard. Consult lhe local radiation 
safety office fór furthcr guidance in the appropriate use anel disposal oI' radioactive materiais. Wear 
appropríate gloves when handling radioactive substances. The lco!, formeel during oxidation of Na 12'1 

is volatilc. Work in an approved chemical fume hood with a charcoal filter when exposing the Na I2 '[ 

to oxidizing reagents sueh as chloramine-T, IODO-GEN, or acids. Becausc the oxidation proceeds vcry 
rapidly and releases large amounts oI' volatile when chloraminc-T is used, it í~ important to be 
well prepared for each step of the reaction, 50 that the danger of contamination from volatile radia
tion can be mini mized. Shield ali forms of the isotope with lead. When handling the í50tope, wear ol1e 
or two pairs oi appropríate gloves, depending on the amount of isotope being lIsed and the difficult:· 
of the lllanipulatiol1 required. 

KC1, scc Potassium chloride 

Kle(CN)6> sce Potassium ferricyanide 

K4Fe(CN)6·3HzO, scc Potassium ferrocyanide 

KHzPO i K2HPO 4/K3PO 4' ser Potassium phosphate 

KMn04> sce Potassium permanganate 

KOH, scc Potassium hydroxide 

Laser radiation, both visible and invisible, can be seriously harmful to the eyes and skin and may gen
erate aírborne contaminants, depeneling 011 the dass af laser used. High-power lasers produce perma-
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I1l'nt eye damage, can bum exposed skin, ignite flammable materiaIs, and activate toxic ..:hemicals that 
release hazardous by-products. Avoid eye or skin exposure to direct or scattered radiation. Do not stare 
aI the laser and do not point the laser at someone else. Wear appropriate eye protection and use suit
able shields that are designed to offer protection for the specific type of wavelength, mode of opera
tion (continuous wave or pulsed), and power output (watts) of the laser being used. ;\void wearing 
jewelryor other objects that mav reflect or scatter the beam. Some non-beam hazards include electro
cution, fire, and asphyxiation. Entry to the area in which the laser is being used must be controlled and 
posted with waming signs that indicate when the laser is in use. AIways follow suggested safety guide
lines that accompany the equipment and contact your local safety office for further information. 

LiCI, see Lithiurn chloride 

Liquid nitrogen can cause severe damage due to extreme temperature. Handle frozen samples with 
extreme caution. Do not breathe the vapors. Seepage of liquid nitrogen into frozen vials can result in 
an exploding tube upon removal from liquid nitrogen. Use vials with O-rings when possible. Wear 
cryo-mitts and a face mask. 

Lithiurn chloride, LiCI, is an irritant to the eyes, skin, mucous membranes, and upper respiratory 
tract. It may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safe
ty goggles. Use in a chemical fume hood. Do 110t breathe lhe dust. 

Lysozyrne is caustic to mucus membranes. Wear appropriate gloves and safety glasses. 

Magnesiurn chloride, MgCl2, may be harmful by inhalation, ingestion, or skin absorption. Wear 
appropriate gloves and safety glasses. Use in a chemical fume hood. 

Magnesium sulfate, MgSO 4' may be harmful by inhalation, ingestion, or skin absorption. \Vear a ppro
priate gloves and safet)' glasses. Use in a chemical fume hood. 

Manganese chloride, MnClz, may be harmful by inhalation, ingestion, or skin absorption. Wear 
appropriate gloves and safely glasses. Use in a chemical fume hood. 

MeOH or H3COH, scc Methanol 

~-Mercaptoethanol (2-Mercaptoethanol), HOCH2CHzSH, may be fatal if inhaled OI' absorbed 
through the skin and is harmful if ingested. High concentrations are extremely destructive to the 
mucous membranes, upper respiratory tract, skin, and eyes. p-Mercaptoethanol has a very foul odor. 
Wear appropriate gloves and safet)' glasses. Always use in a chemicaI fume hood. 

MES, see 2-[N-morpholino]ethanesulfonic acid 

Methanol, MeOH or H3COH, is poisonous and can cause blindness. It may be harmful by inhalation, 
ingestion, or skin absorption. Adequate ventilation is necessary to limit exposure to vapor5. Avoid 
inhaling these vapors. Wear appropriate gloves and goggles. Use only in a chemical fume hood. 

Methotrexate (MTX) is a carcinogen and a teratogen. It may be harmful by inhalation, ingestion, or 
skin absorption. Exposure may cause gastrointestinal effects, bone marrow suppression, liver or kid
ney damage. It may also cause irritation. Avoid breathing the vapors. Wear appropriate gloves and safe
ty glasses. Always use in a chemical fume hood. 

N,N' -Methylenebisacrylarnide is a poison and may effect the central nervous system.1t may be harm
fuI by inhalation, ingestiol1, or skin absorption. Wear appropriate gloves and safety glasses. Do not 
breathe the dust. 

Methylene blue is irritating to the eyes and skin. It may be harmful by inhalation, ingestion, or skin 
absorption. Wear appropriate gloves and safety glasses. 

Methylmercuric hydroxide is extremely toxic and may be harmful by inhalation, ingestion, or skin 
absorptiol1. It is also volatile. Therefore, carry out ali manipulatiol1s of solutions containing concen
tratiol1s of methylmercuric hydroxide in excess of 10-2 M in a chemical fume hood and wear appro
priate gloves when handling such solutions. Treat ali solid and liquid wastes as toxic materiais and dis
pose of in accordance with MSDS recommendations. 



MgCI
2
, scc Magnesium chloride 

MgS04, SCC Magnesium sulfate 
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2-[N-morpholino]ethanesulfonic acid (MES) may be harmful by inhalation, ingestion, or skin 
absorption. Wear appropriate gloves and safety glasses. 

3-(N-Morpholino)-propanesulfonic acid (MOPS) may be harmful by inhalation, ingestion, OI' skin 
absorption. It is irritating to mucnus membranes and upper respiratory lracL Wcar appropriate glo\'es 
and safety gIasses. Use in a chemical fume hood. 

MnCI2, see Manganese chloride 

MOPS, 5CC 3-(N-Morpholino)-propanesulfonic acid 

MTX, scc Methotrexate 

NaF, sC'c Sodium fluoride 

Na2HPOv sce Sodium hydrogen phosphate 

NaN
3

• scc Sodium azide 

NaN03, sce Sodium nitrate 

NaOH, scc Sodium hydroxide 

N
2
H4, sC'c Hydrazine 

NH
4
CI, see Ammonium chloride 

(NH4)6Mo7024·4Hp, scc Ammonium molybdate 

NH40H, scc Ammonium hydroxide 

(NH4 )lS04' scr Ammonium sulfate 

(NH4)2S208' see Ammonium persulfate 

Nickel sulfate, NiS04, is a carcinogen and may cause heritable genetic damage.lt ís ,I skin irrítant and 
Illay bc harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safet)' glass~ 
e5. Use in a chemical fume hood. Do not breathe the dust. 

NiS04, scc Nickel sulfate 

Nitric acid, HN03, is volatile and must be handled with great care. It is toxic by inhalation, ingestion, 
and skin absorption. Wear appropriate gloves and safety goggles. Use in a chemicaI fume hood. Do not 
breathe the vapors. Keep away from heat, sparks, and opel1 flame. 

PEG, scr Polyethyleneglycol 

Perchloric acid may be fatal by inhalation, ingestiol1, or skin absorption. Wear appropriatc gloves and 
safety glasses. Use only in a chemical fume hood. 

Phenol is extremely toxic, highly corrosive, and can cause severe burns. It may be harmful by inhala
tion, ingestion, or skin absorption. Wear appropriate gloves, goggles, and protectivl' clothing. AI",a:'s 
use in a chemical fume hood. Rinse any areas of skin that come in contact with phenol with a largc 
volume of water and wash with soap and water; do not use ethanol! 

PhenylmethyIsulfonyl fluoride (PMSF), C7H,F01S or C6HsCH2S02F, is a highlv toxic cholinesterasc 
inhibitor. It i5 extremely destructive to the mucous membranes of the respiratorv tract, eyes, and skin. 
It may be fatal by inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glass~ 
es. AIways use in a chemical fume hood. In case of contact, immediately tlush eyes or skin with copi
ous amounts of water and discard contaminated clothing. 

Phosphoric acid, H
3
P0

4
, is highly corrosive and may be harmful by inhalation, ingestion, or skin 

absorption. V"ear appropriate gloves and safety glasses. 
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Piperidine is highly toxic and is corrosive to the eyes, skin, respiratory tract, and gastrointestinal tract. 
It reacts violently with acids anel oxidizing agents and may be harmful by inhalation, ingestion, or skin 
absorption. Do not breathe the vapors. Keep away from heat, sparks, and open tlame. \'.'ear appropri
ate gloves and safetv glasses. Use in a chemical fume hood. 

PMSF, see Phenylmethylsulfonyl fluoride 

Polyacrylamide is considered to be nontoxic, but it should be treated with care becallse it ma)' CCll1-

tain small quantities of unpolymerized material (see Acrylamide). 

Polyethyleneglycol (PEG) may be harmful by inhalation, ingestion, OI' skin absorption, Avoid inhala
tion of powder. Wear appropriate gloves and safety glasses, 

Polyvinylpyrrolidone may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate 
gloves and safety glasses. Use in a chemical fume hood. 

Potassium cacodylate, see Cacodylate 

Potassium chloride, KCl, may be harmful by inhalation, ingestion, OI' skin absorption. Wear appro
priate gloves and safety glasses. 

Potassium ferricyanide, Kle(CN)6' may be fatal by inhalation, ingestion, or skin absorption. Wear 
appropriate gloves and safety glasses. Always use with extreme care in a chemical fume hood. Keep 
<1way from strong acids. 

Potassium ferrocyanide, K4Fe(CN)6·3H20, may be fatal by inhalation, ingestion, or skin absorption. 
Wear appropriate gloves and safetv glasses. Always use with extreme care in a chemical fume hood. 
Keep away from strong acids. 

Potassium hydroxide, KOH and KOH/methanol, can be highly toxic. It may be harmful by in hala
tion, ingestion, or skin absorption. Solutions are caustic and should be handlcd with gn:at care. Wcar 
appropriate gloves. 

Potassium permanganate, KMn0
4

, is an irritant and a strong oxidant. Jt may form explosive mixtllres 
when mixed with organics. Use ali sollltions in a chemical fume hood. Do not mix with hydrochloric 
acid. 

Potassium phosphate, KHlO 4/K2HPO 4/K3PO 4' may be harmful by inhalatioJ1, ingestion, OI' skin 
absorption. Wear appropriate gloves and safety glasses. Do not breathe the dust. K2HP01 . 3H P is 
dibasic and KHl01 is mOllo!Jasic. 

PPO, see Diphenyloxazole 

Probe DNA or RNA, see Radioactive substances 

Proteinase K is an irritant and may be harmful by inhalation, ingestion, OI' skin absorption. Wear 
appropriate gloves and safety glasses. 

Putrescine is tlammable and corrosive and may be harmful by inhalation, ingestion, OI' skin absorp
tion, Wear appropriate gloves and safety glasses. Keep away from heat, sparks, and open tlame. 

Radioactive substances: When planning an experiment that involves the use of radioactivity, consid
er the physico-chemical properties of the isotope (half-life, emission type, and energy), the chemical 
form of the radioactivity, its radioactive concentration (specific activity), total amount, and its chem
ical concentration. Order and use onll' as much as needed. Alwal's wear appropriate gloves, lab coat, 
and safety goggles when handling radioactive material. X-rays and gamma rays are electromagnetic 
waves oI' very 5hort wavelengths either generated by technical devices or emitted bl' radioactive mate
riaIs. Thel' might be emitted isotropically from the source or mal' be focused into a beam. Their poten
tial dangers depend 011 the time period of exposure, the intensity experienced, and the wavelengths 
llsed. Be aware that appropriate shielding is usualll' made of lead or other similar material. The thick
ness of the shielding is determined by the energy(s) of the X-ral's or gamma rays. Consult the local 
safety officc for further guidance in the appropriate use and dispo sal of radioactive materiais. Always 
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monitor thoroughly after using radioisotopes. A convenient ca\culator to perform routine radioactiv
ity calculations can be found at: 

http://www.graphpad.com/calculators/ radca\c. cfm 

S-Adenosylrnethionine is toxic and may be harmful by inhalation, ingestion, OI' skin absorption. \\'ear 
appropriate gloves and safet)' glasses. Use in a chemical fume hood. Do not breathe the dust. 

SDS, scc Sodiurn dodecyl sulfate 

Silane may be harmflll lw inhalation, ingestion, or skin absorption. lt is extremei\' t1ammable. Keep 
away from heat, sparks, and open t1ame. The vapor is írrítating to the cyes, skin, I11UCOUS mcmbranes, 
and upper respiratory tract. Wear appropriate gloves and safety glasses. Always use in a chemical fume 
hood. 

Sílica is an irritant and ma)' be harmful by inhalation, ingestion, or skin absorption. \\'ear appropriate 
gloves and safety glasses. Do not breathe the dust. 

Silver nitrate, AgN0
3

, is a strong oxidizing agent and shollld be handlcd with Gire. [I ma)' be harmflll 
by inhalation, ingestion, or skin absorption. Avoid contact with skin. Wear appropl'iale gloves and safe
ty glasses. lt can cause explosions upon contact with other materiaIs. 

Sodium aeetate, see Acetie acid 

Sodiurn azide, NaN
3

, is highly poisonolls. II blocks the cytochrome electron transport system. 
Solutions containing sodium azide shollld be clearly marked. It may be harmful by inhalation, inges
tion, 01' skin absorption. \Vcar appropriate gloves and safety goggles and handle it with great (are. 

Sodiurn cacodylate may be carcinogenic and contains arsenic. It is highly toxic and mal' be fatal 11\ 
inhalation, ingestion, OI' skin absorption. It also may cause harl11 to the unbom (hild. Effects of con
tact or inhalatiol1 may be delayed. Do not breathe the dust. \\Tear appropl'iate gloves anel safetv gog
gles. Use 0111)' in a chemical fume hood. See a/50 Caeodylate. 

Sodium citrate, see Citric acid 

Sodiurn dodecyl sulfate (SDS) is toxic, an irritant, and poses a risk of severe damage to the eyes. lt ma\' 
be harmflll by inhalation, ingestion, 01' skin absorption. Wear appropriate gloves and safetv goggles. 
Do not breathe the dust. 

Sodium fIuoride, NaF, is highly toxic and causes severe irritation. It may be t~ltal b\' inhalation, inges
tíon, or skin absorption. Wear appropriate gloves and safety glasses. Use only in a lhemical fume hood. 

Sodium hydrogen phosphate, Na2HPO,1' (sodiurn phosphate, dibasic) may be harmful by inhalatioll, 
ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Use in a cheI11ical fume hood. 

Sodiurn hydroxide, NaOH, and solutions containing NaOH are highly toxic and caustic and should 
be handled with great carc. \\leal' appropriate gloves and a face mask. Ali concentrated bases should be 
handled in a similar manner. 

Sodium nitrate, NaN02, is irritating to the eyes, mucous membranes, llpper repir.ltory tracl, and skin. 
It may be harmful by inhalation, ingestion, ar skin absorption. Wear appropriate gloves and safely 
glasses and always use in a chemical fume hood. Keep away from acids. 

Sodium nitrate, NaN03, may be harmflll by inhalation, ingestion, OI' skin absorption. \Vear appropri
ate gloves and safety glasses. Use in a chemical fume hood. 

Sodium pyrophosphate is an irritant and may be harmful by inhalation, ingestion, OI' skin absorption. 
Wear appropríate gloves and safety glasses. Do not breathe the dust. 

Sodium salicylate is an irritant and may be harmful by inhalation, íngestion, or skin absorption. We,lr 
appropriate glovcs and safety glasses. Do not breathe the dust. 
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Spermidine may be corrosive and harmful by inhalation, ingestion, or skin absorption. Wear appro
priate gloves and safety glasses. Use in a chemical fume hooel. 

Streptomycin is toxic anel a suspected carcinogen anel mutagen. It may cause allergic reactions. It may 
be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloVês and safet)' glasses. 

Sulfuric acid, H2SO 4' is highly toxic and extremely destructive to tissue of the I11UCOUS membranes anel 
upper respiratory tract, eyes, anel skin. Ir causes burns anel contact with other materiaIs (e.g., paper) 
may cause tire. Wear appropriate gloves, safety glasses, anel lab coat. Use in a chemical fume hooel. 

SYBR Green I1Gold is supplied by the manufacturer as a IO,OOO-fold concentrate in DMSO which 
transports chemicals across the skin and other tissues. Wear appropriate gloves and safety glasses and 
decontaminate according to Safety Office guidelines. See DMSO. 

TCA, see Trichloroacetic acid 

TEMED, see N,N,N ',N' -Tetramethylethylenediamine 

Tetracydine may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and 
safety glasses and use in a chemical fume hooel. Solutions of tetracycline are sensitive to light. 

N,N,N',N'-Tetramethylethylenediamine (TEMED) is extremely destructive to tissues of the mucous 
membranes anel upper respiratory tract, eyes, anel skin. Inhalation may be fatal. Prolonged contact can 
cause severe irritation or burns. Wear appropriate gloves, safety glasses, and other protective c1othing. 
U~l' unly in a chemical fume hood. Wash thoroughly after handlíng. Flammable: Vapor may travcl a 
consielerable elistance to source of ignition anel flash back. Keep away from heat, sparks, anel open flame. 

TFA, scc Trifluoroacetic acid 

Thiourea ma}' be carcinogenic and may be harmful by inhalation, ingestion, or skin absorption. Wear 
appropriate gloves and safety glasses. Use in a chemical fume hood. 

Tissues (human), sec Blood (human) and blood products 

Trichloroacetic acid (TCA) is highly caustic. Wear appropriate gloves and safety goggles. 

Trichlorotrifluoroethane may be harmful by inhalation, ingestion, or skin absorption. Wear appro
priate gloves anel safety goggles. Use in a chemical fume hood. Keep away from heat, sparks, anel open 
tlame. 

Trifluoroacetic acid (TFA) (concentrated) may be harmful by inhalation, ingestion, or skin absorp
tion. Concentrated acids must be handled with great care. Decomposition causes toxic fumes. Wear 
appropriate gloves and a face mask. Use in a chemical fume hood. 

Tris may be harmful by inhalation, ingestion, ar skin absorption. Wear appropriate gloves and safety 
glasses. 

Triton X-IOO causes severe eye irritation anel burns. It may be harmful by inhalation, ingestion, or skin 
absorption. Wear appropriate gloves and safety goggle~. 

Trypan blue may be a carcinogen anel may be harmful by inhalation, ingestion, or skin ahsorption. Do 
not breathe the dust. Wear appropriate gloves and safety glasses. 

Tryptophan may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and 
safety glasses. 

Urea may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate glO\'('s and safety 
glasses. 

UV Iight and/ar UV radiation is dangerous anel can damage the retina of the eyes. Never look at an 
unshieleled UV light source with naked eyes. Examples of UV light sources that are common in the 
laboratory include hand-held lamps anel transilluminators. View only through a filter or safety glass
es th<1t absorb harmful wavelengths. UV raeliation is also mutagenic anel carcinogenic. To minimize 
exposure, make sure that the UV light source is aelequately shielded. Wear protective appropriate 
gloves when holding materiais under the UV light source. 
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Valine ma)' be harmful b>' inhalatiol1, ingestion, or skin absorption, \\'ear approt'riate glo\'e) anel ~ak
t y glasses. 

X-gal may be toxlc to the eyes anel skin. Observe general cautions when handling the powder. !'\o!L' 
t hat stock solutions of X-gal are prepared in DMF, an organic solvent. ror details, seI.' N,N-dimethyl
formamide. SeI.' also S-Bromo-4-chloro-3-indolyl-~-D-galactopyranoside (BCIG), 

X-rays, scc Radioaetive substanees 

Xylene is t1aI11mable and may be narcotic at high concentrations. lt may be harmful by inhalation, 
ingestion, OI' skin absorption. \\Tear appropriate gloves and safety glasses. Use (111)' in a chemical fume 
hood. Keep away from heat, sparks, and open t1ame. 

Xylene eyanol, see Xylene 

Zine ehloride, ZnClz, is corrosive and poses possible risk to the unborn child. lt ma)' be harmful b\ 
inhalation, ingestion, or skin absorption. Wear appropriate gloves and safety glasses. Do no! breathe 
the dust. 

ZNClz' scc Zine ehloride 

Zymolase may be harmful by inhalation, ingestion, or skin absorption. Wear appropriate gloves and 
safety glasses. 





Appendix 13 
Suppliers 

Commercial sources anel products have bem indueled in the text for lhe user's convcnience and 
shollld not necessarily be constrlled as an endorsement by the Cluthors. With the exception of 
those suppliers listed in the text with their addresses, ali suppliers mentioned in this manual c<ln 
bc found in the BioSlIppl)'Nct Source Book and on the Web Site at: 

http://www.biosupplynet.com 

If a copy of BíoSlIpplyNet Source Book was not induded with this manual, a free copy can be 
ordered by using any of the following methods: 

• Complete' the rree SOI/J'ec Book Request rorm found at the "Get the SOIlJ'CC Book" lil1k 011 the 
Web Site: 

http://www.biosupplynet.com 

• E-mail arequesttoinfo@biosupplynet.com 

• rax a request to 631-370-8808 
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Appendix 14 
Trademarks 

Products mentioned in this book that may be trademarked or registered-trademarked are listed 
on the www.MolecularCloning.com Web Site for informational purposes only. Any trademarks 
or mllnes being used are for editorial purposes only, with no intention of infringing upon that 
trademark. CSHL Press has provided and will continue to provide, to the be5t of our ability, accll
rate and up-to-date information on íts Web Site. However, ali registered trademarks and service
marks are the property of their respective owners, and are listed on the Web Site solely for iden
tificatio!1 or description of the applicable goods and services. Therefore, plcase COl1sult individ
uaI manufacturers and other resources for current and specific product information. 
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