Molecular  Cloning: A Laboratory @ Manual, 3rd ed., Vols 1,2 and 3
Sambrook and D.W. Russell, ed., Cold Spring Harbor Laboratory

J.F.
2001,

2100 pp., soft

cover

Appendices

Press,

(=N« - N I - AT ¥ D “UE SR NG J—y

— e ek ok e
L I R N

Preparation of Reagents and Buffers Used in Molecular Cloning, A1.1
Media, A2.1

Vectors and Bacterial Strains, A3.1

Enzymes Used in Molecular Cloning, A4.1

Inhibitors of Enzymes, A5.1

Nucleic Acids, A6.1

Codons and Amino Acids, A7.1

Commonly Used Techniques in Molecular Cloning, A8.1
Detection Systems, A9.1

DNA Array Technology, A10.1

Bioinformatics, A11.1

Cautions, A12.1

Suppliers, A13.1

Trademarks, A14.1

Appendix References, R1

Al



WORK
Texto digitado

WORK
Texto digitado

WORK
Texto digitado
Molecular Cloning: A Laboratory Manual, 3rd ed., Vols 1,2 and 3
J.F. Sambrook and D.W. Russell, ed., Cold Spring Harbor Laboratory Press, 2001, 2100 pp., soft cover 


T o S i e




Appendix T

Preparation of Reagents and Buffers
Used in Molecular Cloning

BUFFERS

Tris Buffers
Good Buffers
Phosphate Buffers (Gomori Buffers)

ACIDS AND BASES

PREPARATION OF BUFFERS AND STOCK SOLUTIONS FOR USE IN MOLECULAR
BIOLOGY
pH Buffers
Enzyme Stocks and Buffers
Enzyme Stocks
Enzyme Dilution Buffers
Enzyme Reaction Buffers
Hybridization Buffers
Prehybridization and Hybridization Solutions
Blocking Agents
Blocking Agents Used for Nucleic Acid Hybridization
Blocking Agents Used for Western Blotting
Extraction/Lysis Buffers and Solutions
Electrophoresis and Gel-loading Bulfers
Commonly Used Electrophoresis Buffers
Specialized Electrophoresis Buffers
Gel-loading Buffers
Special Buffers and Solutions

PREPARATION OF ORGANIC REAGENTS

Phenol
Equilibration of Phenol
Phenol:Chloroform:lsoamyl Aicohol (25:24:1)
Deionization of Formamide
Deionization of Glyoxal

CHEMICAL STOCK SOLUTIONS

PERIODIC TABLE

REAGENTS AND BUFFERS INDEX

Al1.2
Al
Al
Al.;

Al

Al.

Al.
Al.
Al.
Al.¢
AT.

Ut e I

.6

A1.12
AT.13
AT.14

Al.
Al.
Al.
AT.
Al.
Al.
AT,

Al

Al
Al
Al
Al
Al
Al

AT,

A1.2

Al.

—_ = o
fon NN o) B SN

—_

1o
<

to

1o o 1o v ie
Ui e s

N

19
(S}

3

~.

4

d

~.

—_
fes)

B

<
(Lo

oY)
=

All




AlL2  Appendix I: Preparation of Reagents and Buffers Used in Molecular Cloning

BUFFERS

Tris Buffers

Biological reactions work well only within a narrow concentration range of hydrogen ions.
Paradoxically, however, many of these reactions themselves generate or consume protons. Buffers
are substances that undergo reversible 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

e have a pK between pH 6.0 and pH 8.0

o Dbe inert to a wide variety of chemicals and enzymes

be highly polar, so that it is both exquisitely soluble in aqueous solutions and also unlikely to
diffuse across biological membranes and thereby affect intracellular pH

be nontoxic

be cheap

not be susceptible to salt or temperature effects

not absorb visible or ultraviolet light

None of the buffers used in molecular biology fulfill all of these criteria. Very few weak acids
are known that have dissociation constants between 107 and 10~. Among inorganic salts, only
borates, bicarbonates, phosphates, and ammonium salts lie within this range. However, they are
all incompatible in one way or another with physiological media.

In 1946, George Gomori (Gomori 1946) suggested that organic polyamines could be used
to control pH in the range 6.5-9.7. One of the three compounds he investigated was Tris(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 buffer for many biochemical purposes and
today is the standard buffer used for most enzymatic reactions in molecular cloning.

TABLE A1-1 Preparation of Tris Buffers of Various Desired pH Values

Desirep pH (25°C) VoLume ofF 0.1 N HCI (ml)
7.10 45.7
7.20 44.7
7.30 43.4
7.40 42.0
7.50 40.3
7.60 385
7.70 36.6
7.80 34.5
7.90 32.0
8.00 29.2
8.10 26.2
8.20 22.9
8.30 19.9
8.40 17.2
8.50 14.7
8.60 12.4
8.70 103
8.80 8.5
8.90 7.0

Tris buffers (0.05 M) of the desired pH can be made by mixing 50 ml of 0.1 M Tris base with
the indicated volume of 0.1 N HCl and then adjusting the volume of the mixture to 100 ml with
water,
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f TRIS BUFFERS

One of Tris first commercial successes, which received wide attention, was the reduction of mortality during
handling and hauling of fish. In the 1940s, live fish were carried to market in tanks of seawater. Uniortunately,
many of the fish died because of the decline in pH resulting from an accumulation of CO,. This problem was
~ only partially alleviated by including anesthetics in the water that minimized the fishes’ metabolic activities.
i What these anesthetics did to the people who ate the fish is not recorded. Tris certainly reduced the mortality
rate of the fish (McFarland and Norris 1958) by stabilizing the pH of the seawater and may also have 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 [Tris(hydroxymethyhaminomethane] 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:

. o The pK_ of Tris is pH 8.0 (at 20°C), which means that its buffering capacity is very low at pHs below 7.5
and above 9.0.

o Temperature has a significant effect on the dissociation of Tris. The pH of Tris solutions decreases ~0.03
pH units for cach 1°C increase in temperature. For example, a 0.05 M solution has pH values of 9.5, 8.9,
and 8.6 at 5°C, 25°C, and 37°C, respectively. By convention, the pH of Tris solutions given in the scientif-
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 then allow the solution to cool to 25°C before making final adjustments
to the pH.

o Tris reacts with many types of pH electrodes that 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 of Tris solutions. Use only those electrodes with ceramic or glass junctions that are war-
ranted by the manufacturer to be suitable for Tris.

o Concentration has a significant effect on the dissociation of Tris. For example, the pHs of solutions con- |
taining 10 mam and 100 mm Tris will differ by 0.1 of a pH unit, with the more concentrated solution having
the higher pH.

o Tris is toxic to many types of marmmalian cells.

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

Good Buffers

Tris is a poor buffer at pH values below 7.5. In the mid 1960s, Norman Good and his colleagues
responded to the need for better buffers in this range by developing a series of N-substituted
aminosulfonic acids that behave as strong zwitterions at biologically relevant pH values (Good et
al. 1966; Ferguson et al. 1980). Without these buffers, several techniques central to molecular
cloning either would not exist at all or would work at greatly reduced efficiency. These techniques
include high-efficiency transfection of mammalian cells (HEPES, Tricine, and BES), gel elec-
trophoresis of RNA (MOPS), and high-efficiency transformation of bacteria (MES).
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Table A1-2 Properties of Good Buffers

UseruL RANGE

ACRONYM CHEMICAL NAME FW pK, (N pH UNITS)
MES 2-{N-morpholino)ethanesulfonic acid 195.2 6.1 3.5-6.7
Bis- Iris bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane 209.2 6.5 5.8-7.2
ADA N-(2-acetamido)-2-iminodiacetic acid 190.2 6.6 6.0-7.2
ACES 2-[(2-amino-2-oxoethyl)amino|ethanesulfonic acid 182.2 6.8 6.1-7.5
PIPES piperazine- N,N'- bis(2-ethanesulfonic acid) 302.4 6.8 6.1-7.5
MOPSO 3-(N-morpholino)-2-hydroxypropanesulfonic acid 2253 6.9 6.2-7.0
Bis-Iris Propane 1,3-bis| tris(thydroxymethyl)methylamino | propane 282.3 6.8 6.3-9.5
BES N,N-tris(2-hydroxyethyl)-2-aminoethanesulfonic acid 213.2 7.1 6.4-7.8
MOPS 3-(N-morpholino)propanesulfonic acid 209.3 7.2 6.5-7.9
HEPES N-(2-hydroxyethyl)piperazine- N'-(2-ethanesulfonic acid) 2383 7.5 6.8-8.2
TES N-tris(thydroxymethyl)methyl-2-aminoethanesulfonic acid 229.2 7.4 6.8-8.2
DIPSO 3-[N,N-bis(2-hydroxyethylJamino]-2-hydroxypropanesulfonic acid 2433 7.6 7.0-8.2
TAPSO 3-[N-tristhydroxymethyl)methylamino]-2-hydroxypropanesulfonic acid 259.3 7.6 7.0-8.2
TRIZMA tris(hydroxymethyl)aminomethane 121.1 8.1 7.0-9.1
HEPPSO N-(2-hydroxyethyl)piperazine- N'-(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
EPPS N-(2-hydroxyethyl)piperazine- N'-(3-propanesulfonic acid) 252.3 8.0 7.3-8.7
TEA triethanolamine 149.2 7.8 7.3-8.3
Tricine N-tristhydroxymethyl)methylglycine 179.2 8.1 7.4-8.8
Bicine N,N-bis(2-hydroxyethyl)glycine 163.2 8.3 7.6-9.0
TAPS N-tristhydroxymethyl)methyl-3-aminopropanesulfonic acid 243.3 8.4 7.7-9.1
AMPSO 3-[(1,1-dimethyl-2-hydroxyethylJamino]-2-hydroxypropanesulfonic acid ~ 227.3 9.0 8.3-9.7
CHES 2-(N-cyclohexylaminojethanesulfonic acid 207.3 9.3 8.6-10.0
CAPSO 3-(cyclohexylamino)-2-hydroxy- 1-propanesulfonic acid 237.3 9.6 8.9-10.3
AMP 2-amino-2-methyl-1-propanol 89.1 9.7 9.0-10.5
CAPS 3-(cyclohexylamino)-1-propanesulfonic acid 2213 10.4 9.7-11.1

Data compiled from various sources, including Biochemical and Reagents for Life Science Research 1994 (Sigma-Aldrich) and references therein.

Pk, = 9.0 for the second dissociation stage.
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The most commonly used phosphate bufters are named after their inventor: Gomori (Gomori
1955). 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 that buffer
well between pH 5.8 and pH 8.0 (please see Tables A1-3A and A1-3B). Phosphates have a vervy
high buffering capacity and are highly soluble in water. However, they have a number of poten-

tial disadvantages:

o Phosphates inhibit many enzymatic reactions and procedures that are the foundation of mol-
ccular cloning, including cleavage of DNA by many restriction enzvmes, ligation of DNA, and

bacterial transformation.

o Because phosphates precipitate in ethanol, it is not possible to precipitate DNA and RNA from
buffers that contain significant quantities of phosphate ions.

e Phosphates sequester divalent cations such as Ca’t and Mg*".
q s

TABLE A1-3A Preparation of 0.1 M Potassium
Phosphate Buffer at 25°C

VOLUME OF T M VOLUME OF T M

pH K,HPO, (ml) KHZPO4 (ml)
3.8 8.5 91.5
6.0 13.2 86.8
6.2 19.2 80.8
6.4 27.8 72.2
0.0 38.1 61.9
0.8 49.7 50.3
T 61,5 38.5
T2 71.7 28.3
T 80.2 19.8
7.0 30.6 13.4
.8 90.8 9.2

8.0 94.0 6.0

T Data from Green ¢ 1933).
Dilute the combined 1 M stock solutions to 1 liter with distilled
H.OLpH s aalculated according to the Henderson-Hasselbaleh equa-

fron:

pH o pR o+ log ~tproton acceptor)
< proton donor f

where pRo- 086 at 250,

TABLE A1-3B Preparation of 0.1 M Sodium
Phosphate Buffer at 25°C

VOLUME OF T M VOLUME OF T M

pH Na,HPO, (ml) NAH,PO, (ml)
58 7.9 92.1
6.0 12.0 88.0
6.2 17.8 82.2
6.4 233 745
6.0 35.2 6.8
6.8 46.3 337
7.0 57.7 42.3
7.2 68.4 RINS
7.4 77.4 22,0
7.6 84.5 15.5
7.8 89.6 10.4
8.0 93.2 0.8

Data from ISCO (1982,

Dilute the combined 1 M stock solutions 1o 1 liter with distilled
H,O. pH is calculated according to the Henderson-Hasselbaleh equa-
tion:

pH = pK’ + log {(pruwn ;1cccpmr)}

proton donor

where pK'= 6.86 at 250C.
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ACIDS AND BASES

TABLE A1-4 Concentrations of Acids and Bases: Common Commercial Strengths

ml/LITER
Motes/  Grams/ % BY SPECIFIC  TO PREPARE

SUBSTANCE FORMULA MW, LiTeER? LiTer WEIGHT  GRAVITY 1 M SOLUTION
Acctic acid, glacial CH,COOH 60.05 17.4 1045 99.5 1.05 575
Acetic acid ' 60.05 6.27 376 36 1.045 159.5
Formic acid HCOOH 46.02 234 1080 90 1.20 42.7
Hydrochloric acid HCI 36.5 11.6 424 36 1.18 86.2
2.9 105 10 1.05 344.8
Nitric acid HNO, 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
Perchloric acid HCIO, 100.5 11.65 1172 70 1.67 85.8
9.2 923 60 1.54 108.7
Phosphoric acid H,PO, 80.0 18.1 1445 85 1.70 55.2
Sulfuric acid H, 80, 98.1 18.0 1766 96 1.84 55.6
Ammonium hydroxide NH,OH 35.0 14.8 251 28 0.898 67.6
Potassium hydroxide KOH 56.1 13.5 757 50 1.52 74.1
1.94 109 10 1.09 515.5
Sodium hydroxide NaOH 40.0 19.1 763 50 1.53 52.4
2.75 111 10 1.1 363.6

“With some acids and bases, stock solutions of diffetent molarity/normality are in common use. These are often abbreviated “conc” for concentrated

stocks and “dil” tor dilute stocks.

TABLE A1-5 Approximate pH Values for Various Concentrations of Stock Solutions

SUBSTANCE TN 0.1 N 0.01 N 0.001 N
Acetic acid 2.4 2.9 3.4 3.9
Hydrochloric acid 0.10 1.07 2.02 3.01
Sulfuric acid 0.3 1.2 2.1

Citric acid 2.1 2.6

Ammonium hydroxide 11.8 11.3 10.8 10.3
Sodium hydroxide 14.05 13.07 12.12 1113
Sodium bicarbonate 8.4

Sodium carbonate 11.5 11.0
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PREPARATION OF BUFFERS AND STOCK SOLUTIONS FOR USE IN MOLECULAR BIOLOGY

CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>,

pH Buffers

Phosphate-buffered Saline (PBS)
137 mM NaCl
2.7 mM KCl
10 mM Na,HPO,
2 mM KH,PO,

Dissolve & g of NaCl, 0.2 g of KCl, 1.44 g of Na,HPO,, and 0.24 g of KH,PO, in 800 ml of
distilled H,O. Adjust the pH to 7.4 with HCL. Add H,O to 1 liter. Dispense the solution into
aliquots and sterilize them by autoclaving for 20 minutes at 15 psi (1.05 kg/cm-) on liquid
cycle or by filter sterilization. Store the buffer at room temperature.

PBS is a commonly used reagent that has been adapted for different applications. Note that the
recipe presented here lacks divalent cations. If necessary, PBS may be supplemented with 1 mal
CaCl, and 0.5 mM MgCl,,

10x Tris EDTA (TE)
pH 7.4
100 mM Tris-Cl (pH 7.4)
10 mM EDTA (pH 8.0)

pH 7.6
100 mM Tris-Cl (pH 7.6)
10 mM EDTA (pH 8.0)

pH 8.0
100 mM Tris-Cl (pH 8.0)
10 mM EDTA (pH 8.0)

Sterilize solutions by autoclaving for 20 minutes at 15 psi (1.05 kg/cm?) on liquid cycle. Store
the buffer at room temperature.

Tris-Cl (1 M)
Dissolve 121.1 g of Iris base in 800 ml of H,O. Adjust the pH to the desired value by adding

concentrated HCI <!>,

pH HCI

7.4 70 ml
7.6 60 m]
8.0 42 ml

Allow the solution to cool to room temperature before making final adjustments to the pH.
Adjust the volume of the solution to 1 liter with H,O. Dispense into aliquots and sterilize
by autoclaving. )

If the 1 M solution has a yellow color, discard it and obtain Tris of better quality. The pH
of Iris solutions is temperature-dependent and decreases ~0.03 pH units for each 10C
increase in temperature. For example, a 0.05 M solution has pH values of 9.3, 8.9, and 8.6 at
5°C, 25°C, and 37°C, respectively.
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Tris Magnesium Buffer (TM)
50 mM Tris-Cl (pH 7.8)
10 mm MgSO,

Tris-buffered Saline (TBS)
Dissolve 8 g of NaCl, 0.2 g of KCl, and 3 g of Tris base in 800 ml of distilled H,O. Add 0.015 g
of phenol red and adjust the pH to 7.4 with HCL. Add distilled H,O to 1 liter. Dispense the
solution into aliquots and sterilize them by autoclaving for 20 minutes at 15 psi (1.05
kg/cm?) on liquid cycle. Store the buffer at room temperature,

Enzyme Stocks and Buffers
Enzyme Stocks

Lysozyme (10 mg/ml)
Dissolve solid lysozyme at a concentration of 10 mg/ml 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 mg/ml)
Purchase from Sigma. Dissolve at 67 mg/m! (900 units/ml) in 0.01 M sodium phosphate
containing 50% glycerol just before use.

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

10 mM Tris-Cl (pH 7.5)
150 mM NaCl
I mM MgCl,

When the DNase 1 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 mg/ml)
Dissolve 2 mg of crude pancreatic RNase I (Sigma or equivalent) in 2 ml of TE (pH 7.6).

Proteinase K (20 mg/ml)
Purchase as a lyophilized 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 into 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 bovine trypsin at a concentration of 250 pg/ml in 200 mM ammonium bicarbon-
ate (pH 8.9) (Sequencer grade; Boehringer Mannheim). Store the solution in aliquots at
-20°C.

Zymolyase 5000 (2 mg/ml)

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




Enzyme Dilution Buffers

DNase I Dilution Buffer
10 ma Iris-Cl (pH 7.5)
150 mM NaCl
I mM MgCl,

Polymerase Dilution Buffer
50 mat Tris-Cl (pH 8.1)
I ma dithiothreitol
0.1 mM EDTA (pH 8.0)
0.5 mg/ml bovine serum albumin
5% (v/v) glycerol

Prepare solution fresh for each use.

Sequenase Dilution Buffer
10 mM Tris-Cl (pH 7.5)
5 mM dithiothreitol
0.5 mg/ml bovine serum albumin

Store the solution at =20°C.

Taq Dilution Buffer
25 mM Tris (pH 8.8)
0.01 mM EDTA (pH 8.0)
0.15% (v/v) Tween-20
0.15% (v/v) Nonidet P-40

Enzyme Reaction Buffers
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A IMPORTANT Wherever possible, use the 10x reaction buffer supplied by the manufacturer of the
enzyme used. Otherwise, use the recipes given here.

10x Amplification Buffer
500 mM KCl

100 mM Tris-Cl (pH 8.3 at room temperature)

15 mM MgCl,

Autoclave the 10x buffer for 10 minutes at 15 psi (1.05 kg/cm*) on liquid cvcle. Divide the
sterile buffer into aliquots and store them at —20°C.

10x Bacteriophage T4 DNA Ligase Buffer

200 mM Tris-Cl (pH 7.6)
50 mM MgCl,
50 mM dithiothreitol

0.5 mg/ml bovine serum albumin (Fraction V; Sigma) (optional)

Divide the buffer in small aliquots and store at —20°C. Add ATP when setting up the reac-
tion. Add ATP to the reaction to an appropriate concentation (e.g., 1 mA1).
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10x 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 T4 Polynucleotide Kinase Buffer
700 mM Tris-CI (pH 7.6)
100 mm MgCl,
50 mM dithiothreitol

Divide the 10x stock into small aliquots and store frozen at —~20°C,

5x BAL 31 Buffer
3 M NaCl }
60 mM CaCl, ‘
60 mM MgCl,
100 mM Tris-Cl (pH 8.0)
1 mM EDTA (pH 8.0)

10x Dephosphorylation Buffer (for Use with CIP)
100 mM Tris-Cl (pH 8.3)
10 mM MgCl,
10 mM ZnCl,

10x Dephosphorylation Buffer (for Use with SAP)
200 mM Tris-Cl (pH 8.8)
100 mm MgCl,
10 mM ZnCl,

1x EcoRI Methylase Buffer
50 mM NaCl
50 mM Tris-Cl (pH 8.0)
10 mM EDTA
80 uM S-adenosylmethionine

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

10x Exonuclease I1I Buffer
660 mM Tris-Cl (pH 8.0)
66 mM MgCl,
100 mM B-mercaptoethanol <!>

Add B-mercaptoethanol just before use.

10x Klenow Buffer
0.4 M potassium phosphate (pH 7.5)
66 mM MgCl,
10 mM B-mercaptoethanol <!>
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10x Linker Kinase Buffer
600 mM 1ris-Cl (pH 7.6)
100 mm MgCl,
100 mM dithiothreitol
2 mg/ml bovine serum albumin

Prepare fresh just before use.

Nuclease St Digestion Buffer
0.28 M NaCl
0.05 M sodium acetate (pH 4.5)
1.5 mM ZnSO4»7H:O

Store aliquots of nuclease S1 bufter at --20°C, and add nuclease S1 to a concentration of 500
units/ml just before use.

10X Proteinase K Buffer
100 mMm Tris-Cl {pH 8.0)
50 mM EDTA (pH 8.0)
500 mM NaCl

10x Reverse Transcriptase Buffer
500 mM Tris-Cl (pH 8.3)
750 mM KCl
30 mM MgCl,

RNase H Buffer
20 mM Tris-Cl (pH 7.6)
20 mM KCl
0.1 mM EDTA (pH 8.0)
0.1 mM dithiothreitol

Prepare fresh just before use.

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

500 mM potassium cacodylate (pH 7.2) <!>
10 mM CoCl,-6H,0
I mM dithiothreitol

5x terminal transferase (or tailing) buffer may be prepared according to the following
method (Eschenfeldt et al. 1987):

1. Equilibrate 5 g of Chelex 100 (Bio-Rad) with 10 ml of 3 M potassium acetate at room
temperature,

2. After five minutes, remove excess liquid by vacuum suction. Wash the Chelex three
times with 10 ml of deionized H,O.

3. Preparc a 1 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
Whatman No. [ filter paper.
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5. To the recovered cacodylate add in order: H,O, dithiothreitol, and cobalt chloride to
make the final concentrations of 500 mM potassium cacodylate, 1 mMm dithiothreitol,
and 20 mM CoCl,.

Store the buffer in aliquots at —200C.

10x Universal KGB (Restriction Endonuclease) Buffer

I M potassium acetate

250 mM Tris-acetate (pH 7.6)

100 mM magnesium acetate tetrahydrate
5 mM f-mercaptoethanol <!>

0.1 mg/ml bovine scrum albumin

Store the 10x buffer in aliquots at —20°C,

Hybridization Buffers

Alkaline Transfer Buffer (for Alkaline Transfer of DNA to Nylon Membranes)

0.4 N NaOH <!>
I M NaCl

Church Buffer

1% (w/v) bovine serum albumin
I mM EDTA

0.5 M phosphate buffer*

7% (wlv) SDS

0.5 M phosphate buffer is 134 g of Na,HPO,7H,0, 4 ml of 85% H,PO, <!> (concen-
trated phosphoric acid), H,O to 1 liter.

Denaturation Solution (for Neutral Transfer, Double-stranded DNA Targets Only)

1.5 M Na(Cl
0.5 M NaOH <!>

HCl (2.5 N)

Add 25 ml of concentrated HCl <!> (11.6 N) to 91 ml of sterile H, 0. Store the diluted solu-
tion at room temperature.

Hybridization Buffer with Formamide (for RNA)

40 mM PIPES (pH 6.8)

I mM EDTA (pH 8.0)

0.4 M NaCl

80% (v/v) deionized formamide <!>

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

Hybridization Buffer without Formamide (for RNA)

40 mM PIPES (pH 6.4)
0.1 mM EDTA (pH 8.0)
0.4 M NaCl

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)
1N Tris-CHpH 7.4)
1.5 M NaCll

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

Neutralizing Solution (for Neutral Transfer, Double-stranded DNA Targets Only)
0.5 M Tris-Cl (pH 7.4)
1.5 M NaCll

Prehybridization Solution (for Dot, Slot, and Northern Hybridization)
0.5 M sodium phosphate (pH 7.2)*
7% (w/v) SDS
I mM EDTA (pH 7.0)

*0.5 M phosphate buffer is 134 g of Na,HPO,-7H,0, 4 ml of 85% H PO, <!>(concentrat-
ed phosphoric acid), H,0 to I liter.

Prehybridization and Hybridization Solutions

Prehybridization/Hybridization Solution (for Plaque/Colony Lifts)
50% (v/v) formamide (optional) <!>
6X SSC (or 6x SSPE)
0.05x BLOTTO

As an alternative to the above solution, use Church Buffer (please see recipe on p. A1.12).
For advice on which hybridization solution to use, please see the panel on PREHYBRIDIZA-
TION AND HYBRIDIZATION SOLUTIONS in Step 5 of Protocol 32 in Chapter 1. For advice on
the use of formamide, please see the information panel on FORMAMIDE AND ITS USES IN
MOLECULAR CLONING in Chapter 6.

Prehybridization/Hybridization Solution (for Hybridization in Aqueous Buffer)
6x SSC (or 6x SSPE)
5% Denhardt’s reagent (see p. A1.15)
0.5% (w/v) SDS
1 ug/ml poly(A)
100 pg/ml salmon sperm DNA

Prehybridization/Hybridization Solution (for Hybridization in Formamide Buffers)
6x SSC (or 6x SSPE)
5x Denhardt’s reagent (see Al1.15)
0.5% (w/v) SDS
I ug/ml poly(A)
100 pg/ml salmon sperm DNA
50% (v/v) formamide <!>

After a thorough mixing, filter the solution through a 0.45-um disposable cellulose acetate
membrane (Schleicher & Schuell Uniflow syringe membrane or equivalent). To decrease
background when hybridizing under conditions of reduced stringency (e.g., 20-30% for-
mamide), it is important to use formamide that is as pure as possible.
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Prehybridization/Hybridization Solution (for Hybridization in Phosphate-SDS Buffer)
0.5 M phosphate buffer (pH 7.2)*
I mM EDTA (pH 8.0)
7% (w/v) SDS
1% (w/v) bovine serum albumin

Use an electrophoresis grade of bovine serum albumin. No blocking agents or hybridization
rate enhancers are required with this particular prehybridization/hybridization solution.
*0.5 M phosphate buffer is 134 g of Na,HPO -7H,0, 4 ml of 85% H,PO, <!> (concentrat-
ed phosphoric acid), H,O to 1 liter.

20% $SC
Dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in 800 ml of H,0. Adjust the pH to
7.0 with a few drops of a 14 N solution of HCI <!>, Adjust the volume to 1 liter with H,O.
Dispense into aliquots. Sterilize by autoclaving. The final concentrations of the ingredients
are 3.0 M NaCl and 0.3 M sodium acetate.

20x SSPE
Dissolve 175.3 g of NaCl, 27.6 g of NaH,PO-H,0, and 7.4 g of EDTA in 800 ml of H,0.
Adjust the pH to 7.4 with NaOH <!> (~6.5 ml of a 10 N solution). Adjust the volume to 1
liter with H,O. Dispense into aliquots. Sterilize by autoclaving. The final concentrations of
the ingredients are 3.0 M NaCl, 0.2 M NaH,PO,, and 0.02 M EDTA.

Blocking Agents

Blocking agents prevent ligands from sticking to surfaces. They are used in molecular cloning to
stop nonspecific binding of probes in Southern, northern, and western blotting. It 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 nonspecific 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 with the probe for nonspecific binding sites on the solid support. Blocking agents work
by brute force. They are used in high concentrations and generally consist of a cocktail of high-
molecular-weight polymers (heparin, polyvinylpyrrolidine, nucleic acids), proteins (bovine
serum albumin, nonfat dried milk), and detergents (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 Nucleic Acid Hybridization. Two blocking agents in common use in
nucleic acid hybridization are Denhardt’s reagent (Denhardt 1966) and BLOTTO (Bovine Lacto
Transfer Technique Optimizer; Johnson et al. 1984). Usually, the filters carrying the immobilized
target molecules 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, sheared salmon sperm DNA. This mixture should be used
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whenever the ratio of signal to noise is expected to be low, for example, when carrving out north-
ern analysis of low-abundance RNAs or Southern analysis of single-copy sequences of mam-
malian DNA. However, in most other circumstances (Grunstein-Hogness hybridization, Benton-
Davis hvbridization, Southern hybridization of abundant DNA sequences, ¢1.), a less expensive
alternative is 6x SSC or SSPE containing 0.25-0.3% nonfat dried milk (BLOTTO; Johnson ct al.
1984).

Blocking agents are usually included in both prehybridization and hybridization solutions
when nitrocellulose filters are used. However, when the target nucleic acid is immobilized on
nylon membranes, the blocking agents are often omitted from the hybridization solution. This is
because high concentrations of protein are believed to interfere with the annealing of the probe
to its target. Quenching of the hybridization signal by blocking agents is particularly noticcable
when oligonucleotides are used as probes. This problem can often be solved by carrving out the
hybridization step in a solution containing high concentrations of SDS (6="%}, sodium phos-
phate (0.4 M), bovine serum albumin (1%), and EDTA (0.02 A1) (Church and Gilbert 1984).

Heparin is sometimes used instead of Denhardt’s solution or BLOTTO when hybridization
is carried out in the presence of the accelerator, dextran sulfate. Tt is used at a concentration of
500 pg/ml in hybridization solutions containing dextran sulfate. In hybridization solutions that
do not contain dextran sulfate, heparin is used at a concentration of 50 pg/ml (Singh and Jones
1984 ). Heparin (Sigma porcine grade IT or equivalent) is dissolved at a concentration of 50 mg/ml
in 4x SSPE or SSC and stored at 40C.

DENHARDT’S REAGENT
Denhardt’s reagent is used for

o northern hybridization
o single-copy Southern hybridization
e hybridizations involving DNA immobilized on nylon membranes

Denhardt’s reagent is usually made up as a 50x stock solution, which is filtered and stored at -20°C. The
stock solution is dliluted teniold into prehybridization buffer (usually 6x 5SC or 6x SSPE containing 1.0% SDS
and 100 ug/ml denatured salmon sperm DNA). 50x Denhardt’s reagent contains in H,O (Denhardt 1966):

1% (wev) Ficoll 400
1% (wiv) polyvinylpyrrolidone
1% (w'v) bovine serum albumin (Sigma, Fraction V)

BLOTTO <!> T
BLOTTO is used for

o Grunstein-Hogness hybridization

o Benton-Davis hybridization

e all Southern hybridizations other than single-copy dot blots and slot blots

BLOTTO is stored at 4°C and is diluted 10-25-fold into prehybridization buifer before use. BLOT10 should
not be used in combination with high concentrations of SDS, which will cause the milk proteins to precipitate.
If background hybridization is a problem, Nonidet P-40 may be added to a final concentration of 1% (v,

BLOTTO may contain high levels of RNase and should be treated with diethylpyrocarbonate (Siegel and
Bresnick 1986 or heated overnight to 72°C (Monstein et al. 1992) when used in northern hybridizations and
when RNA is used as a probe. BLOTTO is not as effective as Denhardt’s solution when the target DNA is
immobilized on nylon filters.

1x BLOTTO s 5% (w/v) nonfat dried milk dissolved in H,O containing 0.02% sodium azide <!>. 1x

FS—— . — e e
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Blocking Agents Used for Western Blotting. The best and least expensive blocking reagent is non-
fat dried milk (Johnson et al. 1984). It is easy to use and is compatible with all of the common
immunological detection systems. The only time nonfat dried milk should not be used is when
western blots are probed for proteins that may be present in milk.

One of the following recipes may be used to prepare blocking buffer. A blocking solution
for western blots is phosphate-buffered saline containing 5% (w/v) nonfat dried milk, 0.01%
Antifoam, and 0.02% sodium azide.

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

Opinion about which of these blocking agents is best varies from laboratory to laboratory.
We recommend carrying out preliminary 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-Cl (pH 8.0)
10 mM EDTA (pH 8.0)

Prepare Solution I from standard stocks in batches of ~100 ml, autoclave for 15 minutes at
15 psi (1.05 kg/cm?) on liquid cycle, and store at 4°C.

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

Prepare Solution II fresh and use at room temperature.

Alkaline Lysis Solution III (Plasmid Preparation)

5 M potassium acetate 60.0 ml
glacial acetic acid <!> 11.5 ml
H,0 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.

STET
10 mM Tris-Cl (pH 8.0)
0.1 M NaCl
1 mMm EDTA (pH 8.0)
5% (v/v) Triton X-100

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

Commonly Used Electrophoresis Buffers

Buffer Working Solution Stock Solution/Liter
TAE 1x 50x
40 mM Tris-acetate 242 g of Tris base
I mM EDTA 57.1 ml of glacial acetic acid <!>

100 ml of 0.5 M EDTA (pH 8.0)

TBE? 0.5x 5X
45 mM Tris-borate 54 g of Tris base
I mM EDTA 27.5 g of boric acid
20 ml of 0.5 M EDTA (pH 8.0)
TPE 1X 10x
90 mat Tris-phosphate 108 g of Tris base
2 mM EDTA 15.5 ml of phosphoric acid <!>

(85%, 1.679 g/ml)
40 ml of 0.5 M EDTA (pH 8.0)

Tris-glycine® 1x 53X
25 mat Tris-Cl 15.1 g of Tris base
250 mM glvcine 94 g of glycine (electrophoresis grade)
0.1% SDS 50 ml of 10% SDS (electrophoresis grade)

TI'BE is usually made and stored as a 3x or 10x stock solution. The pH of the concentrated stock buffer should be
~8.3. Dilute the concentrated stock buffer just before use and make the gel solution and the clectrophoresis buftfer
from the same concentrated stock solution. Some investigators prefer to use more concentrated stock solutions of
TBE (10x as opposed to 5X). However, 5X stock solution is more stable because the solutes do not precipitate dur-
ing storage. Passing the 5x or 10x buffer stocks through a 0.22-pm filter can prevent or delay formation of pre-
cipitates.

PUse Tris-glycine buffers for SDS-polyacrylamide gels (see Appendix 8).

Specialized Electrophoresis Buffers

10x Alkaline Agarose Gel Electrophoresis Buffer
500 mM NaOH <!>
10 mM EDTA

Add 50 ml of 10 N NaOH and 20 ml of 0.5 M EDTA (pH 8.0) to 800 ml of H,0 and then
adjust the final volume to 1 liter. Dilute the 10x alkaline agarose gel elcctrophg)resis buffer
with H,O to generate a 1x working solution immediately before use. Use the same stock of
10x alkaline agarose gel electrophoresis buffer to prepare the alkaline agarose gel and the 1x
working solution of alkaline electrophoresis buffer.

10x BPTE Electrophoresis Buffer
100 mM PIPES
300 mxI Bis-Tris
10 mM EDTA

The final pH of the 10x butfer is ~6.5. The 10x 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 M EDTA to 90 ml of distilled H,O and
then treating the solution with diethylpyrocarbonate <!> (final concentration 0.1%: for
more details, please see the information panel on DIETHYLPYROCARBONATE in Chapter 7).
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10X MOPS Electrophoresis Buffer
0.2 M MOPS (pH 7.0) <!>
20 mM sodium acetate
10 mM EDTA (pH 8.0)

Dissolve 41.8 g of MOPS in 700 ml of sterile DEPC-treated <!> H,0. Adjust the pH t0 7.0
with 2 N NaOH. Add 20 ml of DEPC-treated 1 M sodium acetate and 20 ml of DEPC-treat-
ed 0.5 M EDTA (pH 8.0). Adjust the volume of the solution to 1 liter with DEPC-treated
H, 0. Sterilize the solution by passing it through a 0.45-um 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-MORPHOLINO]JPROPANESULFONIC ACID

Molar strength of saturated

fw pK,, (20°C) ApK ) C solution at 0°C
209.3 7.15 -0.013 3.1
H H H 0 H H H ol
M~ A~ I
H* Nee G o G == C — 0 —8" =20 HN*-m C = G — C — 0 —S*
— ] R R I
H H H 0 H H H 0

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 reviews, plcase see Good and lzawa 1972; Ferguson et al.
1980; please also see figure above). In molecular cloning, MOPS is a component of buffers used for the
L electrophoresis of RNA through agarose gels (Lehrach et al. 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,
not the sodium salt. Concentrated solutions of TAFE buffer can also be purchased (e.g.,
from Beckman).

A IMPORTANT The TAFE gel electrophoresis buffer must be cooled to 14°C before use.

Gel-loading Buffers

6x Alkaline Gel-loading Buffer
300 mM NaQOH <!>
6 mM EDTA
18% (w/v) Ficoll (Type 400, Pharmacia)
0.15% (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 1 ml of sterile H,O. Store the solution at room
temperature,




Preparation of Buffers and Stock Solutions  Al.19

TABLE A1-6 6x Gel-loading Buffers

BUFFER TYPE 6X BUFFER STORAGE TEMPERATURE

| 0.23% (w/v) bromophenol blue 40C
0.25% (w/v) xylene cvanol FF
40% {w/v) sucrose in H,0O

1 0.25% (w/v) bromophenol blue room temperature
0.239 {(w/v) xylene cvanol FE
153% (w/v) Ficoll ('Tvpe 400; Pharmacia) in H,0

11 0.23% (w/v) bromophenol blue Aot
0.25% (w/v) xylene cyanol FF
30% (v/v) glycerol in H,0

IV 0.25% (w/v) bromophenol blue o)
40% (w/v) sucrose in H.O

Bromophenol Blue Sucrose Solution
0.25% (w/v) bromophenol blue
40% (w/v) sucrose

Cresol Red Solution (10 mM)
Dissolve 4 mg of the sodium salt of cresol red (Aldrich) in 1 ml of sterile H,O. Store the
solution at room temperature.

10x Formaldehyde Gel-loading Buffer
50% (v/v) glycerol (diluted in DEPC-treated <!> H,0)
10 mM EDTA (pH 8.0)
0.25% (w/v) bromophenol blue
0.25% (w/v) xylenc cyanol FF

Formamide-loading Buffer
80% (w/v) deionized formamide <!>
10 mM EDTA (pH 8.0)
I mg/ml xylene cyanol FF
I mg/ml bromophenol blue

Purchase a distilled deionized preparation of formamide and store in small aliquots under nitro-
gen at =20°C. Alternatively, deionize reagent-grade formamide as described in Appendix 8.

RNA Gel-loading Buffer
95% (v/v) deionized formamide <!>
0.025% (w/v) bromophenol blue
0.025% (w/v) xylene cyanol FF
5 mM EDTA (pH 8.0)
0.025% (w/v) SDS
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2x SDS Gel-loading 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 B-mercaptoethanol <!>

IXand 2x SDS gel-loading buffer lacking thiol reagents can be stored at room temperature.
Add the thiol reagents from 1 M (dithiothreitol) or 14 M (B-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% (w/v) sucrose

Special Buffers and Solutions

Elution Buffer (Qiagen)
50 mM Tris-Cl (pH 8.1-8.2)
1.4 M NaCl
15% (v/v) ethanol

KOH/Methanol Solution
This solution is for cleaning the glass plates used to cast sequencing gels. It is prepared by
dissolving 5 g of KOH <!> pellets in 100 ml of methanol <!>. Store the solution at room

temperature in a tightly capped glass bottle.

A Annealing Buffer
100 mM Tris-Cl (pH 7.6)
10 mm MgCl,

LB Freezing Buffer
36 mM K,HPO, (anhydrous)
13.2 mM KH,PO,
1.7 mM sodium citrate
0.4 mM MgS0,-7H,0
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 dissolving the salts
in 100 ml of LB to the specified concentrations. Measure 95.6 ml of the resulting solution
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-um disposable Nalgene filter. Store the sterile freezing
medium at a controlled room temperature (15-25°C).
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MgCl,-CaCl, Solution

80 mat MgCl,
20 mM CaCl,

P3 Buffer (Qiagen)
3 M potassium acetate (pH 5.5)

PEG-MgCl, Solution
40% (w/v) polyethylene glycol (PEG 8000)
30 mM MgCl,

Dissolve 40 g of PEG 8000 in a final volume of 100 ml of 30 mt MgCl,. Sterilize the solu-
tion by passing it through a 0.22-um filter, and store it at room temperature,

QBT Buffer (Qiagen)
750 mM NaCl <!>
50 mM MOPS (pH 7.0) <!>
15% (v/v) isopropanol
0.15% (v/v) Triton X-100

Radioactive Ink <!>
Radioactive ink is made by mixing a small amount of P with waterproof black drawing
ink. We find it convenient to make the ink in three grades: very hot (>2000 cps on a hand-
held minimonitor), hot (>500 cps on a hand-held minimonitor), and cool (>50 cps on a
hand-held minimonitor). Use a fiber-tip pen to apply ink of the desired activity to the
pieces of tape. Attach radioactive-warning tape to the pen, and store it in an appropriate
place.

Sephacryl Equilibration Buffer
50 mM Tris-Cl (pH 8.0)
5mM EDTA
0.5 M NaCl

SM and SM Plus Gelatin
Per liter:
NaCl 58¢
MgSO - 7H,0 2g
I M Tris-Cl (pH 7.3) 50 ml
2% (w/v) gelatin solution 5ml
H,0 to 1 liter

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cm?) 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 M sorbitol
0.1 MEDTA (pH 7.5)
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STE
10 mM Tris-Cl (pH 8.0)
0.1 M Na(l
I mM EDTA (pH 8.0)

Sterilize by autoclaving for 15 minutes at 15 psi (1.05 kg/cm?) on liquid cycle. Store the ster-
ile solution at 4°C.

10x TEN Buffer
0.1 M Tris-Cl (pH 8.0)
0.01 M EDTA (pH 8.0)
1 M NaCl

TES
10 mM Tris-Cl (pH 7.5)
I mM EDTA (pH 7.5)
0.1% (w/v) SDS

Triton/SDS Solution
10 mM Tris-Cl (pH 8.0)
2% (v/v) Triton X-100
1% (w/v) SDS
100 mM NaCl
1 mM EDTA (pH 8.0)

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

Tris-Sucrose
50 mM Tris-Cl (pH 8.0)
10% (w/v) sucrose

Sterilize the solution by passing it through a 0.22-pm filter, and store it at room tempera-
ture. Solutions containing sucrose should not be autoclaved since the sugar tends to car-
bonize at high temperatures.

Wash Buffer (Qiagen)
50 mM MOPS-KOH <!> (pH 7.5-7.6)
0.75 M Na(l
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-Cl (pH 7.4)
20 mM EDTA (pH 7.5)
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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Phenol

Most batches of commercial liquefied phenol <!> are clear and colorless and can be used in mol-
ccular cloning without redistillation. Occasionally, batches of liquefied phenol are pink or vellow,
and these should be rejected and returned to the manufacturer. Crystalline phenol is not recom-
mended because it must be redistilled at 160°C to remove oxidation products, such as quinones,
that cause the breakdown of phosphodiester bonds or cause cross-linking of RNA and DNA.

Equilibration of Phenol

Before use, phenol must be equilibrated to a pH of >7.8 because the DNA partitions into the
organic phase at acid pH. Wear gloves, full face protection, and a lab coat when carrying out this

procedure.

1.

Store liquefied phenol at =20°C. As needed, remove the phenol from the freezer, allow it to
warm to room temperature, and then melt it at 68°C. Add hydroxyquinoline to a final con-
centration of 0.1%. This compound is an antioxidant, a partial inhibitor ot RNase, and a weak
chelator of metal ions (Kirby 1956). In addition, its yellow color provides a convenient way to

identify the organic phase.

. To the melted phenol, add an equal volume of buffer (usually 0.5 M Tris-Cl [pH 8.0] at room

temperature). Stir the mixture on a magnetic stirrer for 15 minutes. Turn off the stirrer, and
when the two phases have separated, aspirate as much as possible of the upper (aqueous) phase
using a glass pipette attached to a vacuum line equipped with appropriate traps (please see
Appendix 8, Figure A8-2).

. Add an equal volume of 0. 1 M Tris-Cl (pH 8.0) to the phenol. Stir the mixture on a magnetic

stirrer for 13 minutes. Turn off the stirrer and remove the upper aqueous phase as described
in Step 2. Repeat the extractions until the pH of the phenolic phase is >7.8 {as measured with
pH paper).

. After the phenol is equilibrated and the final aqueous phase has been removed, add 0.1 volume

of 0.1 M Tris-Cl (pH 8.0) containing 0.2% B-mercaptoethanol <!>. The phenol solution may
be stored in this form under 100 mM Tris-Cl (pH 8.0) in a light-tight bottle at 4°C for periods
of up to 1 month.

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

A mixture consisting of equal parts of equilibrated phenol and chloroform:isoamyl alcohol <!>
(24:1) is frequently used to remove proteins from preparations of nucleic acids. The chloroform
denatures proteins and facilitates the separation of the aqueous and organic phases, and the
isoamyl alcohol reduces foaming during extraction. Neither chloroform nor isoamyl alcohol
requires treatment before use. The phenol:chloroform:isoamyl alcohol mixture may be stored
under 100 ma Tris-Cl (pH 8.0) in a light-tight bottle at 4°C for periods of up to 1 month.




AL24  Appendix I: Preparation of Reagents and Buffers Used in Molecular Cloning

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 X8 mixed bed resin for 1 hour and filtering it twice through Whatman
No. 1 paper. Store deionized formamide in small aliquots under nitrogen at -70°C.

Deionization of Glyoxal

Commercial stock solutions of glyoxal (40% or 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 contaminants 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 ion-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 ul of glyoxal with 2 pl of a 10 mg/ml solution of
bromocresol green in H,0, and observing the change in color. 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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CAUTION: Please see Appendix 12 for appropriate handling of materials marked with <!>.

Acrylamide Solution (45% w/v)

acrylamide (DNA-sequencing grade) <!> 434 ¢
N,N’-methylencbisacrylamide <!> l6g
H,0 to 600 ml

Heat the solution to 37°C to dissolve the chemicals. Adjust the volume to 1 liter with dis-
tilled H, 0. Filter the solution through a nitrocellulose filter (e.g., Nalge, 0.45-micron pore
size), and store the filtered solution in dark bottles at room temperature.

Actinomycin D (5 mg/ml)
Dissolve actinomycin D <!> in methanol <!> at a concentration of 5 mg/ml. Store the
stock solution at -20°C in the dark. Please see the information panel on ACTINOMYCIN D
in Chapter 7.

Adenosine Diphosphate (ADP) (1 mM)
Dissolve solid adenosine diphosphate in sterile 25 mM Tris-C] (pH 8.0). Store small aliquots
(~20 ul) of the solution at —20°C.

Ammonium Acetate (10 M)
To prepare a 1-liter solution, dissolve 770 g of ammonium acetate in 800 m] of H,0. Adjust
volume to 1 liter with H,O. Sterilize by filtration. Alternatively, to prepare a 100-ml solu-
tion, dissolve 77 g of ammonium acetate in 70 ml of H,O at room temperature. Adjust the
volume to 100 ml with H,O. Sterilize the solution by passing it through a 0.22-pm filter.
Store the solution in tightly sealed bottles at 4°C or at room temperature. Ammonium
acetate decomposes in hot H,0 and solutions containing it should not be autoclaved.

Ammonium Persulfate (10% w/v)
ammonium persulfate <!> lg
H,0 to 10 ml

Dissolve 1 ¢ ammonium persulfate in 10 ml of H,0 and store at 4°C. Ammonium persul-
fate decays slowly in solution, so replace the stock solution every 2-3 weeks. Ammonium
persulfate is used as a catalyst for the copolymerization of acrylamide and bisacrylamide
gels. The polymerization reaction is driven by free radicals generated by an oxido-reduction
reaction in which a diamine (e.g., TEMED) is used as the adjunct catalyst (Chrambach and
Rodbard 1972).

ATP (10 mM)
Dissolve an appropriate amount of solid ATP in 25 ma Tris-C) (pH 8.0). Store the ATP
solution in small aliquots at —200C.

Calcium Chloride (2.5 M)
Dissolve 11 g of CaCl,-6H,0 in a final volume of 20 ml of distilled H,O. Sterilize the solu-
tion by passing it through a 0.22-um filter. Storc in 1-ml aliquots at 40C,
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Coomassie Staining Solution
Dissolve 0.25 g of Coomassie Brilliant Blue R-250 in 90 ml of methanol:H,0 <!> (I:1, v/v)
and 10 ml of glacial acetic acid <!>. Filter the solution through a Whatman No. 1 filter to
remove any particulate matter. Store at room temperature. Please see the entry on
Coomassie Staining in Appendix 8.

Deoxyribonucleoside Triphosphates (ANTPs)
Dissolve each dNTP in H,O at an approximate concentration 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 paper 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 concentration of
each dNTP. Dilute the solutions with H,O to a final concentration of 50 mm dNTP. Store
each separately at —=70°C in small aliquots.

Base Wavelength (nm) Extinction Coefficient (E)(M~'ecm™)
A 259 1.54 x 10*
G 253 1.37 x 104
C 271 9.10 x 10°
T 267 9.60 x 10°

For a cuvette with a path length of 1 ¢cm, absorbance = EM. 100 mM stock solutions of each
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)
Purchase a high grade of DMSO <!> (HPLC grade or 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 each
aliquot only once and then discard.

Dithiothreitol (DTT, 1 M)
Dissolve 3.09 g of dithiothreitol in 20 ml of 0.01 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-2H,0 to 800 ml of H,O. Stir vigorously on a magnetic stir-
rer. Adjust the pH to 8.0 with NaOH (~20 g of NaOH pellets<!> ). Dispense into aliquots
and sterilize by autoclaving. The disodium salt of EDTA will not go into solution until the
pH of the solution is adjusted to ~8.0 by the addition of NaOH.

EGTA (0.5 M, pH 8.0)
EGTA is ethylene glycol bis(B-aminoethyl ether) N,N,N',N -tetraacteic acid. A solution of
EGTA is made up essentially as described for EDTA above and sterilized by either autoclav-
ing or filtering. Store the sterile solution al room temperature.

Ethidium Bromide (10 mg/ml)
Add 1 g of ethidium bromide <!> to 100 ml of H,O. Stir on a magnetic stirrer for several
hours to ensure that the dye has dissolved. Wrap the container in aluminum foil or transfer
the solution 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 H,0 and autoclave the solution for 15 min-

utes at 15 psi (1.05 kg/em*) on liquid cycle.

Glycerol (10% v/v)
Dilute 1 volume of molecular-biology-grade glycerol in 9 volumes of sterile pure H.O.
Sterilize the solution by passing it through a prerinsed 0.22-um filter. Store in 200-ml
aliquots at 4°C.

IPTG (20% w/v, 0.8 M)
IPTG is isopropylthio-B-D-galactoside. Make a 20% solution of IPTG by dissolving 2 g of
IPTG in 8 ml of distilled H,O. Adjust the volume of the solution to 10 ml with H,O and
sterilize by passing it through a 0.22-pum disposable filter. Dispense the solution into 1-ml
aliquots and store them at —200C.

KCl (4 M)
Dissolve an appropriate amount of solid KCl in H,0, autoclave for 20 minutes on liquid cycle
and store at room temperature. Ideally, this solution should be divided into small (~100 ub
aliquots 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,O. Adjust the volume of the solution
to 100 ml with H,O. Sterilize the solution by passing it through a 0.22-pum filter, or by auto-
claving for 15 minutes at 15 psi (1.05 kg/cm?) on liquid cycle. Store the solution at 4°C.

MgCl,-6H,0 (1 M)
Dissolve 203.3 g of MgCl,-6H,0 in 800 ml of H,0. Adjust the volume to 1 liter with H,O.
Dispense into aliquots and sterilize by autoclaving. MgCl, is extremely hygroscopic. Buy small
bottles (e.g., 100 g) and do not store opened bottles for long periods of time.

MgSO, (1 M)
Dissolve 12 g of MgSO, in a final volume of 100 ml of H,O. Sterilize by autoclaving or fil-
ter sterilization. Store at room temperature.

Maltose (20% w/v)
Dissolve 20 g of maltose in a final volume of 100 ml of H,O and sterilize by passing it
through a 0.22-um filter. Store the sterile solution at room temperature.

NaOH (10 N)
The preparation of 10 N NaOH <!> involves a highly exothermic reaction, which can cause
breakage of glass containers. Prepare this solution with extreme care in plastic beakers. To
800 ml of H,O, slowly add 400 g of NaOH pellets <!>, stirring continuously. As an added
precaution, place the beaker on ice. When the pellets have dissolved completely, adjust the
volume to 1 liter with H,O. Store the solution in a plastic container at room temperature.
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 with H,O. Dispense
into aliquots and sterilize by autoclaving. Store the NaCl solution at room temperature.
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PEG 8000
Working concentrations of PEG <!> range from 13% to 40% (w/v). Prepare the appropri-
ate concentration by dissolving PEG 8000 in sterile H,O, warming if necessary. Sterilize the
solution by passing it through a 0.22-um filter. Store the solution at room temperature.

Polyethylene glycol (PEG) is a straight-chain polymer of a simple repeating unit H(OCH, CH,), OH. PEG
is available in a range of molecular weights whose names reflect the number (n) of repeatlng 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, including:

* Precipitation of DNA molecules 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 1975a,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 al. 1970).

¢ Increasing the efficiency of reassociation of complementary chains of nucleic acids during hybridiza-
tion, blunt-end ligation of DNA molecules, and end-labeling of DNA with bacteriophage T4 polynu-
cleotide kinase (Zimmerman and Minton 1993; please see the information panel on CONDENSING
AND CROWDING REAGENTS in Chapter 1).

e Fusion of cultured cells with bacterial protoplasts (Schaffner 1980; Rassoulzadegan et al. 1982).

Potassium Acetate (5 M)

5 M potassium acetate 60 ml
glacial acetic acid <!> 11.5 ml
H,0 28.5 ml

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 sodium lauryl sulfate. Dissolve 200 g of electrophoresis-grade SDS <!> in 900
ml of H,0. 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 HC| <!>. Adjust the volume to
I liter with H,O. Store at room temperature. Sterilization is not necessary. Do not 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-3H,0 in 800 ml of H,O. 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 liter
with H,0. Dispense into aliquots and sterilize by autoclaving.

Spermidine (1 M)
Dissolve 1.45 g of spermidine (free-base form) in 10 ml of deionized H,0 and sterilize by
passing it through a 0.22-um filter. Store the solution in small ahquots at —=20°C. Make a
fresh stock solution of this reagent every month.
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SYBR Gold Staining Solution
SYBR Gold <!> (Molecular Probes) is supplied as a stock solution of unknown concentra-
tion in dimethylsulfoxide. Agarose gels are stained in a working solution of SYBR Gold,
which is a 1:10,000 dilution of SYBR Gold nucleic acid stain in electrophoresis buffer.
Prepare working stocks of SYBR Gold daily and store in the dark at regulated room tem-
perature. For a discussion of staining agarose gels, please see Chapter 3, Protocol 2.

Trichloroacetic Acid (TCA; 100% solution)
To a previously unopened bottle containing 500 g of TCA <!>, add 227 ml of H,O. The
resulting solution will contain 100% (w/v) TCA.

X-gal Solution (2% w/v)
X-gal is 53-bromo-4-chloro-3-indolyl-B-D-galactoside. Make a stock solution by dissolving
X-gal in dimethylformamide <!> at a concentration of 20 mg/ml solution. Use a glass or
polypropylene tube. Wrap the tube containing the solution in aluminum foil to prevent
damage by light and store at ~20°C. It is not necessary to sterilize X-gal solutions by filtra-
tion. Please see the information panel on X-GAL in Chapter 1.
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FIGURE A1-1 Periodic Table

Numbers in parentheses are the mass numbers of the most stable isotope of that element.
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_REAGENTS AND BUFFERS INDEX

2 Annealing buffer, A1.20

Acids and bases, general, A 1.6

Acnvlamide solution, A1.23

Actinomyein D, AL25

Adenosine diphosphate (ADP), A1.25

Alkaline agarose gel electrophoresis
butter, ALL7

Alkaline gel loading buffer, A1.18

Alkaline lysis solution 1 (plasmid prepa-
ration, Al.l6

Alkaline lvsis solution 11 {plasmid prepa-
ration), Al.16

Alkalinie lysis solution 1T ( plasmid
preparation), Al.16

Alkaline transfer buffer (for alkaline
transter of DNA to nylon mem-
branes, A1.12

Ammonium acetate, A1.23

Ammonium persulfate, A1.25

Amplification butfer, A1.9

ATP AL2S

Bacteriophage T4 DNA ligase buffer,
ALY

Bacteriophage T4 DNA polymerase
bufter, A1.10

Bacteriophage T4 polvnucleotide kinase
buffer, A1.10

BAL 31 butter, AL10

Blocking agents, general, A1.14

Blocking buffer (TNT butfer containing
a blocking agent), A1.12

BLOTTO, ALLS

BPTE clectrophoresis buffer, A1.17

Bromophenol blue solution, A1.18

Bromophenol blue sucrose solution,
ALLTY

Calcium chlovide, CaCl,, A1.25
Church bufter, A1.12
Coomassie staining solution, A1.26
Cresol red solution, A1.19

Denaturation solution (for neutral
transfer, double-stranded DNA tar-
sets only, ALLL2

Denhardt's reagent, A1.15

Deoxyribonucleoside triphosphate

dANTPs), Al.26

Dephosphorylation buffer, for use with
CIPALTO

Dephosphorylation bufter, for use with
SAPALTO

Dimethvlsulfoxide (DMSO), A1.26

Dithiothreitol (IDTT), A1.26

DNase 1 dilution buffer, A1.9

FeoRT methvlase bufter, A1.10
EDTAAL26

FGTALALL2G

Elution buffer (Qiagen), A1.20
Fthidium bromide, A1.26
Exonuclease 11 buifer, A1.10

Formaldehyde gel-loading buffer, A1.19
Formamide loading buffer, A1.19
Formamide, delonization of, A1.24

Gel loading buffers, 6x, A1.18
Gelatin, A1.27

Glycerol, A1.27

Glyoxal, deionization of, A1.24
Good buffers, general, A1.3

HCL, AL.12

Hybridization buffer with formamide
(for RNA), AL.13

Hybridization buffer without for-
mamide (for RNA), Al.13

IPTG (isopropylthio-B-D-galactoside),
Al1.27

KCl, A1.27

Klenow buffer, A1.10

KOH/methanol solution, A1.20

LB freezing buffer, A1.20
Linker kinase buffer, A1.11
Lithium chloride (LiCl), A1.27
Lysozyme, A1.8

Lyticase, A1.8

Maltose, A1.27

MgCl,~CaCl, solution, A1.21
MgCl.6H,O solution, A1.27
MgsO,, Al.27

MOPS electrophoresis buffer, A1.18

NaCl (sodium chloride), A1.27

NaOH, Al1.27

Neutralization buffer I (for transfer of
DNA to uncharged membranes,
Al13

Neutralization buffer 11 (for alkaline
transfer of DNA to nylon mem-
branes, A1.13

Neutralizing solution (for neutral trans-
fer, double-stranded DNA targets
only), A1.13

Nuclease S1 digestion buffer, A1.11

P3 bufter (Qiagen), Al.21

Pancreatic DNase [, A1.8

Pancreatic RNase, A1.8

PEG 8000, A1.28

PEG-MgCl, solution, A1.21

Phenol, A1.23
equilibration of, A1.23

Phenol:chloroform:Isoamyl alcohol
(25:24:1), A1.23

Phasphate buffers, Gomori, A1.5

Phosphate-buffered saline (PBS), A1.7

Polymerase dilution buffer, A1.9

Potassium acetate, A1.28

Prehybridization solution (for dot, slot,
and northern hybridization), A1.13

Prehybridization/hybridization solution
{for hybridization in aqueous buffer,
Al.13

Prehvbridization/hybridization solution
{for hybridization in formamide
buffers, A1.13

Prehvbridization/hybridization solution
(for hybridization in phosphate-SDS
buffer), Al.14

Prehvbridization/hybridization solution
(for plaque/colony lifts), A1.13

Proteinase K, AL.8

Proteinase K buffer, A1.11

QBT buffer (Qiagen), A1.21

Radioactive ink, A1.21

Reverse transcriptase buffer, A1.11
RNA gel-loading buffer, A1.19
RNase H buffer, Al.11

SDS, A1.28

SDS gel-loading buffer, A1.20
SDS-EDTA dye mix, A1.20
Sephacryl equilibration buffer, A1.21
Sequenase dilution buffer, A1.9
Silver stain, see staining section, A1.28
SM, A1.21

SM plus gelatin, Al.2}

Sodium acetate, A1.28

Sorbitol buffer, A1.21

Spermidine, A1.28

SSC, Al.14

SSPE, Al.14

STE, A1.22

STET, Al.16

SYBR Gold staining solution, A1.29

TAE, Al.16

TAFE gel electrophoresis buffer, A1.18

Taq dilution buffer, A1.9

TBE, Al.17

TEN buffer, A1.22

Terminal transferase buffer, Al.11

Terminal transferase (tailing) buffer,
Al.ll

TES, A1.22

TPE, AlL.17

Trichloroacetic acid (TCA), A1.29

Tris buffers, general, Al.2

Tris Cl, AL7

Tris EDTA (TE), AL.7

Tris magnesium buffer (TM), A1.8

Tris-buffered saline (TBS), A1.8

Tris-glycine, A1,17

Tris-sucrose, A1.22

Triton/SDS solution, A1.22

Typsin, A18

Universal KGB (restriction endonuclease
buffer), Al.12

Wash buffer (Qiagen), A1.22
X-gal solution, A1.29

Yeast resuspension buffer, A1.22
Zymolvase 5000, A1.8
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LIQUID MEDIA FOR E. COLI

GYT Medium

LB Medium (Luria-Bertani Medium)
M9 Minimal Medium

NZCYM Medium

NZYM Medium

NZM Medium

SOB Medium

SOC Medium

Terrific Broth (TB)

2x YT Medium

MEDIA CONTAINING AGAR OR AGAROSE

STORAGE MEDIA
Liquid Cultures
Stab Cultures

ANTIBIOTICS

SOLUTIONS FOR WORKING WITH BACTERIOPHAGE X

Maltose
SM
™

MEDIA FOR THE PROPAGATION AND SELECTION OF YEAST

CM or SC and Drop-out Media
Drop-out Mix

Supplemented Minimal Medium (SMM)
Synthetic Dextrose Minimal Medium (SD)

X-Gal Indicator Plates for Yeast

X-Gal Plates for Lysed Yeast Cells on Filters

YPD (YEPD) Medium

A2
A3

A23

A2 4
]

Al

A2.5

A2.1
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LIQUID MEDIA FOR E. COLI

A IMPORTANT Use distilled deionized H,O in all recipes. Unless otherwise stated, sterile media can be
stored at room temperature.

GYT Medium (Tung and Chow 1995)
10% (v/v) glycerol
0.125% (w/v) yeast extract
0.25% (w/v) tryptone

Sterilize the medium by passing it through a prerinsed 0.22-um filter. Store in 2.5-ml
aliquots at 4°C.

LB Medium (Luria-Bertani Medium)

Per liter:
To 950 ml of deionized H,0, add:
tryptone 10g
yeast extract 5¢g
NaCl 10g

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH (~0.2 ml).
Adjust the volume of the solution to 1 liter with deionized H,O. Sterilize by autoclaving for
20 minutes at 15 psi (1.05 kg/cm?) on liquid cycle.

M9 Minimal Medium
Per liter:
To 750 ml of sterile H,O (cooled to 50°C or less), add:
5% M9 salts* 200 ml
I M MgSO, 2ml
20% solution of the appropriate
carbon source (e.g., 20% glucose) 20 ml
1 M CaCl, 0.1 ml
sterile deionized H,0 to 980 ml

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

*5x M9 salts is made by dissolving the following salts in deionized H,0 to a final volume of 1 liter:

Na,HPO - 7H,0 6dg
KH,PO, I5g
NaCl 25g
NH,CI 50g

Divide the salt solution into 200-ml aliquots and sterilize by autoclaving for 15 minutes at 15 psi
(1.05 kg/em?) on liquid cycle.

Prepare the MgSO, and CaCll, solutions separately, sterilize by autoclaving, and add the solutions
after diluting the 5x M9 salts to 980 ml with sterile H,0. Sterilize the glucose by passing it through
a 0.22-pm filter before it is added to the diluted M9 salts,

When using E. coli strains that carry a deletion of the proline biosynthetic operon [A(lac-proAB)]
in the bacterial chromosome and the complementing proAB genes on the F* plasmid, supplement
the M9 minimal medium with the following:

0.4% (w/v) glucose (dextrose)
5 mM MgSO,-7H,0
0.01% thiamine
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NZCYM Medium
Per liter:
To 950 ml of deionized H,0, add:

NZ amine 10¢g
NaCl 5¢
veast extract S5g
casamino acids lg
Mgs0O,-7H,0 2g

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH (~0.2 ml).
Adjust the volume of the solution to 1 liter with deionized H, 0. Sterilize by autoclaving for
20 minutes at 15 psi (1.05 kg/cm?) on liquid cycle.
NZamine: Casein hydrolysate enzymatic (ICN Biochemicals). NZCYM, NZYM, and N7\t are also
available as dehydrated media from BD Biosciences.

NZYM Medium
NZYM medium is identical to NZCYM medium, except that casamino acids are omit-
ted.

NZM Medium
NZM medium is identical to NZYM medium, except that veast extract is omitted.

SOB Medium
Per liter:
To 950 ml of deionized H,0, add:

tryptone 20¢g
veast extract 5g
Na(ll 05¢g

Shake until the solutes have dissolved. Add 10 ml of a 250 m1 solution of KCL. (This solu-
tion is made by dissolving 1.86 g of KCI in 100 ml of deionized H,0.) Adjust the pH of the
medium to 7.0 with 5 N NaOH <!> (~0.2 ml). Adjust the volume of the solution to 1 liter
with deionized H,O. Sterilize by autoclaving for 20 minutes at 15 psi (1.05 kg/cm?) on liq-
uid cycle. Just before use, add 5 ml of a sterile solution of 2 A1 MgCl,. (This solution is made
by dissolving 19 g of MgCl, in 90 ml of deionized H,0. Adjust the volume of the solution
to 100 ml with deionized I:IZO and sterilize by autoclaving for 20 minutes at 15 psi [1.03
kg/cm-=] on liquid cycle.)

SOC Medium
SOC medium is identical to SOB medium, except that it contains 20 m:I glucose. After the
SOB medium has been autoclaved, allow it to cool to 60°C or less. Add 20 ml of a sterile
I' M solution of glucose. (This solution is made by dissolving 18 g of glucose in 90 ml of
deionized H,O. After the sugar has dissolved, adjust the volume of the solution to 100 ml
with deionized H,0 and sterilize by passing it through a 0.22-pm filter.)
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Terrific Broth (also known as TB; Tartof and Hobbs 1987)

Per liter:
To 900 ml of deionized H,0, add:
tryptone 12 ¢
yeast extract 24 ¢
glycerol 4 ml

Shake until the solutes have dissolved and then sterilize by autoclaving for 20 minutes at 15
psi (1.05 kg/cm?) on liquid cycle. Allow the solution to cool to 60°C or less, and then add
100 ml of a sterile solution of 0.17 M KH,PO,, 0.72 M K,HPO,. (This solution is made by
dissolving 2.31 g of KH,PO, and 12.54 g of K HPO, in 90 ml of deionized H,0. After the
salts have dissolved, adjust 1he volume of the SOlUthH to 100 ml with deionized H, ,O and
sterilize by autoclaving for 20 minutes at 15 psi [1.05 kg/cm?] on liquid cycle.)

2x YT Medium

Per liter:
To 900 ml of deionized H,0, add:
tryptone l6g
yeast extract 10 g
NaCl 5g

Shake until the solutes have dissolved. Adjust the pH to 7.0 with 5 N NaOH <!> Adjust the
volume of the solution to 1 liter with deionized H, 0. Sterilize by autoclaving for 20 minutes
at 15 psi (1.05 kg/em?) on liquid cycle.
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MEDIA CONTAINING AGAR OR AGAROSE

A IMPORTANT Use distilled deionized H,O in all recipes.

Prepare liquid media according to the recipes given above. Just before autoclaving, add one of the

following:
Bacto Agar (for plates) 15 g/liter
Bacto Agar (for top agar) 7 glliter
agarose (for plates) 15 g/liter
agarose (for top agarose) 7 g/liter

Sterilize by autoclaving for 20 minutes at 15 psi (1.05 kg/cm”) on liquid cycle. When the medium
is removed from the autoclave, swirl it gently to distribute the melted agar or agarose evenly
throughout the solution. Be careful! The fluid may be superheated and may boil over when
swirled. Allow the medium to cool to 50-60°C before adding thermolabile substances (c.g.,
antibiotics). To avoid producing air bubbles, mix the medium by swirling. Plates can then be
poured directly from the flask; allow ~30-35 ml of medium per 90-mm plate. To remove bubbles
from medium in the plate, flame the surface of the medium with a Bunsen burner before the agar
or agarosc hardens. Set up a color code (¢.g., two red stripes for LB-ampicillin plates; one black
stripe for LB plates, etc.) and mark the edges of the plates with the appropriate colored markers.

When the medium has hardened completely, invert the plates and store them at 4°C until
needed. The plates should be removed 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 drops on the
agar/agarose surface, it allows bacterial colonies or bacteriophage plaques to spread and increas-
es the chances of cross-contamination. This problem can be avoided by wiping off the condensa-
tion from the lids of the plates and then incubating the plates for several hours at 37°C in an
inverted position before they are used. Alternatively, remove the liquid by shaking the lid with a
single, quick motion. To minimize the possibility of contamination, hold the open plate in an
inverted position while removing the liquid from the lid.
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'STORAGE MEDIA

ANTIBIOTICS

A IMPORTANT Use distilled deionized H,O in all recipes.

Liquid Cultures
Bacteria growing on plates, or in liquid culture, can 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-
rial strains may be stored in LB freezing buffer:

LB freezing buffer:
36 mM K,HPO, (anhydrous)
13.2 mM KH,PO,
1.7 mM sodium citrate
0.4 mM MgS0,-7H,0
6.8 mM ammonium sulfate
4.4% (v/v) glycerol
in LB

LB freezing buffer (Zimmer and Verrinder Gibbins 1997) is best made by dissolving the salts
in 100 ml of LB to the specified concentrations. Measure 95.6 ml of the resulting solution
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-um disposable Nalgene filter. For more information on
storage of bacterial cultures, please see Appendix 8.

Stab Cultures
Prepare stab cultures in glass vials (2-3 ml) with screw-on caps fitted with rubber gaskets.
Add molten LB agar until the vials are two-thirds full. Autoclave the partially filled vials
(with their caps loosely screwed on) for 20 minutes at 15 psi (1.05 kg/cm?) on liquid cycle.
Remove the vials from the autoclave, let them cool to room temperature, and then tighten
the caps. Store the vials at room temperature until needed.

TABLE A2-1 Commonly Used Antibiotic Solutions

WORKING CONCENTRATION

STOCK SOLUTION? STRINGENT RELAXED
CONCENTRATION STORAGE PLASMIDS PLASMIDS
Ampicillin 50 mg/ml in H,0 -200C 20 ug/ml 50 ug/ml
Carbenicillin 50 mg/ml in H,0 =20°C 20 pg/ml 60 pg/ml
Chloramphenicol 34 mg/ml in ethanol -20°C 25 ug/ml 170 pug/ml
Kanamycin 10 mg/ml in H,0 -20°C 10 pg/ml 50 pg/ml
Streptomycin 10 mg/ml in H,O =20°C 10 pg/ml 50 pg/ml
Tetracycline® 5 mg/ml in ethanol ~20°C 10 pg/ml 50 pg/ml

Magnesium ions are antagonists of tetracycline. Use media without magnesium salts (e.g., LB medium) for selection of bac-
teria resistant to tetracycline.

“Sterilize stock solutions of antibiotics dissolved in H,0 by filtration through a 0.22-um filter.

“Antibiotics dissolved in ethanol need not be sterilized. Store solutions in light-tight containers.




TABLE A2-2 Antibiotic Modes of Action

Antibiotics  A2.7

MoLECULAR
ANTIBIOTIC WEIGHT MobE OF ACTION FURTHER INFORMATION
Actinomyein €, 12554 Inhibits synthesis of RNA by binding to double-stranded
ractinomycin 1) DNA,
Amphaotericin 9241 Broad-spectrum antifungal agent from Streptomyces.
Ampicillin 349.4 Inhibits cell-wall synthesis by interfering with peptido-  Please see the information pancl
glycan cross-linking. on AMPICILLIN AND
CARBENICILLIN at the end of
Chapter 1.
Bleomyein n.a. Inhibits DNA synthesis; cleaves single-stranded DNA.
Carbenicillin 4224 Inhibits bacterial wall synthesis.
idisodium salt)
Chloramphenicol 323 Inhibits translation by blocking peptidyl transferase Please see the information panel
on the 505 ribosomal subunit; at higher concentrations  on CHLORAMPHENICOL at
can inhibit eukaryotic DNA svnthesis. the end of Chapter 1.
Gieneticin (G418 6927 Aminoglycoside is toxic to a broad range of cell types
geneticin disulfates (bacterial, higher plant, yeast, mammaliam, protozoans,
helminths); used in selection of eukaryotic cells trans-
formed with neomycin resistance genes.
Gentamyein 692.7 Inhibits protein synthesis by binding to Lé protein of the
505 ribosomal subunit.
Hygromyein B 527.5 Inhibits protein synthesis.
Kanamycin 582.6 Broad-spectrum antibiotic; binds to 708 ribosomal sub-  Please sce the information panel
monosulfate unit and inhibits growth of gram-positive and gram- on KANAMYCINS at the end of
negative bacteria and mycoplasmas. Chapter 1.
Methotrexate 454.45 A folic acid analog; a powerful inhibitor of the enzyme
dihydrofolate reductase.
Mitomvein € 33433 Inhibits DNA synthesis; antibacterial to gram-positive,
gram-negative, and acid-fast bacilli.
Neomyein B sulfate 908.9 Binds to 308 ribosomal subunit and inhibits bacterial
protein svnthesis.
Novobiocin sodium salt 634.62 Bacteriostatic antibiotic; inhibits growth of gram-positive
bacteria.
Penicillin G sodium salt 356.4 [nhibits peptidoglycan synthesis in bacterial cell walls.
Puromycin 5444 Inhibits protein synthesis by acting as an analog of amino-
dihydrochloride acyl tRNA (causes premature chain termination).
Ritampicin 823.0 Strongly inhibits prokaryotic RNA polymerase and
mammalian RNA polymerase to a lesser degree.
streptomyein sulfate 1437 .4 Inhibits protein synthesis; binds to 308 ribosomal subunit.
Tetracvddine hvdrochloride 480,99 Inhibits bacterial protein synthesis; blocks ribosomal Please see the information panel

on TETRACYCLINE at the end
of Chapter 1.

binding of aminoacyl-tRNA.

T indicates not available,
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SOLUTIONS FOR WORKING WITH BACTERIOPHAGE A

A IMPORTANT Use distilled deionized H,O in all recipes.

Maltose

SM

™

Maltose, an inducer of the gene (lamB) that encodes the bacteriophage A receptor, is often
added to the medium during growth of bacteria that are to be used for plating bacterio-
phage A. Add 1 ml of a sterile 20% maltose solution for every 100 ml of medium. For a fur-
ther discussion of the use of maltose, please see the Materials list in Chapter 2, Protocol 1.
Make up a sterile 20% stock solution of maltose as follows:

maltose 20g

H,0 to 100 ml

Sterilize the solution by passing it through a 0.22-um filter. Store the sterile solution at room
temperature.

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

NaCl 58¢
MgS0,:7H,0 2g
1 M Tris-Cl (pH 7.5) 50 ml
2% gelatin solution 5 ml
H,0 to 1 liter

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

A 2% gelatin solution is made by adding 2 g of gelatin to a total volume of 100 ml of H,0 and
autoclaving the solution for 15 minutes at 15 psi (1.05 kg/cm?) on liquid cycle.

Per liter:
I M Tris-Cl (pH 7.5) 50 ml
MgS0,-7H,0 2g
H,0 to 1 liter

Sterilize the buffer by autoclaving for 20 minutes at 15 psi (1.05 kg/cm?) on liquid cycle.
After the solution has cooled, dispense 50-ml aliquots into sterile containers. TM may be
stored indefinitely at room temperature.
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MEDIA FOR THE PROPAGATION AND SELECTION OF YEAST*

A CAUTION Please see Appendix 12 for appropriate handling of materials marked with <!>,
A IMPORTANT Use distilled deionized H,O in all recipes. Unless otherwise stated, media and solutions

are sterilized by autoclaving at 15 psi (1.05 kg/cm*) for 15-20 minutes.

Complete Minimal (CM) or Synthetic Complete (SC) and Drop-out Media
To test the growth requirements of strains, it is useful to have media in which cach of the
commonly encountered auxotrophics is supplemented except the one of interest (drop-out
media). Dry growth supplements are stored premixed. CM (or SC) is a medium in which
the drop-out mix contains all possible supplements (i.e., nothing is “dropped out™).

veast nitrogen base without amino acids* 6.7¢g
glucose 20¢
Bacto Agar 20¢g
drop-out mix 2g
H,0 to 1000 ml

“Yeast nitrogen base without amino acids (YNB) is sold either with or without ammo-
nium sulfate. This recipe is for YNB with ammonium sulfate. If the bottle of YNB is lack-
ing ammonium sulfate, add 5 g of ammonium sulfate and only 1.7 ¢ of YNB.

Drop-out Mix
Combine the appropriate ingredients, minus the relevant supplements, and mix in a sealed
container. Turn the container end-over-end for at least 15 minutes; add a few clean marbles
to help mix the solids.

Adenine 05¢
Alanine 20¢
Arginine 20
Asparagine 20¢
Aspartic acid 20¢
Cysteine 20¢
Glutamine 20¢
Glutamic acid 20¢g
Glycine 20¢g
Histidine 20¢g
[nositol 20¢g
Isoleucine 20¢g
Leucine 10.0 ¢
Lysine 20¢g
Methionine 20¢
para-Aminobenzoic acid 02¢
Phenylalanine 20¢g
Proline 20¢g
Serine 20¢
Threonine 20¢
Tryptophan 20¢g
Tyrosine 20¢g
Uracil 20¢g
Valine 20¢

“Reprinted from Adams et al. (19981
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TABLE A2-3 Components of Supplemented Minimal Media

STOCK CONCENTRATION  VOLUME FOR 1 LITER OF FINAL CONCENTRATION  VOLUME OF STOCK TO

CONSTITUENT (G/100 ML) STOCK OF MEDIUM (ML) IN MEDIUM (MG/LITER)  SPREAD ON PLATE (ML)
Adenine sulfate 0.2° 10 20 0.2
Uracil 0.2¢ 10 20 0.2
I-Tryptophan 1 2 20 0.1
L-Histidine HCl 1 2 20 0.1
L-Arginine LiC 1 2 20 0.1
1-Methionine 1 2 20 0.1
L-Tyvrosine 0.2 15 30 0.2
I-Leucine 1 10 100 0.1
L-Isoleucine 1 3 30 0.1
1-Lasine HCI ] 3 30 0.1
L-Phenvlalanine 14 5 50 0.1
L-Glutamice acid & 10 100 0.2
1-Aspartic acid b 10 100 0.2
1-Valine 3 5 150 0.1
[-Threonine 4ab 5 200 0.1
| 8 5 400 0.1

-Serine

Store at room temperature.

Add after autoclaving the medium,

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, HCI salts of amino acids are preferred.

Prepare the medium by adding the appropriate volumes of the stock solutions to the
ingredients of SD medium and then adjusting the total volume to 1 liter with distilled H,0.
Add threonine and aspartic acid solutions separately to the medium after it is autoclaved.

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

Table A2-3 provides the 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 SD
plates, and the final concentration of each constituent in SMM.

Synthetic Dextrose Minimal Medium (SD)

SD 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* 6.7g
glucose 20¢g
Bacto Agar 20¢
H,0 1000 ml

*Please see note to recipe for CM on p. A2.9.

X-Gal Indicator Plates for Yeast

Because 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal <!>) does not work for yeast
at the normal acidic pH of SD medium, a medium at neutral pH medium is used. This
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choice is clearly a trade-oft as many yeast strains will not grow well at neutral pH. For each
liter of X-gal indicator plates, prepare the following solutions:

Solution 1

10x phosphate-buffered stock solution 100 ml
1000x mineral stock solution (see recipe below) 1 ml
drop-out mix (see Drop-out Mix above) 2¢

Adjust the volume to 450 m with distilled H, 0 if the medium is to contain glucose or to
400 mlif it is to contain galactose,

10X Phosphate-buffered Stock Solution

KFHLPO, (1 M) 136.1 g
(NH,),80, (0.15 \1) 19.8 g
KOH (0.75 N) <!> 121
H,0 1000 m!

Adjust the pH to 7.0 and autoclave.

1000x Mineral Stock Solution

Fe(il3 (2 mM) 32 mg
MgSO -7H,0 (0.8 p) 1972 g
H,O 100 ml

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

Solution IT
Mix in a 2-liter flask:
Bacto Agar 20g
H,0 500 ml

¢ Autoclave Solutions I and 11 separately.

¢ After cooling to below 65°C, add the following components to Solution I:
glucose or other sugar to a final
concentration of 2%
X-gal (20 mg/ml dissolved in
dimethylformamide <!>) 2 ml
100X vitamin stock solution 10 ml

* Include any other heat-sensitive supplements at this point.

¢ Mix Solutions I and II together and pour ~30 ml/plate.

100x Vitamin Stock Solution

thiamine (0.04 mg/ml) 4 mg
biotin (2 ug/ml) 0.2 mg
pyridoxine (0.04 mg/ml) 4 mg
inositol (0.2 mg/ml) 20 mg
pantothenic acid (0.04 mg/ml) 4 mg
H,0 100 ml

Sterilize by passing the solution through a 0.22-pm filter,
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X-Gal Plates for Lysed Yeast Cells on Filters
These plates are used for checking B-galactosidase activity in cells that have been lysed and
are immobilized on Whatman 3MM filters.

Bacto Agar 20¢g
1 M Na,HPO, 57.7 ml
1 M NaH,PO, 42.3 ml
MgSO, 025¢g
H,0 900 ml

After autoclaving, 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 10g
peptone 20g
glucose 20g
H,0 to 1000 ml

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




Appendix 3

Vectors and Bacterial Strains

TABLE A3-1 VECTORS A3
Plasmids/Phagemids A3.2
% Vectors A3.3
Mammalian Vectors A3.3
Yeast Vectors A3.4
Shuttle Vectors A3+
Other Vectors A3.5
TABLE A3-2 BACTERIAL STRAINS A3.6

A3l




O,

TABLE A3-1 Vectors

PLASMIDS/PHAGEMIDS

pACYC

pBC KS +/—

pBluescript 11

pBluescript SK- (Chapter 11,
Figure 11-7)

pBR313

pBR322 (Chapter 8,
Figure 8-11)

pBR327

pBS

pCR1000

pET series {Chapter 15)

pGEM series

pGEM T

PGEM-3Z (Chapter 17,
Figure 17-5)

pGEMZF

pGEX series

pMAL series (Chapter 15)
pMB1

pMBI1/colEl

pMOB45

pPCR-Script Direct
pSC101

pSE280

PSP18/19

pSPORT!

pTrx (Chapter 15)
pTrxFus (Chapter 15)
ptZ18

pUC vectors

pUC17

SUPPLIER

NEB

Stratagene
Stratagene
Stratagene

ATCC
Various (NEB)

ATCC
Stratagene

Invitrogen

Various (Novagen)
Promega

Promega

Promega

Promega

ATCC
NEB

ATCC
Stratagene
ATCC
Invitrogen

Life Technologies

Pharmacia, USB
Various
Stratagene

APPLICATION

SELECTION PROMOTERS
Cloning (low copy number) Kan, Amp
DNA sequencing; in vitro transcription Cam 13,717
DNA sequencing; in vitro transcription Amp T3, T7
Cloning; expression; in vitro transcription Amp 3,17
Cloning Amp
Molecular-weight markers; subcloning Amp/Tet
(low copy number)
Cloning Amp (derived pBR322)
DNA rescue; DNA sequencing; expression Amp T7,T3
of fusion proteins
Cloning Amp (derived pUC1Y)
Protein expression; protein purification Amp T7
DNA sequencing; in vitro mutagenesis T7/SP6
Cloning PCR products Amp T7/SPe
General cloning; in vitro transcription Amp
General cloning; in vitro transcription; Amp
production of single-stranded DNA
Cloning; GST fusion vector Amp Ptac
Protein expression Amp Ptac
Cloning Tet
Cloning Tet
Cloning Cam
Cloning Tet
Cloning Amp T7/SP6
cDNA cloning; in vitro transcription; and Amp T7/SPe6, lacl

subtraction library procedures

E. coli expression; thioredoxin fusion vector
E. coli expression; thioredoxin fusion vector
Cloning; mutagenesis; transcription
General cloning

General cloning

B-lactamase
B-lactamase
B/w screen
Amp

Amp

Ap,
Ap,

a4
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pUCH9 tChapter 1, Various General doning Amp
Figure 1-11)
pX1{3 ATCC Cloning Amp
pZLE {Chapter 11, Life Technologies Cloning: cONA expression; transeription Amp
Figure 11-9}
R6K AlTCC Cloning Amp
A VECTORS SuPPLIER APPLICATION CaraciTy FEATURES
A2001 ATCC Cloning (replacement vector) 10-23 kb Generates Spi C1 Gam
Int Red recombinants
ADASH Stratagence Genomic libraries: restriction mapping; 9-23 kb 1317 promoters
chromosome walking
A EMBL series Various Cloning; library construction Spi/P2 selection against non-
recombinants
AFIX Stratagene Genomic libraries; restriction mapping; 9-23 kb T3/1T7 promoters
. chromosome walking
Agt10 NEB, Stratagence ¢DNA Jibraries 7.6 kb Carries innnd34 ¢l (disrupted
by insertion)
Agtl1-23 Various {NEB, <DINA libraries 7.6 kb Fusion protein under
Stratagene) control of fuc promoter
AZAP Express Stratagene ¢DNA libraries 12 kb
AZipLox Life Technologies c¢DNA libraries 7 kb lac promoter; loxP sequences
©X174 NEB Best molecular-weight standard for nat
clectron microscopy
Charon 32-35 and 40 - Cloning recombinogenic sequences red gany’ recombinants
SurfZAP Stratagene Peptide display; expression; in vitro 13777, lac promoters
transcription
MAMMALIAN VECTORS SUPPLIER APPLICATION FEATURES
pBK-CMV {Chapter 11, Stratagene Construction of ¢DNA libraries - CMV promoter, 13/17 pn;n?}lcrs

Figure 11-8)

pB-gal series (Chapter 17,
Figure 17-5)

pCAT3 series {Chapter 17,
Figure 17-3)

pcDNA3.T (+/-) {Chapter 11,
Figure 11-13)

pUMVE,2,3,4,5,6

pCMVScript i Chapter 11,
Figure 11-12)

(Continued on the following pages.)

CLONTECH
Stratagene
Invitrogen
ATCC

Stratagenc

Expression: B-galactosidase reporter; analysis

of cloned regulatory elements

Expression: chloramphenicol acetyltransferase
reporter; analysis of cloned regulatory elements

High-level expression

Construction of ¢cDNA cxpression libraries; high-

fevel expression

Expression

SV40 carly promoter and enhancer

5V40 promoter and enhancer

CMV promoter, Neo selection

CMV promoter, SV40 carly promoter and enhancer

CMV immiediate carly promoter

$101034
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TABLE A3-1 (Continued)

MAMMALIAN VECTORS

SUPPLIER

APPLICATION

FEATURES

pCMV-SPORT-B-gal
{Chapter 16, Figure 16-2)

pd2EGFP series (Chapter 17,
Figure 17-13)

Life Technologics

CLONTECH

Reporter vector used to monitor transfection efficiency

Expression: GFP reporter; analvsis of cloned regulatory
elements

CMV promoter preceding the E. coli B-galactosidase
gene ’
SV40 early promoter and enhancer

pGL3 series (Chapter 17, Promega Expression: luciferase reporter; analysis of cloned SV40 early promoter and enhancer
Figure 17-4) regulatory elements
pIND(SP1)/V5-His A Invitrogen Inducible expression: ecdysone regulation; expression of Heat shock minimal and SV40 promoter; ecdysone/
{Chapter 17, Figure 17-10) target gene controlled by modified ecdysone {gluco- glucocorticoid response elements; SP1 enhancer
corticoid) receptor
pSPL3 (Chapter 11, Life Technologies Exon trapping Splice donor/splice acceptor sequences
Figure 11-17)
pTet-Splice {Chapter 17, Life Technologies Inducible expression: tetracycline regulation Tet promoter
Figure 17-9)
pTet-tTak (Chapter 17, Life Technologies Inducible expression: produces tetracycline trans-activator ~ Basal CMV promoter and Tet operator
Figure 17-9)
pVgRXR Invitrogen Inducible expression: ecdysone regulation; produces the RSV, CMYV, and SV40 promoters
modified ecdysone (glucocorticoid) receptor
YEAST VECTORS SUPPLIER APPLICATION SELECTION REGULATORY ELEMENTS
pB42AD (p]G-4) CLONTECH Two-hybrid selection: library construction of TRP1 GAL1 promoter
genes fused to the B42 activation domain
PEG202 OriGene, Two-hybrid selection: fusion of LexA DNA- HIS3 ADHI1 promoter
CLONTECH binding domain to bait
pGILDA CLONTECH Two-hybrid selection: fusion of LexA DNA- HIS3 GAL1 promoter
binding domain to bait
pRFHM1 OriGene Two-hybrid (control): nonactivating fusion of HIS3 ADHI promoter
bicoid homeodomain to LexA
pSH17-4 OriGene Two-hybrid (control): activating fusion of HIS3 ADHI promoter
GAL4 domain to LexA
YAC (e.g., pYAC4) (Chapter 4, ATCC, Sigma Artificial chromosome cloning vector Amp, ARSI Tetrahymena
Figure 4-12) telomere sequence
SHUTTLE VECTORS (REPLICATE
IN BOTH E. COLI AND
S. CEREVISIAE) SUPPLIER APPLICATION SELECTION REGULATORY ELEMENTS
YlIp (yeast integrating ATCC Plasmid must integrate into yeast Yeast: HIS3, TRP1, E. coli: pBluescript

plasmid; e.g., pRS303,
304, 305, 306)

chromosome to be maintained

LEU2, URA3,
respectively;

backbone (f1 +/—
origin; colEl origin)

E. coli: Amp

rey

SUIDAIS [DLI21IPG Pup SI0109A ¢ Xipuaddy




YO poveast centromere ATCC Mamntained w low copy number; Yeast: fHS3, TRPY, Yeast: low copy

plasmid; e pRS313, very stable propagation LEU2 URAS, number due to
31315, 316 respectivelys centromere £, coli
I coli: Amp pBluescript back-

bone (f1 /- origin;
colE origin)

YEp (yeast episomal ATCC High-copy-number propagation of Yeast: HIS3, TRPI,
plasmid; c.g., pRS323, cloned genes LEU2, URAS, . coli: pBlueseript
324, 325, 326) respectively; backbone (1 +/-

E. coli: Amp origin; colE1 origin)
YRp (yeast replicating ATCC Yeast genetic analysis

plasmid)

pIKI101 Origene Two hybrid selection: test in repression Yeast: URAS
assay E. coli: Amp

pSH18-34 (or OriGene, Invitrogen, “Two hybrid selection: test for Yeast: URA3

F & y

PMWILI1,112) CLONTECH transcriptional activation assay E. coli: Amp

{(pMW-Kan)

OTHER VECTORS SUPPLIERS APPLICATION SELECTION FEATURES

BAC (e.g., pBeloBAC1 1} NEB Genomic cloning: 120-300 kb Cam loxP, cosN sites
(Chapter 4, Figure 4-2)

Cosmid (e.g., SuperCost) Stratagene Genomic cloning: 30-45 kb Amp, Neo 13,17 promoters,
(Chapter 4, Figures 4-4
and 4-8) SV40 ori

Cosmid (c.g., p/B8) ATCC Genomic cloning: 30-45 kb Amp
(Chapter 4, Figure 4-7)

M13 (Phagescript SK) Stratagene Cloning; sequencing; mutagenesis T3, T7 promoters
(Chapter 3, Figure 3-1)

Pl (e.g., pADIGSacBIn - Genomic cloning: 70-100 kb Kan loxP sites
(Chapter 4, Figure 4-3)

PAC: (e.g., pCYPACL) - Genomic cloning: 130-150 kb Kan, sacB loxP sites

(Chapter 4, Figure 4-4)

The details of Table A3-1 have been assembled from various sources, including the American Type Culture Collection (ATTC) Web Site {(www.atcc.org), the Vector Database
(www.vectordb.ateg.com), and various company (supplier) Web Sites. Please note that vectors sold by different companies, cven with the same name, may vary slightlv. Figures for vectors that are
included in this manual are cited; for other vector figures, please see appropriate supplier,

. mdicates not available,

$40J207
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TABLE A3-2 Bacterial Strains

STRAIN

T1/18

BB4

BHB2688
BHB2690

BL21
(DE3 ak.a. “Origami”™)

BNNI102 (Co00hfIA)

C-la

€600 (BNN93)

CES200
CES201
CJ236

CSHI18

DE3 (Origami}
DHI

DHS

supk thi Atlac-proAB)

RELEVANT GENOTYPE

Fo{ProAB lack lacZ ANI1S)

SUPFS8 supEd4 hsdR514 galK2 ¢al122
trpR55 metBl tonA AlacU169
F' [ProAB* lacH lacZ AM15 Tn 10( tef 3]

(N205 recA [Ainmd34 Aclts b2 red Eam
Sam/i])

(N205 recA {Aimm434 clits b2 red Dam
Sam/Al)

hsdS gal (Wc1s857 indl Sam7 nins
lacUV5-T7 gene 1)

supEA4 hisdR thi-1 thre-1 leuB6 lacyl
tonA21 BfIAL50 {chrTni0 (tet'))

Wild-type strain

supkad hsdR thi-1 thr-1 leuB6 lacy!
tonA21l

sbeB15 recB21 rec22 hsdR
recA sbcB15 recB21 recC22 hsdR
dutl ungl thi-1 relA1/pCJ105{cam® )

supE thi A{lac-pro}
F [ProAB' lac/ ]

Please see BL21

sUpEA4 hsdR17 recAl endAl gyrA96
thi-1 relAl

supkdd hisdR17 recAl endAl gyrA96
thi-1 relAl

RemARKS

Asstrain used for growth of phagemids. The F'in this strain carries lac/ AMI5, which permits ¢-com-
plementation with the amino terminus of B-galactosidase encoded in AZAP. The strain makes high
levels of Lac repressor and can be used for inducible expression of genes that are under the control of
the fac promoter and for detection of recombinants expressing B-galactosidase fusion proteins
(Messing et al. 1977; Dente et al. 1983; Riither and Mller-Hill 1983 ).

A recA” strain used for growth of AZAP and other A bacteriophages. The F' in this strain car-

ries lucZ AM15, which permits a-complementation with the amino terminus of B-galactosidase
encoded in AZAP. The F” allows superinfection with an M13 helper bacteriophage, a step

required for converting a recombinant AZAP to a pBluescript plasmid (Bullock et al. 1987).

A bacteriophage A lysogen used to prepare packaging extracts (Hohn and Murray 1977; Hohn 1979).

A bacteriophage A lysogen used to prepare packaging extracts (Hohn and Murray 1977; Hohn 1979).

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 the bacteriophage ADE3, which is integrated into the chromosome of BL21 {Studier and
Moffatt 1986).

An AflA strain used to select Agt10 recombinants. The AfIA mutation suppresses plaque formation by
cl* bacteriophages but allows plaque formation by recombinant ¢I~ bacteriophages ( Young and Davis
1983a).

A wild-type clone of E. coli strain C that has been maintained on minimal medium for several years. E.

coli C is F~ and lacks host restriction and modification activity. It is a nonsuppressing host strain used
in complementation tests with amber mutants of bacteriophage A (Bertani and Weigle 1953; Borck et
al. 1976).

An amber suppressing strain often used for making lysates (Appleyard 1954) and for propagation of
Agt10 (Young and Davis 1983a).

A strain used for growth of Spi~ bacteriophages (Nader et al. 1985).

A recombination-deficient strain used for growth of Spi~ bacteriophages {Wyman and Wertman 1987).
A dut ung strain used to prepare uracil-containing DNA for use as templates in in vitro mutagenesis
(Kunkel et al. 1987). pCJ105 carries an F” and cam'; growth of CJ236 in the presence of chlorampheni-
col selects for retention of the F'.

An amber suppressing strain used to screen recombinants made in bacteriophage A vectors carrying a
lacZ gene in the stuffer fragments. These vectors give rise to blue plaques in the presence of the chro-
mogenic substrate X-gal; recombinants in which the stuffer fragment has been replaced by foreign
DDNA give rise to white plaques (Miller 1972; Williams and Blattner 1979).

A recombination-deficient amber suppressing strain used for plating and growth of bacteria trans—
formed by plasmids and cosmids (Low 1968; Meselson and Yuan 1968 Hanahan 1983).

A recombination-deficient amber suppressing strain used for plating and growth of plasmids and cos-
mids (Low 1968; Meselson and Yuan 1968; Hanahan 1983). This strain has a higher transformation
efficiency than DHI.
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DH3GMOR

DITOB
DHI11S8

DP30supF

ED8654
ED8767

HB101

HMS174

JMI101+

JM105

IM1070

IM 1Y

IMITT0

suplbd Macl 169 (o0

lacZ ANTLS) BsdRUT recAT end Al gyrAve
thi-1 relAl

Foncr A AUmrr-hsdRMS-micrBC)

o800 Alac/ ANIS (ANac/YA-

arglFlsuplidd hsdR1L7 recAl endAL gpraAse
thi-1 relAl

Alerrr=hsd RMS-11crBC) mcrA recal
Aflac-proAB) AlrecA1398)

Alrnrrr-hsd RMS-merBC merA deoR

rpsL srl)

FlproAB lack lac/ AM 5]

SUpE44 supFs8 hsdS3(r,m ) dapD8
lacY gliVad Algal-tyrBi47 1yr158
LYrAZ9 tonA A(thyA57)

supE supF hsdR merB lacY gal trpR

supE44 supF58 hsdS3(r, m, ) recA56
€alK2 ¢alT22 1metB31

supkd4 ltstz()(rB my ) recAl3 ara-14
proA2 lacYy galK2 rpst20 xyl-5 mitl-

recAl hsdR rif

supE thi Allac-proARB)

F [ tral»36 proAB" lack lac/ AMI15]
supE endA sbeB15 hsdR4 rpsi thi
Allac-proAB)

F' [traD36 proAB* lacl9 lacZ AM15]
supEd4 endAl hsdR17 gyrA96 relAl thi
Allac-proAB)

Fo{traD36 proAB' lack lac/ AM| 5}
recAl supbad endAl hsdR17 gyvrA96
relA1 thi Allac-proAB)

F' [traD36 proAB™ lack lacZ AM15|

dany dem supEAN hsdR17 thi leu rpsl.
lacY galK gall ara tonA thr tsx Allac-
proAB)

F lraD36 proAB* lack lucs AM15)

{Continued on following pages.)

A recombination-deficient amber suppressing strain used for plating and growth of plasmids and
BsdRI7 recAT end AT gyrA96 thi-1 relAT cosmids. The 080 fac/ AM I3 mutation permits ¢-comple-
mentation with the amino terminus of B-galactosidase encoded in pLC vectors (Hanahan 1983).

A host for pUC and other u-complementation vectors: used for generating genomic libraries contain-
ing methylated cytosine or adenine residues.

A recombination-defective strain used for the propagation of BACs.
A recombination-deficient strain used for growth of phagemids; the strain facilitates cloning of
methylated genomic DNA and enhances transformation by large plasmids (Lin et al. 1992).

A strain used for isolation and propagation of bacteriophage & recombinants (Leder et al. 1977; B.
Bachmann, pers. comm. ).

An amber suppressing strain commonly used to propagate bacteriophage A vectors and their recombi-
nants {Borck et al. 1976; Murray et al. 1977).

A recombination-deficient suppressing strain used for propagation of bacteriophage A vectors
(Murray et al. 1977).

An amber suppressing strain commonly used for large-scale production of plasmids. The hybrid
strain is isolated from an E coli K12 x E. coli B cross, and can be transformed efficiciently by plasmids
{Boyer and Roulland-Dussoix 1969; Bolivar and Backman 1979).

A recombination-deficient nonsuppressing strain used for high-level expression of genes cloned into
expression vectors containing bacteriophage T7 promoter. Bacteriophage T7 RNA polymerase is pro-
vided by infection with a bacteriophage A that carries bacteriophage T7 gene I (Campbell et al. 1978;
Studier and Moffatt 1986).

An amber suppressing F’ strain that will support growth of bacteriophage M 13 vectors (Messing
1979).

An amber suppressing F’ strain that will support growth of bacteriophage M13 vectors and will modi-
fy but not restrict transfected DNA {Yanisch-Perron et al. 1985). The F’ in this strain carried lacZ
AM15, which permits o-complementation with the amino terminus of B-galactosidase encoded in AZAP.
An amber suppressing F’ strain that will support growth of bacteriophage M13 vectors and will
modify but not restrict transfected DNA ( Yanisch-Perron et al. 1985). The ¥ in this strain carried lac/
AMI5, which permits «-complementation with the amino terminus of B-galactosidase encoded in AZAP,
An amber suppressing F’ recombination-deficient strain that will support growth of bacteriophage
M13 vectors and will modify but not restrict transfected DNA ( Yanisch-Perron et al. 1985). The F' in
this strain carried lacZ AM15, which permits a-complementation with the amino terminus of B-galac-
tosidase encoded in AZAP,

Ancamber suppressing Fstrain that will not methylate adenine in GATC sequences and will support
growth of bacteriophage M13 vectors (Yanisch-Perron et al. 19851, The 1 in this strain carried lue/
AMIS5, which permits v-complementation with the amino terminus of B-galactosidase encoded in AZAP.
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STRAIN
K802

KC8

KK2186

KW251

LE392
1690

M5219

MBM7014.5

MClo061
MM?264

MV 11844

MV1193

ReLEVANT GENOTYPE

stipk hsdR QﬂTi;safli )

hsdR leuBoOG trpCIS30 pyrF:I'ns
hisB463 lacA X74 strA gal U galK

supE sbeBYS5 IrsdR4 rpsl. thi Allac-
proAR)

F' [traid3e6 proAB' lacl lacZ AMIS]
supE hisdR micrB mierA rechd

supF44 supF58 hsdR514 galK2 galT22
rtetBY trpR35 lacYl

Allac-proAB)

lacZ 1pA rpsl (Rbio252 clts857 AHI)

hsdR2 micrBl 2fj202:/Tn 10 (tef") aral?139
araCU25am AlacU169

hsdR mcerB araD139 A(araABC-
lew)7697 AlacX74 galU galK rpsL thi

supEd44 hsdR endAl pro thi

ara A(lac-proAB) rpsL thi (080

lacZ AM15) Alsrl-recA)306:Tn 10 (tet)
F* [tral)36 proAB* facP lacZ AM15]
Allac-proAB) rpsL thi endA spcB15
hsdR4 A(sri-recA)306:Tn 0 (ief)

F' [1raD36 proAB* lack lacZ AM15]
LAlKA8attLABamN-N; , c1ts857A

H1 his ilv bio N* V

HsdR recBC sbcA

REMARKS

An amber suppressing strain used to propagate bacteriophage & vectors and their recombinants
(Wood 1966).

A strain for selective rescue of yeast plasmids carrying either the activation domain or DNA-binding
domain derived from a GAL4 or LexA two-hybrid screening. KC8 carries the trpC, leuB, and hisB
mutations that may be used for complementation with yeast TRPI, LEU2, and HIS3 wild-type mark-
ers. Note that the Tn5 transposon confers kanamycin resistance.

A strain that will support growth of vectors carrying amber mutations and will modify but not
restrict transfected DNA (Zagursky and Berman 1984).

A recombination-deficient strain that is permissive for vectors carrying amber mutations. Used tor
propagation of high-titer lysates of bacteriophage A. Will modify but not restrict DNA at EcoRI sites;
permits propagation of cytosine-methylated DNA.

An amber suppressing strain commonly used to propagate bacteriophage X vectors and their recombi-
nants. [.E392 is a derivative of ED8654 (Borck et al. 1976; Murray et al. 1977).

A strain from which JacZ is deleted that is used for detection of recombinants expressing B-galactosi-
dase fusion proteins {(Guarente and Ptashne 1981).

A strain used for regulated expression of genes cloned downstream from the bacteriophage  p, pro-
moter. It contains a defective A prophage that encodes the bacteriophage A ¢I#s857 repressor and N
protein, which is an antagonist of transcription termination (Remaut et al. 1981; Simatake and
Rosenberg 1981).

An merB strain used for construction of libraries in RORF8. Libraries are made with DNA treat-

ed with methylases to protect Hindlll and BasmHI sites. M Alul methylase is used to protect Hindl1il
sites since M HindHI methylase is not available commercially. This strain is defective in the restriction
system that recognizes Alul-methylated DNA sites (Raleigh and Wilson 1986).

An mcrB strain used for A\ORF8 primary libraries as described for the strain MBM7014.5 (Meissner et
al. 1987).

An amber suppressing strain used for large-scale production of plasmids. It is transformed efficiently
by plasmids (Meselson and Yuan 1968).

A recombination-deficient strain used to propagate phagemids pUCT18/pUC119 and to obtain single-
stranded copies of phagemids (Vieira and Messing 1987).

A recombination-deficient strain used to propagate phagemids pUC118/pUC119 and to obtain single-
stranded copies of phagemids (Zoller and Smith 1984, 1987).

A temperature-sensitive A-lysogenic strain used as a host for plasmids containing the bacteriophage A
P promoter {Nagai and Thogersen 1984},

A recombination-deficient strain used for growth of Spi” A bacteriophages; will modify but not
restrict DNA at EcoRl] sites (Arber et al. 1983).
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NMSA22

NM33)

NAA38
NM539

NM354

NS3516
NS3529
Q358
Q359
R594
RB791
RR1
SMR10

TAP9D

XL1-Blue

supd Ae proABY Atmcrl

lsdSA D5

L proAB lacki lae/ AN 5]

suplosupE hsd R trpR lacY recAL3 mietl
wal

Supl hsdR trpR lacy

supE hsdR lacy (P2cox)

AraD139 ¢alK galU hsd R2 (rK-Kin™)
recAL3 rpsL thi-1 Alara-leu) 7696
AacX74 F-

Cre parent of NS3529

recA merA ACmrr-lsd RMS-nicrBC)
(Rimm434 nind3X1-Cre)
(RimmiLPl)

supE hsdR 680"

supE hsdR ¢807 (P2)

LAIR2 ¢al122 vpsi i 79 lac

W3110 laclLg

supE44 hsdS20(r, m, ) ara-14 proA2
lacY1galK2 1psl20 xyl-5 mitl-1

I coli C (hcos2 AB xisl red3

gam am210 Hs857 nind Sam7/n)
supbdd supFs8 hsdR pro leul3 thi-1 rpsi
lacY1 tonAl recD1903:mini- fer

supE hsdA5 thi A{lac-proAB)

F' [1raD36 proAB* lacl¢ lacy AM15]
SUpE hsdAS thi Allac-proAB)
Alsrl-recA)306:Tn 10 (1ef)

F' 1traDD36 proAB lacl! luc/ AM15]
supE44 hsdR17 recAl endAl ¢yrAde thi
relAl lac

F {proAB™ lacli lacZ AM15 Tni0( tet'; |

(Contisnred on foltowing page.)

Astram deficient in moditication and restriction used for the arowth of phagemids; atfows enhanced
coning of methylated genomic DNA tGough and Murray 1983).

A recombination-deficient suppressing strain used for propagation of bacteriophage 7 vectors tArher
ctal. 19835

Astrain used for assay and propagation of bacteriophage & (Frischauf ot al. 1983,

Asstrain used for selection of Spi 2 bacteriophages. NM339 is a derivative of NAS38 (Frischauf ot al.
19835,

A strain used for plating an unamplified cosmid library for screening.

A Cre hoststrain used to prepare large quantities of recombinant DNA cloned in bacteriophage 1
{Sternberg ot al. 1994,

A host strain for preparing bacteriophage P1 libraries. The inmd3d4 prophage produces Cre constitu-
tively; the inima prophage produces the lacH repressor constitutively (Sternberg et al. 1994).

An amber suppressing host used for growth of bacteriophage A vectors (Karn et al. 1980).

Anamber suppressing host used to select Spi A recombinants (Karn et al. 1980).

A nonsuppressing strain used as a nonpermissive host for bacteriophage 2 vectors containing amber
or ochre mutations (Campbell 1965).

A strain that makes high levels of Lac repressor and is used for inducible expression of genes under
the control of the lac and tac promoters (Brent and Ptashne 1981).

A recA” derivative of HB101 that can be transformed with high efficiency (Bolivar et al. 1977; Peacock
et al. 1981; B. Bachmann, pers. comm.).

A bacteriophage A lysogen used to prepare packaging extracts (Rosenberg 1985),

Astrain used for production of high-titer bacteriophage & lysates. This restriction-deficient supk
supF strain has a mini-tef insertion in recD, which improves growth of Spi~ A bacteriophages
(Patterson and Dean 1987).

An EcoK™ derivative of JM101 that neither modifies nor restricts transfected DNA (Gibson 1984).

A recombination-deficient derivative of TG (M. Biggin, pers. comm. ),

A recombination-deficient strain that will support the growth of vectors carrying some amber muta-
tions, but not those with the Sam100 mutation {e.g., AZAP). Transfected DNA is modified but not
restricted. XL1-Blue is used to propagate 2ZAPII recombinants, which are unstable in BB4. The F* in
this strain allows blue white sereening on X-gal and permits superinfection with bacteriophage M13
{Bullock et al. 1987).
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STRAIN

RetevaNnT GENOTYPE

REMARKS

XL1-Blue MREF

X$101

XS§127

Y1089

Y1090hsdR

YK537

supbdd IisdR17 recAl end AL gyrAd6 thi
refAY lac ACnerAYI83 AUnaer CB-

lised SMR-mrry173

I ”’)'()/Ui' lack lacZ AM I35 T l0
(tet))

recAl hsdR rpoB331

F' [kan)

gyrA thi rpoB331 A(lac-proAB) argE
F* [#raD36 proAB* lacld lac7 AMI15]
aral)139 AlacU169 proAt Alon

rpsl IIAT150 [ chrIn 10 (tef )] PMC9

supF hsdR aral) 139 Alon AlacU169
rpsL trpC22:Tn 10 (tet) pMC9

supE44 hsdR hsdM recAl phoA8 leuB6
thi lacY rpsL20 galK2 ara-14 xyl-5 mil-1

A recombination-deficient strain that is permissive for growth of vectors carrving amber mutations.
Will modity but not restrict DNA at EcoRl sites; permits u-complementation of B-galactosidase i a
recA” strain (Jerpseth etal. 19925 Tt s resistant o tetracycline.

A recombination-deficient strain that modifies but does not restrict transfected DNA. It carries an
cpisome conferring resistance to kanamycin and is used for growth of phagemids (Levinson et al.
1984).

A strain used for growth of phagemids {Levinson et al. 1984).

A strain used for protein production from Agtl 1 and igt18-23 recombinants. Expression of the for-
cign protein is controlled by high levels of Lac repressor made by pMCY, which carries lacl,

Y1089 is deficient in the lon protease, which may enhance stability of the foreign proteins.

Lysogens are formed at a high frequency in this strain (Young and Davis 1983b).

A strain used for immunological screening of expression libraries and propagation of Agtll and
Agt18-23 (Young and Davis 1983b; Jendrisak et al. 1987). Expression of the foreign protein is con-
trolled by the high levels of Lac repressor made by pMC9, which carries facF. Detection of proteins
toxic to E. coli can be achieved by adding IPTG several hours after initiation of plaque formation.
Some proteins are unstable in E. coli. Y1090 AsdR is deficient in the lon protease, which may enhance
stability of antigens and facilitate antibody screening. The supF marker suppresses Sam100 to allow
cell lysis (Young and Davis 1983b).

A recombination-deficient suppressing strain used for regulated expression of genes cloned down-
stream from the phoA promoter (Oka et al. 1985).

*Strain JM103 {Messing ct al. 1981) is a restrictionless derivative of JM101 that has been used to propagate bacteriophage M13 recombinants. However, some cul
mutation (Felton 1983) and are lysogenic for bacteriophage P1 (which codes for its own restriction/modification system). JM

vectors. Strain KK2186 (Zagursky and Berman 1984} is genetically identical to M 103 except that it is nonlysogenic for bacteriophage P1.

"Strains JM106 and JM 108 are identical to IM107 and JM 109, respectively, except that they
be used to propagate plasmids. However, JM106 and JM 108 do not carry the laclé
tially toxic products encoded by

“Strains JM108 and ]

phage M13.

4The original strain of MV 1184, constructed by M. Volkert (pers. comm.), did not carry an F’ episome. However, the strain of MV

cpisome. [t is therefore advisable to check strains of MV 1184 on their arrival in the laboratory for their ability to support the growth of male-specific bacteriophages.

tivars of IM103 have lost the fisdR4
103 is therefore no longer recommended as a host for bacteriophage M13

do not carry an F’ episome. These strains will not support the growth of bacteriophage M13 but may
marker (normally present on the F episome) and are therefore unable effectively to suppress the synthesis of poten-
foreign DNA sequences cloned into plasmids carrying the /acZ promoter.
M108 are defective for synthesis of bacterial cell walls and form mucoid colonies on minimal media. This trait does not affect their ability to support the growth of bacterio-

1184 distributed by the Messing laboratory clearly carries an F-
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Appendix 4

Enzymes Used in Molecular Cloning

MODIFICATION/RESTRICTION SYSTEMS IN E. COLI

Methylating Enzymes in E. coli

dam Methyltransferase

dcm Methyltransferase
The Modification Component of Modification/Restriction Systems
Methylation-dependent Restriction Systems in E. coli
Modification of Restriction Sites by DNA Methylation
Influence of Methylation on DNA Mapping
Restriction Endonucleases

DNA POLYMERASES

DNA Polymerase | (Holoenzyme)

Large Fragment of DNA Polymerase | (Klenow Fragment)
Bacteriophage T4 DNA Polymerase

Bacteriophage T7 DNA Polymerase

Thermostable DNA-dependent DNA Polymerase

Reverse Transcriptase (RNA-dependent DNA Polymerase)
Terminal Transferase (Terminal Deoxynucleotidyl Transferase)

DNA-DEPENDENT RNA POLYMERASES

Bacteriophage SP6 and Bacteriophages T7 and T3 RNA Polymerases

LIGASES, KINASES, AND PHOSPHATASES

Bacteriophage T4 DNA Ligase

E. coli DNA Ligase

Bacteriophage T4 RNA Ligase

Thermostable DNA Ligases

Bacteriophage T4 DNA Polynucleotide Kinase
Alkaline Phosphatases

NUCLEASES

Ribonuclease H
Ribonuclease A (Pancreatic)

Preparation of RNase That ts Free of DNase
Ribonuclease T1




A4.2  Appendix 4: Enzymes Used in Molecular Cloning

Deoxyribonuclease | (Pancreatic) A4.40
Preparation of DNase That Is Free of RNase A4.42

BAL 31 Nuclease A4.43
Nuclease S1 Ad.46
Mung Bean Nuclease A4.47
Exonuclease 111 A4.47
Bacteriophage % Exonuclease A4.49
PROTEOLYTIC ENZYMES A4.50
Proteinase K A4.50
OTHER ENZYMES A4.51
Lysozymes A4.51
Agarase A4.51
Uracil DNA Glycosylase A4.51

Topoisomerase | A4.52

[,




Modification/Restriction Systems in k. coli A4.3

MODIFICATION/RESTRICTION SYSTEMS IN E. COLI

Modification of DNA is used by Escherichia coli to distinguish between its own genome and for-
cign DNAs introduced by bacteriophage infection, plasmid transter, or transfection. DNAs with
familiar patterns of methylation on adenosine or cytosine residues are immune to attack, where-
as unmethylated DNAs or DNAs with unfamiliar patterns of methylation are carmarked for
degradation by endogenous restriction enzymes.

Methylating Enzymes in E. coli

Wild-type strains of E. coli express DNA methyltransferases that transfer a methyl group from s-
adenosylmethionine to an adenine or cytosine residue within a defined target sequence.
Described below are several types of methylating enzymes.

dam Methyltransferase

In dani™ strains of E. coli, adenine residues embedded in the sequence *...GATC..." carry a methyl
group attached to the N atom (Hattman et al. 1978). More than 99% of these modified adenine
bases, which are found on both strands of the palindromic recognition sequence, are formed by
action of DNA adenine methylase, the product of the dam gene. DNA adenine methylase is a sin-
gle-subunit nucleotide-independent (type II) DNA methyltransferase that transters a methyl
group from S-adenosylmethionine to adenine residues in the recognition sequence
7..GATC....." (for review, please see Marinus 1987; Palmer and Marinus 1994). In E. coli, dan
methylation is required for efficient DNA mismatch repair, for accurate initiation of DNA repli-
cation at oriC, for segregation and partition of chromosomes carrying oriC, and for modulation
of gene expression (for review, please see Palmer and Marinus 1994). The transfer of a methyl
group to the N” atom of adenine places a bulky alkyl residue in the major groove of B-form DNA
and prevents cleavage in vitro by some restriction enzymes whose recognition sites contain the
sequence 7 .....GATC....." . By contrast, other restriction enzymes require methylation at -GATC-
residues to cleave DNA.

The recognition sites of several restriction enzymes (Pvul, BamHI, Bell, Belll, Xholl, Mbol,
and Sau3Al) contain this sequence, as do a proportion of the sites recognized by Clal (1 site in
4), Xbal (1 site in 16), Tagl (1 site in 16), Mboll (1 site in 16), and Hphl (1 site in 16). The inhi-
bition of Mbol digestion of prokaryotic DNA presents no practical problem because the restric-
tion enzyme Sau3Al recognizes exactly the same sequence as Mbol but is unaffected by dam
methylation. ( Note: Mammalian DNA is not methylated at the N position ot adenine, and thus,
cither Mbol or Sau3Al can be used effectively.) However, when it is necessary to cleave prokary-
otic DNA at every possible site with Clal, Xbal, Tagl, Mboll, or Hphl or to cleave it at all with Befl,
the DNA must be prepared from strains of E. coli that are dan (Backman 1980; Roberts et al.
1980; McClelland 1981).

Lists of restriction enzymes whose pattern of cleavage is affected by dan methylation have
been assembled by Kessler and Manta (1990) and McClelland and Nelson (1992); additional
information is available in the brochures of most commercial suppliers of enzymes and in a data-
base of restriction and modification enzyvmes (REBASE) that is accessible at rebase.neb.com/

rebase.

dcm Methyltransferase

dem introduces methyl groups at the C* position of the internal cytosine in the sequence
TLCCAGGL or 7LLCCTGG..Y and therefore prevents or suppresses cleavage by restriction
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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 EcoRIl
(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 strains of E. coli that are dem™ (Marinus 1973;
Backman 1980; Roberts et al. 1980). Certain other enzymes may cleave at sequences that partial-
ly overlap the modified dem recognition sequence. Detailed information on the methylation sen-
sitivity - of individual restriction enzymes is provided by the REBASE Web Site
(rebase.neb.com/rebase). demn” mutants of E. coli show no phenotype, and the biological signifi-
cance of dem methylation is obscure (for review, please see Palmer and Marinus 1994).

The Modification Component of Modification/Restriction Systems

e 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. Two of the polypep-
tides encoded by these genes (hsdM and hsdS) are needed to transfer methyl groups to the N
position of two adenines in the recognition sequence > AAC(N,)GTGC* (Kan etal. 1979). This
type of modification, which accounts for ~1% of N° adenine methylation in E. coli, protects
DNA against cleavage by the heterotrimeric EcoK restriction endonuclease (encoded by the
hsdRMS genes), a type [ 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 of E. coli used for molecular cloning carry mutations in the hsd genes.

o Type 1l modification/restriction systems. Classical (type II) modification/restriction systems
have two components, a restriction endonuclease and a DNA methyltransferase; 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 I modifica-
tion/restriction systems are monomers that transfer a methyl group to the 5-carbon of the
pyrimidine ring of cytosine, creating 5-methylcytosine. The catalytic mechanism of this reac-
tion involves nucleophilic attack on C® of 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-
cytosine (Wu and Santi 1987; for reviews, please see Kumar et al. 1994; Verdine 1994; Winkler
1994).

Contacts between type Il restriction enzymes and their recognition sequence involve amino
acids that are widely separated in the primary protein sequence, resulting in bending and kinking
of the target DNA (Kim et al. 1990; Winkler et al. 1993). Type 1T 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 of the enzyme. This flipping mechanism, which was first established
for M-Hhal (Klimasauskas et al. 1994), is believed to be universal among 5-methylcytosine trans-
ferases, all 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. coli K contains at least three different methylation-dependent restriction systems that recognize
different target sequences only when methylated: mrr (6-methyladenine [M6A]), mcrA (MCG
["™C = 5-methylcytosine]), and merB (PUMSC) (Raleigh and Wilson 1986; Heitman and Model
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1987; Raleigh et al. 1988). DNAs that are methylated at such sites are inefficiently cloned into
wild-type strains of E. coli (Whittaker et al. 1988). For example, human DNA, which is extensive-
ly methylated in vivo at ™CG, is restricted by mcrA. Nonrestricting strains of E. coli (Raleigh and
Wilson 1986; Raleigh et al. 1988) are therefore preferred for transformation and cloning of
methylated DNA.

M:-EcoRI methylase catalyzes the transfer of methyl groups from S-adenosyl L-methionine
(SAM) to the adenines marked with a star (*) in the EcoRI recognition sequence in ETTTC"
the figure at the right. The modification of adenine to 6-methylaminopurine pro- |c 11 A A G
tects the DNA from cleavage by EcoRI (Greene et al. 1975). —

Modification of Restriction Sites by DNA Methylation

For many of the type II restriction enzymes, a corresponding methylase has been isolated that
modifies the cognate recognition sequence and renders it resistant to cleavage. These methylases,
a number of which are available from commercial suppliers, are useful in a number of tasks in
molecular cloning. For example, in the construction of genomic DNA libraries (Maniatis et al.
1978), random fragments of genomic DNA generated by partial cleavage with the restriction
enzymes Alul and Haelll can be treated with M-EcoRI methylase prior to the addition of synthetic
EcoRI linkers. When the linkers attached to genomic DNA are subsequently digested with EcoRI,
the natural restriction sites within the genomic DNA are protected from cleavage. The same strat-
egy may be used to spare natural restriction sites when preparing double-stranded ¢DNA for
cloning.

Methylases can also be used to alter the apparent cleavage specificity of certain restriction
enzymes (Nelson et al. 1984; Nelson and Schildkraut 1987). These alterations are accomplished
in vitro by methylation of a subset of the sequences recognized by certain restric- [7 5 g ac
tion enzymes. Only the methylated subsets will be resistant to cleavage. For exam- |aTCcAAC
ple, the restriction enzyme HincIl recognizes the degenerate sequence GTPyPuAC g l I f’: 8
and will therefore cleave the four sequences shown at the right.

The M:Tagl methylase recognizes only the sequence TCGA and methylates the adenine
residue (McClelland 1981). The subset of HincIl recognition sequences that contains the internal
sequence TCGA will therefore be resistant to cleavage after methylation by M. Tagl, whercas the
other three recognition sequences will remain sensitive to Hincll.

A second class of overlapping methylation and restriction sites occurs at the boundaries of
the recognition sequences of a restriction enzyme and a methylase. For example, a BamHI site
(GGATCC) that happens to be preceded by CC or followed by GG partially overlaps a site
(CCGG) that can be methylated by the enzyme M-Mspl. Because M-Mspl methylates the 5 cyto-
sine of its recognition sequence (™CCGG), the BamHI site becomes methylated at an internal
cytosine residue (GGAT™CCGG) and therefore is resistant to cleavage by
BamHI. Another example is provided by Bgll and M-Haelll illustrated at
the left. As in the cases of HinclI/M-Tagl and BamHI/M-Mspl, the methy-
lation blocks the cleavage of a previously existing restriction site. Finally,
certain adenine methylases can be used in conjunction with the methylation-dependent restric-
tion enzyme Dpnl to produce highly specific cleavages at sequences &-12 bp in length
(McClelland et al. 1984; McClelland and Nelson 1987; Weil and McClelland 1989).

M.Haelll
IGCCNNNNNGGCIC
Bgl |

MsTaqgl methylase (*) X
TCGATCGA.. on both sites TCGATCGA
AGCTAGCT.. Lt AGCTAGCT
[ | E— | * [ A |
Taq | Taq | Dpn
site site site
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TABLE A4-1 Isoschizomer Pairs That Differ in Their Sensitivity to
Sequence-specific Methylation

ISOSCHIZOMER PAIRS?

METHYLATED SEQUENCEP CuT By Not Cur By
T™CCGGA Acclll BspMII
TC™CGGA Acclll BspMII
GGWCEMC Al Avall (Ecod71)
TCCGGMA BspMII Acclll
C™MCWGG BstNI (Mval) EcoRIl
GGTAC™C Kpnl Asp718]
CMCGG Mspl Hpall (Hapll)
CYCGG Mspl Hpall
GMATC Sau3Al (FnuEl) Mbol (Ndell)
TCGCG™ A Sbol3l Nrul
RGMATCY Xholl Ml
CCMCGGG Xmal (Cfr9l) Sinal

In each row, the first column lists a methylated sequence, the second column lists an isoschizomer
that cuts this sequence, and the third column lists an isoschizomer that does not cut this sequence.
For references, please see McClelland and Nelson (1988). (Reprinted, with permission, from
McClelland and Nelson 1988.)

*An enzyme is classified as insensitive to methylation if it cuts the methylated sequence at a rate
that is at least one tenth the rate at which it cuts the unmethylated sequence. An enzyme is classified
as sensitive to methylation if it is inhibited at least 20-fold by methylation relative to the unmethy-
lated sequence.

bSequences are in 5 =3  order. R= G or A;Y = Cor T; W = A or T; ™C = 4-methylcytosine,
"3 = 5-methylcytosine, and ™A — 6-methyladenine.

This example differs from those above in that the strategy creates 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 level and distribution of site-spe-
cific methylation in cellular DNA, for example, ™CG in mammals, ™CG and ™CNG in plants,
and G™ATC in enterobacteria ( Waalwijk and Flavell 1978; McClelland 1983; Bird et al. 1985).

Sensitivity to site-specific DNA methylation is clearly not limited to restriction enzymes but
is a property of DNA-binding proteins in general (see Sternberg 1985; Wang et al. 1986). ™C,
m3C, M3C, and ™A site-specific modification at “noncanonical” sites will block several type 11
methylases. The data are summarized in Table A4-2.

Influence of Methylation on DNA Mapping

Mammalian DNA contains ™C 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
CpG doublet is methylated in the majority of cells of a given population or in only a few of them.

Nearly all 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 Il DNA Methylases

NoT BLOCKED BLOCKED BY
BY PRIOR PrIOR
METHYLASE (SPECIFICITY)? MODIFICATION ATP MODIFICATION AT?
MeAll (AG™CT) AGMCT
MeBamHI (GGAT™CC) GGMCATCC GGATC™C
M-CProl (CAG™CTG) CAG™CTG
M-Clal (ATCG™MAT) MATCGAT
AT CGAT
MeCeiBIL (TCGM™A) TCGA
MeEcoRI (GAMATTC) GAATT™(C GMAATTC
MeEcoRIL (CMCWGG) C™MCWGHG
E. coli dam (G™ATC) GATM3CE
GATM™>C
M-FokIA (GGMATG) CATC™C CAT™(X
MeHhal (G"CGC) GCGMC
NM-Hhiall (G™ANTC) GANT™C
M-Hpall (C"SCGG) mCCGG
M-Hphl (T™CACC) GGTGMA
MeMbol (GMATCH GAT™(C
MeMboll (GAAG™ A) TMCTT™MC
MeAspl (MCCGG) CMCGG
AMeMyval (C™MCWGG) CMCWGG
MPrull (CAG™CTGY CAG™ TG
M-T2 dam (GMOATC) GATMAC
M-T4 dani (GMATC) GATMC
M- Tagl (TCG™0A) TMCGA

Reprinted, with permission, from McClelland and Nelson (1988). For references, please see
McClelland and Nelson (1988).

“Sequences are in 5 =3 order. W = A or 17 N = A or Cor G or T; ™C = d-methvlevtosine,
MG = 3-methyleytosing, "™ C = 5-hydroxvmethyleytosine, and ™A = 6-methyladenine.

"An enzyme is classified as insensitive to methylation if it methylates the methylated sequence at
arate that is at least one tenth the rate atwhich it methylates the unmethylated sequence. An enzyme
is classified as sensitive to methylation if it is inhibited at least 20-fold by methylation relative to the
unmethylated sequence.

“E. coli dam modifies GAT™C at a reduced rate.

fold less frequently in mammalian DNA than expected (Normore 1976; Setlow 1976: Shapiro
1976), restriction enzyme recognition sites that contain the CpG dinucleotide are extremely rare
(Lindsay and Bird 1987; McClelland and Nelson 1987). Furthermore, most of these dinucleotides
are methylated, and almost all enzymes with CpG in the recognition sequence fail to cleave
M CpG-methylated DNA (Nelson and McClelland 1987); for example, BspMIl, Clal, Cspl, Eagl,
Mlul, Nael, Narl, Notl, Nrul, Pvul, Rsrll, Sall, Xhol, and XorII are all sensitive to ™ CpG methy-
lation. Finally, methylation of CpG dinucleotides in preparations of mammalian DNA is rarelv
complete. This variability in methylation of sites that are recognized by rarely cutting restriction
enzymes can be a serious problem in mapping of mammalian DNAs by pulsed-field gel elec-
trophoresis. Among the known restriction enzymes suitable for generating very large fragments
of mammalian DNA, only a handful are capable of cleaving DNA modified at ™CpG doublets.
These include AccIll, Asull, Cfr9l, 8fil, and Xmal. Propagation of mammalian DNAs in E. coli will
free CpG dinucleotides from methylation. The pattern of cleavage of the same segment of mam-
malian genomic DNA will therefore differ in cloned and uncloned preparations,




A4.8

Appendix 4: Enzymes Used in Molecular Cloning

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 Caenorhabditis DNAs. Thus, the fragments produced by
digestion of these DNAs with rarely cutting restriction enzymes are less than half the size of those
produced from mammalian DNA (see 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 of DNA Fragments Generated by Cleavage with Restriction

Enzymes

ENZYME  SEQUENCE CEL DRO ECO HUM MUS  YSC XEL
Apal GGGCCC 40,000 6,000 15,000 2,000 3,000 20,000 5,000
Ascl GGCGCGCC 400,000 60,000 20,000 80,000 100,000 500,000 200,000
Aprll CCTAGG 20,000 20,000 150,000 8,000 7,000 20,000 15,000
BamHI GGATTC 9,000 4,000 5,000 5,000 4,000 9,000 5,000
Bell GCCN.GGE 25,000 4,000 3,000 3,000 4,000 15,000 6,000
Bgill GCGCGC 4,000 4,000 6,000 3,000 3,000 4,000 3,000
BssHII GCGCGC 30,000 6,000 2,000 10,000 15,000 30,000 20,000
Dral TTTAAA 1,000 1,000 2,000 2,000 3,000 1,000 2,000
Eagl CGGCCG 20,000 3,000 4,000 10,000 15,000 20,000 15,000
EcoRl GAATTC 2,000 4,000 5,000 5,000 5,000 3.000 4,000
HindIll AAGCTT 3,000 4,000 5,000 4,000 3,000 3,000 3,000
Nael 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
Nhel GCTAGC 30,000 10,000 25,000 10,000 10,000 10,000 10,000
Notl GCGGCCGC 600,000 30,000 200,000 100,000 200,000 450,000 200,000
Pad TTAATTAA 20,000 25,000 50,000 60,000 100,000 15,000 50,000
Pmel GTTTAAAC 40,000 40,000 40,000 70,000 80,000 50,000 50,000
Rsril CGGWCCG 50,000 15,000 10,000 60,000 60,000 60,000 70,000
Sacl GAGCTC 4,000 4,000 10,000 3,000 3,000 9,000 4,000
Sacll CCGCGG 20,000 5,000 3,000 6,000 8,000 20,000 15,000
Sall GTCGAC 8,000 5,000 5,000 20,000 20,000 10,000 15,000
stil GGCCN,GGCC 1,000,000 60,000 150,000 30,000 40,000 350,000 100,000
Sgral CXCCGGXG 100,000 20,000 8,000 70,000 80,000 90,000 90,000
Smal CCCGGG 30,000 10,000 6,000 4,000 5,000 50,000 5,000
Spel ACTAGT 8,000 9,000 60,000 10,000 15,000 6,000 8,000
Sphl GCATGC 15,000 5,000 4,000 6,000 6,000 10,000 6,000
Srfl GCCCGGGC 1,000,000 90,000 50,000 50,000 90,000 600,000 100,000
Ssel CCTGCAGG 200,000 50,000 40,000 15,000 15,000 150,000 30,000
Sspl AATATT 1,000 1,000 2,000 2,000 3,000 1,000 2,000
Swal ATTTAAAT 9,000 15,000 40,000 30,000 60,000 15,000 30,000
Xbal TCTAGA 4,000 9,000 70,000 5,000 8,000 4,000 6,000
Xhol CTCGAG 5,000 4,000 15,000 7,000 7,000 15,000 10,000

Average size fragments predicted for Caenorhabditis elegans (CEL), Drosophila melanogaster (DRO), Escherichia coli (ECO),
human (HUM), mouse (MUS), Saccharomyces cerevisioe (YSC), and Xenopus laevis (XEL).

Listed are those restriction enzymes that are known or predicted to cleave infrequently in seven commonly studied
genomes. Factors affecting the ability of restriction enzymes to cleave a particular genome include (1) percentage G+C content,
(2) specific dinucleotide, trinucleotide, and/or tetranucleotide frequencies, and (3) methylation. Using available information
on percentage G+C content, dinucleotide frequencies, and a few kilobases of DNA sequence, predictions can be made about
potential cleavage with restriction enzymes.

Madified, with permission, from New England Biolabs.
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choose restriction enzymes that are insensitive to ™CG and ™CNG. Examples of such enzymes
are Bell, BstEIL, BsiNI, CviQl, EcoRV, Hincll, Hpal, Kpnl, Mboll, Ndel, Ndell, Rsal, Spel, Sphl,
Tagl, TthHBL, and Xmnl. The Asel, Dral, Msel, and Sspl enzymes have recognition sequences that
do not contain cytosine, so they can be used to cleave heavily cytosine-methylated DNA.

Restriction Endonucleases

Restriction enzymes bind specifically to and cleave double-stranded DNA at specific sites within,
or adjacent to, a particular sequence known as the recognition sequence. These enzymes have
been classified into three groups or types. Type I and type I1T enzymes carry modification (methy-
lation) and ATP-dependent restriction activities in the same protein. Type III enzymes cut the
DNA at the recognition site and then dissociate from the substrate. However, tvpe [ enzymes bind
to the recognition sequence but cleave at random sites when the DNA loops back to the bound
enzyme. Neither type I nor type LI restriction enzymes are widely used in molecular cloning.

Type 11 modification/restriction systems are binary systems consisting of a restriction
endonuclease that cleaves a specific sequence of nucleotides and a separate methylase that 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 are usetul for cloning and
other molecular manipulations.

The vast majority of type Il restriction endonucleases recognize specific sequences that are
four, five, or six nucleotides in length and display twofold symmetry. A few enzyvmes, however,
recognize longer sequences or sequences that are degenerate. The location of cleavage 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 blunt ends, whereas others cleave
each strand at similar locations on opposite sides of the axis of symmetry, creating fragments of
DNA that carry protruding single-stranded termini.

The restriction enzyme database, REBASE, contains a complete listing ot all known restric-
tion endonucleases, including the recognition sequences, methylation sensitivity, commercial
availability, and references. The database, updated daily, is available at rebase.neb.com/rebase.
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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 will 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. coli 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 copy a template at all but adds nucleotides only to the termini of existing DNA mole-
cules. This DNA polymerase is called terminal transferase (terminal deoxynucleotidyl trans-
ferase).

The properties of the template-dependent polymerases are summarized in Table A4-4 and
are described in greater detail 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 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 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 Comparison of Template-dependent DNA Polymerases

KrLenow SEQUENASE?
E. cotr DNA FRAGMENT OF BACTERIOPHAGE (BACTERIOPHAGE TAQ DNA
Powymerase | E. coiur DNA T4 DNA T7 DNA POLYMERASE REVERSE
(HOLOENZYME) POLYMERASE | POLYMERASE POLYMERASE) {(AMPLITAQ) TRANSCRIPTASE

Reactions
DNA polymerase 3’ =37 i + + + + 4
Exonuclease

double-stranded DNA 5 —3 + - - - +b -

single-stranded DNA 355" + + + — - -

double-stranded DNA 3° -5 + + + -~ - -
RNase H activity + - - - nis +
Displacement of strand from

double-stranded fragiment + + — - i n.1
Nick translation + - - - n.i. -
Exchange + + + - - -
Template
Intact double-stranded DNA - - - - - -
Primed single strands of DNA + + + + + +
Duplex with gaps or single-stranded

protruding 5 termini + + + + + +
Nicked double-stranded DNA + + - - n.i. -
Unprimed single-stranded

DNA (hairpin) + + n.i. n.i. n.i. t
Single-stranded RNA +¢ +d - - in.i. +
Requirements
Divalent cation Mg Mg’ Mg Mg ¢ Mgme Mg
pH optimum 7.4 7.4 (phosphate) 8.0-9.0 7.6-7.8 8.3 at room 7.6 (Mo-MLV)

8.4 (Tris) (50% as active temp. (Tris) 8.3 (AMV)
at pH 7.5) {509 as active in
phosphate [pt 7]
Sulthydryl reagents + f + + - +
Structure
Molecular mass (kD) 109 76 114 92 94 34 {Mo-MIV)
170 {AMV)

Number of subunits 1 1 1 2 1 I {Mo-MLV)

Reprinted, with permission, from Kornberg and Kornberg (197:4) and Lehman (1981 ).

Sequenase is a derivative of bacteriophage T7 DNA polymerase that has been modificd

2 EAMNY

by chemical treatment (Sequenase or by genctic engineering Sequenase version 201 to suppress 3 53

exonuclease activity thatis a potent component of wild-type bacteriophage 17 DNA polvmerase. Consequently, neither version of Sequenase can be used in exchange reactions.
"AmpliTag and Tag DNA polymerase have a polvimerization-dependent 3 =3 exonuclease activity,

‘ni.indicates no information available.
dCireater activity in the presence of M instead of Mg,

Mo may substitute for Mg, although rates arc lower and the specificity of the polymerases may be changed.

saspaont(jo | YN(J

11'vv
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DNA Polymerase | (Holoenzyme)

(E. coli)

DNA polymerase I consists of a single polypeptide chain (M, = 109,000) that can function as a
5'—3" DNA polymerase, a 5'—3" exonuclease, and a 3'—5" exonuclease (Kelley and Stump 1979)
and that has an inherent RNase H activity. The RNase H activity is essential for cell viability in E.
coli but has not been used in molecular cloning. For further details, please see the information
panel on E. COLI DNA POLYMERASE | AND THE KLENOW FRAGMENT in Chapter 9.

USES

1. Labeling of DNA by nick translation (please see Figure A4-1). Of all the polymerascs, only E.

coli DNA polymerase I can carry out this reaction, since it alone has a 5'—3” exonuclease activ-
ity that can remove nucleotides from the DNA strand ahead of the advancing enzyme.

. The holoenzyme was originally used for synthesis of the second strand of ¢cDNA in ¢cDNA

cloning (Efstratiadis et al. 1976), but it has since been superseded by reverse transcriptase and
the Klenow fragment of E. coli DNA polymerase [, which do not have 5'—3" exonuclease activ-
ities. The 53" exonuclease of E. coli DNA polymerase I degrades oligonucleotides that may
serve as primers for the synthesis of the second strand of ¢cDNA.

. End-labeling of DNA molecules with protruding 3° tails. This reaction works in two stages.

First, the 3'=5" exonuclease activity removes protruding 3” tails from the DNA and creates a
recessed 3" terminus. Then, in the presence of high concentrations of one radiolabeled pre-
cursor, exonucleolytic degradation is balanced by incorporation of dNTPs at the 3 terminus.
This reaction, which consists of cycles 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 of reaction, the bacteriophage enzyme car-
ries a more potent 3’—5” exonuclease activity.

In many cases, a single buffer can be used both for cleavage of DNA 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 10x DNA polymerase buffer.

3

Mg2‘

ONase | ®  FIGURE A4-1 Nick Translation Using E. coli DNA Polymerase
a 3 Single-stranded nicks are introduced into the DNA by treatment with

DNase 1. £. coli DNA polymerase (Pol 1) binds to the nick or short gap

dATP
dcTe
dGTP
dTTP

5 "

¥ ‘ ¥ in duplex DNA, and the 5°—3" exonuclease activity of DNA poly-
5;;’25%5"”’"“33& merase | then removes nucleotides from the one strand of the DNA,
creating a template for simultaneous synthesis of the growing strand of

g DNA. The original nick is therefore translated along the DNA molecule
by the combined action of the 5°-»3" exonuclease and the 53"
% polymerase. In the reaction presented here, the nick in the upper strand

l of the duplex DNA is translated from left to right by E. coli DNA poly-
merase in the presence of dNTPs. In the lower strand of duplex DNA,

VWA ——WWWAP—>  nick translation occurs from right to left. The stretches of newly syn-

s thesized DNA are represented by the colored arrows.

S Ty s A= 1 1+ i i oo =
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E. COLI DNA POLYMERASE I (HOLOENZYME)

Activity: 5"—3" DNA polymerase

Substrate: Single-stranded DNA template with a DNA primer bearing a 3”"-hydroxyl group.

Reaction:
E coli
DNA polymerase |
DNA,, DNA - ( dN), + nPP,
Mg’2+ P
dATP, dTTP, dGTP, dCTP
For example:
€L LG on’

(JP GP CP TP AP TP CP Gp AP

M 2+ ]
dATR dTTP | E COl
dGTP dCTP DNA polymerase |

pCpCpGpAprAp(_‘. C ol -

.G Gp(,prAprCp(‘pAp

Activity: 5" —3" Exonuclease

Substrate: Double-stranded DNA or 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).
Reaction:
E. coli
DNA polymerase | ‘ ’
double-stranded DNA ° oNon T 7 pNENL NGy
Mg~ + single-stranded DNA
For example:

C GpCpAprCpT

CP CP p CP GP TP AP GP AP

2 E. coli
Mgt .
& l DNA polymerase |

CpAprCPT

C- C G C G T A C’pAp
5 5 5° ~
+ pC+ pGor pC p(J

(Continued on following page.)
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E. COLI DNA POLYMERASE | (HOLOENZYME)

Activity: 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.

Reaction:
E. coli
DNA polymerase |

double- or single-stranded DNA ¥ oNok
M82+

For example:

5 3
L pG,DCPAprCpT

3 -GGGy
Mg?* E coli
DNA polymerase |
5 3
G Con
4G, GGy s

5 5 5
+5 ALY CH T

Activity: Exchange (replacement) reaction

Substrate: 1f 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.

Reaction:

. .
— €6, T,C.G Coy

3G GAG GG Exonuclease
Activity
Mg** | E coli
[o-**PITTP DNA polymerase |
5 3
€6, )
..... G, CAGCG..
3 b 5
’ Ap PRr DNA Polymerase
Activity

5 * 3
c GG T o

-G, CA G, C,G, D
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Large Fragment of DNA Polymerase | (Klenow Fragment)

(E. coli)
The 53" exonuclease activity of E. coli DNA polymerase 1 is often troublesome because it
degrades the 5" terminus of primers that are bound to DNA templates and removes 3 phosphates
from the termini of DNA fragments that are to be used as substrates for ligation. The 3 =3’
exonuclease activity can be removed proteolytically from the holoenzyme without affecting cither
the polymerase activity or the 3'=5" exonuclease activity (Klenow and Henningsen 1970). The
Klenow fragment of E. coli DNA polymerase [ that is available today from commercial sources
consists of a single polypeptide chain (M = 76,000) produced by cleavage of intact DNA poly-
merase [ with subtilisin or by cloning (Jacobsen et al. 1974; Joyce and Grindlev 1983). For further
details, please see the information panel on £. COLI DNA POLYMERASE | AND THE KLENOW FRAG-
MENT in Chapter 9.

USES

1. Filling the recessed 3" termini created by digestion of DNA with restriction enzvmes, In many
cases, a single buffer can be used both for cleavage of DNA with a restriction enzvme and for
the subsequent filling of recessed 3” termini (or end-labeling of DNA molecules with protrud-
ing 3" tails [please see Use 3]). The Klenow fragment works well in virtually all butfers used for
digestion of DNA with restriction enzymes. However, not all restriction enzymes work in
buffers used for DNA polymerase reactions, and it is advisable to carry out pilot reactions with
the particular 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 filling
of recessed 3 termini in two separate steps. In this case, cleave the DNA in the appropriate
restriction enzyme buffer, remove the restriction enzyme by extraction with phenol:chloro-
form, precipitate the DNA with ethanol, dissolve it in TE, and add the appropriate volume of
a 10x DNA polymerase buffer.

2. Labeling the termini of DNA fragments by using [**P]dNTPs to fill recessed 3" termini (end-
labeling).

3. End-labeling of DNA molecules with protruding 3” tails. This reaction works in two stages.
First, the 3’5" exonuclease activity removes protruding 3" tails from the DNA and creates a
recessed 3" terminus. Then, in the presence of high concentrations of one radiolabeled pre-
cursor, exonucleolytic degradation is balanced by incorporation of dNTPs at the 3" terminus.
This reaction, which consists of cycles 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 end-labeling, bacteriophage T4 DNA poly-
merase 1s the enzyme of choice. Although both the Klenow fragment of L. coli DNA poly-
merase [ and bacteriophage T4 DNA polymerase can carry out an exchange reaction, the bac-
teriophage enzyme carries a more potent 3'—3" exonuclease activity.

4. Synthesis of the second strand of cDNA in ¢<DNA cloning.

%3]

- Synthesis of double-stranded DNA from single-stranded templates during in vitro mutagene-
sis. The Klenow fragment can displace hybridized oligonucleotide primers from the template,
leading to low frequencies of mutagenesis. This problem can be avoided by using bacterio-
phage T4 DNA polymerase, which does not cause strand displacement (Nossal 1974).

6. Sequencing of DNA using the Sanger dideoxy-mediated chain-termination method (Sanger et
al. 1977).
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7. At one time, the 3’5" exonuclease activity of the Klenow fragment was used to digest pro-
truding 3" termini created by some restriction enzymes. Lately, bacteriophage T4 DNA poly-
merase has become the enzyme of choice for this purpose because of its greater 3'—5" exonu-
clease 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 Tag DNA polymerase has now become the enzyme of choice for
this purpose because it is stable in heat and therefore need not be freshly added after each
round of synthesis and denaturation.

NOTES

¢ End-labeling with the Klenow fragment provides an alternative to the use of bacteriophage T4
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 small to be visualized by staining with ethidium bromide or SYBR
dyes.

¢ The end-filling and end-labeling reactions work well on relatively crude DNA preparations
(e.g., minipreparations of plasmids).

E. COLI DNA POLYMERASE | KLENOW FRAGMENT

Activity: 5°—3" DNA polymerase

Substrate: Single-stranded DNA template with a primer containing a free 3'-hydroxyl group.

Reaction:

Klenow fragment

of E. coli
DNA polymerase |
DNA,, DNA - (dN), + nPP,
Mgz+ P
dATP, dTTP, dGTP, dCTP

For example:

5 3°
o€ .C Gy

4 GG CT AT CGA ..o

Mg2+
dATP dTTP Klenow fragment of
dGTB’ dCTP E. coli DNA polymerase |

5 3
pCpCpGpAprApGpCpT"'

2 GG G T AT, C G A, .
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E. COLI DNA POLYMERASE | 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 £ coli
DNA polymerase |
double- or single-stranded DNA * Now
Mg?*
For example:
C G ) pA pT pL p"l
4G, GG, s

Klenow fragment of

Mg™ |, E coli DNA polymerase |

5 5 5
A O T

P

Activity: Exchange (replacement) reaction

Substrate: 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:

B GG TCG Con?

..G,C,A,G,C,G, s
Exonuclease
Mg l Klenow fragment of Activity

[o-*PIdTTP | E. coli DNA polymerase |

GG )

- G,CAGC,G s

DNA Polymerase
Activity

*
pC pG pT OH

-
4G, CA G C G,
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Bacteriophage T4 DNA Polymerase
(Bacteriophage T4-infected E. coli)

Bacteriophage T4 DNA polymerase (M, = 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 efficiently than
the Klenow fragment in mutagenesis reactions in vitro.

USES

1. Filling or labeling the recessed 3" termini created by digestion of DNA with restriction
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 dANTPs at the 3" termi-
nus. This reaction, which consists of cycles of removal 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-labeling. 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 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 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
[*?P]dNTPs (replacement synthesis) (O Farrell et al. 1980). Hybridization probes prepared by
this technique have two advantages over probes prepared by nick translation. 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 will
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FIGURE A4-2 Production of Strand-specific Hybridization Probes

be rapidly degraded. It is therefore important to stop the exonuclease reaction before the
enzyme reaches the center of the molecule. Consequently, the replacement svnthesis method
yields a population of molecules that are fully labeled at their termini but contain progressive-
ly decreasing quantities of label toward their centers.

. Conversion of termini of double-stranded DNA to blunt-ended molecules. Protruding 3° ter-
mini will be removed from double-stranded DNA by the potent 3’5" exonuclease activity of
bacteriophage T4 DNA polymerase. In the presence of high concentrations of ANTPs, turther
degradation of the double-stranded region of the template will be balanced by synthesis. The
ability to convert protruding 3 termini to blunt ends is an extremely valuable reaction that is
frequently used when preparing DNAs for addition of synthetic linkers. As described above,
molecules with recessed 3" termini can be repaired by bacteriophage T4 DNA polymerase in a
filling reaction similar to that catalyzed by the Klenow fragment. Thus, DNAs with a mixture
of protruding 5" and 3" termini (e.g., double-stranded ¢cDNAs synthesized from RNA tem-
plates) can be converted to blunt-ended molecules (polished) by bacteriophage T4 DNA poly-
merase in the presence of high concentrations of ANTPs.

. Extension of mutagenic oligonucleotide primers that are bound to single-stranded DNA tem-
plates. Bacteriophage T4 DNA polymerase is preferred in this reaction to the Klenow fragment
because it cannot displace the short oligonucleotide from the template. The efficiency of muta-
genesis is therefore increased approximately twofold.
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BACTERIOPHAGE 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 T4 gene 32 protein allows the enzyme
to begin synthesis at a nick in buffers of low ionic strength.

Reaction:

bacteriophage T4

DNA polymerase

DNA, DNA - (dN),, + nPP,
Mg“
dATP, dTTP, dGTP dCTP
For example:
Pc PC PG OH

.G,G,C, T AT,C,GA, ...

Mg2+
dATP dTTP bacteriophage T4
dGTP dCTP DNA polymerase

pCCGATAGCT.

-G G C Tp/\pT Cp GpAp.

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:
bacteriophage T4
DNA polymerase
single-stranded DNA - ——————s 5" N,
Mg2+
For example

3’
PC PG PC PA PT PC PT

C’p Cp Gp 5

M2+ l bacteriophage T4
g DNA polymerase

PC pG PC OH

3 "CbCpGpS

5° 45 5
+ pA+ pC+ IDT
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B{\CTERI_(“)PHAGE T4 DNA POLYMERASE

Activity: Exchange (re lacement) reaction
ge (rep

Substrate: If only one dNTP is present, 3°5" exonuclease activity will degrade double-stranded DNA from
the 3"-hydroxyl terminus until a base i exposed that is complementary 1o the dNTP. A continuous
series of synthesis and exchange reactions will then occur at that position.

Reaction: B )
. pC pG PT pC pG pC on

y-G,CAG,C,G,

Exonuclease
Mg?* | bacteriophage T4 Activity
(o=*PIdTTP | DNA polymerase
5 3
0,6, -\
;. GCAGCG

PP TP p s

DNA Polymerase
Activity

T LT oY

-G, G,A,G,C,G, 5. J
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Bacteriophage T7 DNA Polymerase
(Bacteriophage T7-infected E. coli)

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 protein and the host protein thioredox-
in. This complex is the most processive of all 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. This property
has considerable advantages, for example, when sequencing DNA by the Sanger dideoxy chain-
termination method (Sanger et al. 1977) (please see Chapter 12). Bacteriophage T7 DNA poly-
merase, like the Klenow fragment and the holoenzyme of E. coli DNA polymerase [ and bacte-
riophage T4 DNA polymerase, has a 3’5" exonuclease activity (encoded by bacteriophage T7
gene 5). As in bacteriophage T4 DNA polymerase, the 3—5" exonuclease activity is potent. The
degree of activity of the 3’5" exonuclease of bacteriophage T7 DNA polymerase is ~1000 times
that of the Klenow fragment. Bacteriophage T7 DNA polymerase does not have a 5°—3” exonu-
clease activity (Tabor et al. 1987). For illustrations of the 5—3" DNA polymerase and 3’ =5
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 (Sequenase and Sequenase version 2.0), please
see the information panel on SEQUENASE in Chapter 12.

USES

1. Primer-extension reactions that require the copying of long stretches of template.

2. Rapid end-labeling by either filling or exchange (replacement) reactions such as those
described for bacteriophage T4 DNA polymerase.

Thermostable DNA-dependent DNA Polymerases

Thermostable DNA-dependent DNA polymerases have been purified and characterized from a
number of organisms, primarily from the thermophilic and hyperthermophilic eubacteria
Archaebacteria, whose most abundant DNA polymerases are reminiscent of DNA polymerase I of
mesophilic bacteria, and thermophilic Archaea, whose chief DNA polymerases belong to the poly-
merase o family. Although there is considerable structural variation among thermostable DNA
polymerases, all are monomeric with molecular mass values ranging from 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 polymerases were isolated from the extreme
thermophile Thermus aquaticus (Chien et al. 1976). One of these early isolates, Taq DNA poly-
merase, has, along with a number of genetically engineered variants, become an indispensable
component of reactions to amplify specific sequences of DNA in vitro by polymerase chain reac-
tion and in DNA sequencing (please see the introductions to Chapters 8 and 12, respectively). Taq
and its derivatives have a 5'—3" 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 reduced by a factor of 2 at 60°C and by a factor of 10 at 37°C. In many cases,
however, it is necessary to initiate polymerization reactions at suboptimal temperatures in order
to prevent dissociation of the primer from the template. For further information on Tag 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
STABILITY
OpTIMUM ERROR (MINUTES AT K, K,
TEMPERATURE EXONUCLEASE RATE SPECIFIED ODNTP DNA
ENZYME  MANUFACTURER? ORGANISM °O) ACTIVITY x1076 TEMPERATURE)  (uUM)  (NM)
lag BM, LT, Pro, T. aquaticus 75-80 53 20-100 9 min at 97.5°C  10-16 2
Strat, P-E, T
laq Stoffel P-E T aquaticus 75-80 none 50 21 minat 97.5°C - 2
fragment
rith BM, E'T, P-E T. thermophilus 75-80 5.3 ~20 20 min at 95°C, 115 -
il Pro T flavus 70 none 100 120 min at 70¢C 63 -
Hot Tub - Amr T. ubiquitus - none - - - -
I'br Amr, Finnz T. brockianus 75-80 5'-3 - 150 min at 96°C. -
Ulina P-E, Roche Thermotoga 75-80 3-5 - 50 min at 95°C; - -
maritime
rBst ET Bacillus 60-65 53 - - - -
sterothermophilus (357
Isotherm ET, Bio-Rad Bacillus 60-65 none - - 7-85 -
Bst large sterothermophilus
fragment
Pwo BM Pyrococcus 60-65 35 3.2 >2 hr at 100°C, - -
woesel
Th Pro Thermococcus 70-80 3-5 2045 100 min at 100C 66 0.1
litoralis
DeepVent NEB Pyrococcus 70-80 3'-5 2045 480 min at 100°C 50 0.01
{strain GB-D)
Pfu Strat Pyrococcus furiosus  72-78 =5 1.6 240 min at 95C - -

Data for this table were taken from reviews by Perler et al. (1996) and Bej and Mahbubani (1994), from Internet sources, and from literature distrib-
uted by commercial manufacturers. For details of the reaction conditions that are optimal for each enzyme, please consult the instructions supplied with
the enzyme by the manufacturer.

"{BM) Bochringer Mannheim; (ET) Epicentre Technologies; (LT) Life Technologies; (Pro) Promega; (NEB) New England Biolabs; (P-E) Perkin-
Elmer: 07) TaKaRa; (Strat) Stratagene; (Amr) Amresco; {(Finnz) Finnzymes OY.

"Suspected activity.

TAQ DNA POLYMERASE

Activity: 5°—3" DNA polymerase

Substrate: Single-stranded template, primer with 3'-hydroxyl.

Reaction:

Tag DNA polymerase

DNA,

Mgz+

DNA - (,dN), + nPP,

dATP dTTP dGTE dCTP
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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 myeloblastosis virus (AMV) and an enzyme isolated from a strain of E. coli that expresses a
cloned copy of the reverse transcriptase gene of the Moloney murine leukemia virus (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 from
each other in a number of respects:

o The avian enzyme consists of two polypeptide chains that carry both a polymerase activity and
a powerful RNase H activity (Verma 1981). The murine enzyme, a single polypeptide chain of
M, = 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

Activity: 5°-3" DNA polymerase

Substrate: RNA or DNA template with an RNA or DNA primer bearing a 3-hydroxyl group.

Reaction:
reverse transcriptase
DNA,, or RNA,, DNA - ((dN), + nPP,
Mg RNA - (dN), + nPP,
dATP, dTTP, dGTF, dCTP
For example:
TTTTT

PPPPPOH

APAPAPAP%UPC U G U C C UPAPS‘

Mgz +
dATP, dTTP reverse transcriptase
dGTPR dCTP

PTPTPTPTPTPAPGp/‘\pC A (‘pGpApTOH

v AARAALGUGU G GUAS

Activity: RNase H (5"—3" and 35" exoribonuclease)
Substrate: Reverse transcriptase specifically degrades RNA in an RNA-DNA hybrid by a processive mechanism.

Reaction: Degradation of substrates with free ends yielding ribonucleotide products that are 4-20 nucleotides
in length and contain 5”-phosphate and 3 "-hydroxyl termini.

5 ¥ 5 3
RNA - UL CG VAT e transcriptase et
..ApGpGpCpAPT 4o APG G, G AT

3
pC pG pU A
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¢DNAs complementary to long mRNAs. At the beginning of the reaction, the hyvbrids formed
between the primer and the template mRNA are substrates for RNase H. Thus, at the begin-
ning of ¢DNA synthesis, there is a competition between degradation of the template mRNA
and initiation of DNA synthesis (Berger et al. 1983). In addition, RNase H can cleave the tem-
plate near the 3" terminus of the growing DNA strand if reverse transcriptase pauses during
synthesis (Kotewicz et al. 1988). In consequence, the high level of RNase H activity in prepa-
rations of the avian enzyme tends to suppress the yield of ¢cDNA and to restrict its [ength.

The avian enzyme works efficiently at 42°C (the normal body temperature of chickens),
whereas the wild-type murine enzyme is rapidly inactivated at this temperature. RNAs rich in
secondary structure are therefore copied more efficiently by the avian enzvme than by the
murine enzyme. However, preparations of the avian enzyme can be contaminated by an
endonuclease that cleaves DNA. This is now less of a problem than it was in the carly 1980s,
when ¢DNA libraries generated with comparatively impure preparations of the avian enzyme
seldom exceeded 1 kb in length.

The avian enzyme works more efficiently at pH 8.3 than at pH 7.6, the pH preferred by the
murine enzyme. The length of the cDNA synthesized by either enzyme is greatly reduced when
reactions are carried out at a pH that differs from the optimum by as little as 0.2 unit. Since
the pH of Tris changes with temperature, it is essential to check that the pH of the reaction
mixture is correct at the temperature chosen for incubation.

For more information, please see the information panel on Mo-MLV REVERSE TRANSCRIPTASE in

Chapter 11,

USES

1. Reverse transcriptase is used chiefly to transcribe mRNA into double-stranded ¢cDNA that can
be inserted into prokaryotic vectors. However, reverse transcriptase can also be used with
either single-stranded DNA or RNA templates to make probes for use in hyvbridization exper-
iments. Three types ot primers are used in these reactions:

. Oligo(dT)”_Ig, which binds to the poly(A) tract at the 3" terminus of mammalian
mRNAs and primes the synthesis of the first strand of ¢cDNA. Depending on the quality
of the reverse transcriptase and the reaction conditions, the sequences at the 3” terminus
of the template may be overrepresented in the cDNA.

o Oligonucleotides of random sequence (Taylor et al. 1976). The aim is to usc a population
of oligonucleotides whose sequence diversity is so large that at least some individual
oligonucleotides will anneal to the template and serve as primers for reverse transcrip-
tase. Because different oligonucleotides bind to different sequences, a large proportion of
the sequences of the template will be copied by the enzyme, and if all of the primers are
present at equal concentrations, all sequences of the template should be copied at cqual
frequencies. Oligonucleotides of random sequence can be synthesized on an automated
DNA synthesizer or can be generated by hydrolysis of high-molecular-weight DNA.

o Oligonucleotides of defined sequence. Oligonucleotides of defined sequence can be used
to prime the synthesis of cDNA corresponding to a particular mRNA. Because the newly
synthesized DNA is complementary to the sequences of the mRNA that lie upstream of
the primer, this method (primer extension) provides an accurate measurement of the dis-
tance between a fixed point on an mRNA and its 5" terminus.

2. Labeling the termini of DNA fragments with protruding 3" termini (filling reaction).
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3. The enzyme can also be used to sequence DNAs by the dideoxy chain termination method
(Sanger et al. 1977) when other enzymes (e.g., the Klenow fragment or Sequenase) yield
unsatisfactory results,

NOTES

o 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
of dNTPs and Mn?*, ~1 base in every 500 is misincorporated.

o Because the K of reverse transcriptase for its 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.

e Reverse transcriptase can be used to synthesize single-stranded copies of 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 including actinomycin D
in the reaction mixture at a final concentration of 50 ug/ml.

A
¥ 5 oligonucleotide DNA primer
5 3 single-stranded DNA template

dATP

gg}g reverse franscriptase

dTTP

newly synthesized DNA
¥ AW 5
5 3
B
first strand cDNA
3 4"\/\’\ANV\AM/VV\M——-—5 oligonucleotide DNA primer
- RNA template
5 3
RNase H
or inhibited by
actinomycin D
5 3 8
* . . . self-primed synthesis
second oligonucleotide primer of second strand

FIGURE A4-3 Use of Reverse Transcriptase to Generate Probes from DNA (A) and RNA (B) Templates
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Terminal Transferase (Terminal Deoxynucleotidyl Transferase)
(Calf thymus)

Terminal transferase (M, = 60,000) is an unusual DNA polymerase found only in prelymphocytes
in early stages of lymphoid differentiation (Chang and Bollum 1986). In the presence of a diva-
lent cation, the purified enzyme catalyzes the addition of dNTPs to the 3"-hydroxyl termini of
DNA molecules (Bollum 1974). When the nucleotide to be added is a purine, Mg is the pre-
ferred cation; when the nucleotide is a pyrimidine, Co** is used instead. The minimum chain
length of the acceptor DNA is three dNTPs, and as many as several thousand dNTPs can be incor-
porated if the ratio of acceptor to nucleotide is adjusted correctly. Single nucleotides can be added
to the 3" termini of DNA if modified nudeotides (e.g., ddNTPs or cordycepin triphosphate) are
used as substrates. Homopolymers of tNTPs can also be synthesized at the 3" termini of DNA
molecules in the presence of Co’* (for references, please see Chang and Bollum 1986). The
enzyme strongly prefers to use DNAs with protruding 3" termini as acceptors. However, blunt or
recessed 3 termini are used, albeit less efficiently, in buffers of low ionic strength that contain
Co?" or Mn”* (Roychoudhury et al. 1976; Nelson and Brutlag 1979; Roychoudhury and Wu 1980;
Michelson and Orkin 1982; Deng and Wu 1983). For further information, please see the infor-
mation panel on TERMINAL TRANSFERASE in Chapter 8.

USES

1. Addition of complementary homopolymeric tails to vector and cDNA.

2. Labeling the 3" termini of DNA fragments with a *’P-labeled dN'TP (Tu and Cohen 1980),
a ddNTP (Cozzarelli et al. 1969), or an tNTP (Wu et al. 1976). For labeling with rNTPs,
[a-?*P]rNTP is used in the presence of Co**, 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 Co?* is supplied as a cofactor (Roychoudhury et al. 1976;
Nelson and Brutlag 1979; Roychoudbury and Wu 1980; Michelson and Orkin 1982; Deng and Wu

1983).
Reaction:
single-stranded DNA,,
Mn** or Mg?*
dATP, dTTP terminal transferase
dGTR dCTP

DNA- (;dN), + nPP,
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DNA-DEPENDENT RNA POLYMERASES

Bacteriophage SP6 and Bacteriophages T7 and T3 RNA Polymerases
(Bacteriophage SP6-infected Salmonella typhimurium LT2 and bacteriophage T7- or T3-infected E. coli)

Bacteriophage 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 template by changing the orientation of the promoter with respect to the
cloned foreign DNA sequences (Butler and Chamberlin 1982; Melton et al. 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, Protocol 6).

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 panel on PROMOT-
ER SEQUENCES RECOGNIZED BY BACTERIOPHAGE-ENCODED RNA POLYMERASES in Chapter 7).
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 al. 1984; Tabor and Richardson 1985; Morris et al. 1986), and bacteriophage T7 RNA poly-
merase has been cloned and expressed in yeast (Chen et al. 1987). Vectors carrying the bacterio-
phage T7 promoter may therefore be used to express cloned genes in vivo (please see point 2
under Uses below).

USES

1. Synthesis of single-stranded RNA for use as hybridization 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. The bacteriophage T7 transcription system has been used to express cloned genes in bacteria
(Tabor and Richardson 1985; Studier and Moffatt 1986) and in yeast (Chen et al. 1987). Two
types of bacteriophage T7 expression systems have been developed for E. coli. In the first sys-
tem, stable lysogens are established with bacteriophage A carrying the bacteriophage T7 RNA
polymerase gene under the control of the E. coli lacUV5 promoter. Plasmids containing the
gene of interest under the control of the bacteriophage T7 promoter are then introduced into
the lysogens containing the bacteriophage T7 RNA polymerase gene. Activation of the bacte-
riophage T7 promoter is then achieved by isopropylthio-B-D-galactoside induction of the
lacUV5 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 X 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 into the yeast cells a second plasmid that contains the
gene of interest under the control of the bacteriophage T7 promoter (Chen et al. 1987).
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BACTERIOPHAGES SP6, T3, AND T7 DNA-DEPENDENT RNA POLYMERASES

Activity: 5°—3" RNA polymerase

Substrate; Double-stranded DNA molecules containing bacteriophage SP6, T3, or T7 promoters.

Reaction:
bacteriophage SP6, T3,
or T7 RNA polymerase
double-stranded DNA RNA + PP, + templale
MgZ'F
rATP, rUTP rGTR rCTP
For example:

GATCATCATCATCGATCGGG...*
SP6 promoter

1

CTAGTAGTAGTAGCTAGCCC...

Mg“
rATP rUTP bacteriophage SP6
rGTP, rCTP RNA polymerase

SIpPPGAUCAUCAUCAUCGAUCGGG...3‘




A4.30

Appendix 4: Enzymes Used in Molecular Cloning

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. coli. Both types of ligases are used primarily on DNA substrates with 5’-terminal phos-
phate groups.

RNA ligase is a bacteriophage 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 of RNA. This is accomplished using **P-labeled
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 ligate noncanonical sub-
strates, such as blunt-ended duplexes, DNA-RNA hybrids, or single-stranded DNAs. These and
other propertics are summarized in Table 1-12 in Chapter 1 and discussed below. For additional
information on DNA ligases, please see the information panel on DNA LIGASES in Chapter 1.

DNAs that lack the required phosphate residues can be prepared for ligation by phospho-
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 of bacteriophage T4 polynucleotide kinase are summarized in Table A4-
6 and described in greater detail below. 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 Properties of Bacteriophage Polynucleotide Kinase

FORWARD REACTION

EXCHANGE REACTION

Nucleic acid substrate

Klﬂ

pH optimum
Sulfhydryl requirement
Mg** requirement

Effect of ionic strength

Inhibitors
(50% inhibition)

Activators

double-stranded DNA
single-stranded RNA or DNA
nick or gap
oligonucleotide
3" ANMP

double-stranded DNA, 7.6 uM
5" ANMP, 22-143 pM
ATP, 14140 umP
7.4~8.0 {Tris-Cl)
+
+

stimulated by NaCl and KCl
excess KCl inhibits on all
substrates except single-stranded DNA
(NH,),50,, 7 mM
P, 20 mM
PP, 5 mM

polyamine, 2 mM, 300%

double-stranded DNA
single-stranded RNA or DNA
nick or gap
oligonucleotide

ADP, 300 pM?
ATP, 10 uM?

6.4 (imidazole)
+_
+

no information

Pi, 50 mM

no information

“These are concentrations that give optimal activity at pH 6.4, not K_s.

PK, for ATP varies with substrate.
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Bacteriophage T4 DNA Ligase
(Bacteriophage T4-infected E. coli)

Bacteriophage T4 DNA ligase, a polypeptide of M, = 68,000, catalyzes the formation of phos-
phodiester bonds between adjacent 3"-hydroxyl and 5'-phosphate termini in DNA (Weiss et al.
1968). The properties of the enzymes are summarized in Table 1-12 in Chapter 1.

USES

1. Joining DNA molecules with compatible cohesive termini. Intermolecular ligation is stimulat-
ed by low concentrations of agents, such as polyethylene glycol, that promote the efficient
interaction of macromolecules in aqueous solutions (please see the information panel on
CONDENSING AND CROWDING REAGENTS in Chapter 1).

2. Joining blunt-ended double-stranded DNA molecules to one another or 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 monovalent cations (150-200 mM NaCl) and
low concentrations of polyethylene glycol (Pheiffer and Zimmerman 1983; Hayashi et al.
1986).

NOTES

o At least three different assays are used to measure the activity of bacteriophage T4 DNA ligase.
Most manufacturers (apart from New England Biolabs) now calibrate the enzyme in Weiss
units (Weiss et al. 1968). One Weiss unit is the amount of enzyme that catalyzes the exchange
of 1 nmole of **P from pyrophosphate into [y, B-**P]JATP in 20 minutes at 37°C. One Weiss
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 will ligate 50% of the HindIll fragments of bac-
teriophage & (5 pg) in 30 minutes at 16°C. Throughout this manual, bacteriophage T4 DNA
ligase is given in Weiss units.

o Bacteriophage T4 DNA ligase is not inhibited by the presence of dNTPs and works adequate-
ly in virtually all buffers used for digestion of DNA with restriction enzymes.
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BACTERIOPHAGE T4 DNA LIGASE

Activity: Ligation of cohesive DNA termini or nicks

Substrate: Active on double-stranded DNA with complementary cohesive termini that base pair to bring
together 3 “-hydroxy! 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.)

Reaction:

A LG pAATT CGT. .

TG CT T, AA 4o GCA .. s

TR PR
Mg?+ bacteriophage T4
ATP DNA ligase

- 3‘
.pApCpGpApAprTpCp(JpT...

TG G T T, AAGCA...o

Activity: Ligation of blunt ends

Substrate: High concentrations of blunt-ended, double-stranded DNA containing 5°-phosphate and 3°-
hydroxy! termini.

Reaction:
5
.G Aon CGTA .
..G,C,T, 10G GAT s
Mg?* bacteriophage T4
ATP DNA ligase

C GpApCpGprA

v GG T G CAT,..

ety g e
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E. coli DNA Ligase

E. coli DNA ligase catalyzes the formation of phosphodiester bonds in double-stranded DNA con-
taining complementary protruding 5" or 3" termini (Panasenko et al. 1977, 1978). The reaction
requires NAD' as a cofactor. Initial studies indicated that this enzyme would not ligate blunt-
ended double-stranded DNA, but subsequent studies revealed that blunt-end ligation can be
achieved in the presence of polyethylene glycol or Ficoll, compounds that act as volume exclud-
ers (please see the information panel on CONDENSING AND CROWDING REAGENTS in Chapter
1). This effectively increases the concentration of DNA termini and enzyme (Zimmerman and
Pheiffer 1983). E. coli DNA ligase has been used in cDNA cloning methods based on replacement
synthesis, as described by Okayama and Berg (1982), because of its inability to join adjacent RNA
and DNA segments that arise during the synthesis of the second strand of ¢DNA. It is not, how-
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. coli DNA ligase
does not ligate RNA.

E. COLI DNA LIGASE

Activity: 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.

Reaction:
S AL G o AATTCGT. ..
o TG CT T A A o GoCy Ay s
Mg** l E. coli
ATP DNA ligase

5 3
..,pApCpGpApAprTpCpGPT...

3 T,GCTTAAGCA ...
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Bacteriophage T4 RNA Ligase
(Bacteriophage T4-infected E. coli)

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 ligase (Sugino et al. 1977). However, agents such as polyethylene glycol that increase
macromolecular crowding are equally effective and much less expensive.

BACTERIOPHAGE T4 RNA LIGASE

Activity: 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.

Reaction:
DNA or RNA RNA or DNA
5
PA pc pG OH l PA pA pT pT PC

bacteriophage T4
ATP DNA ligase

AL AATTC.

Thermostable DNA Ligases

The genes encoding thermostable ligases from several thermophilic bacteria have been cloned,
sequenced, and expressed to high levels in E. coli (e.g., please see Takahashi et al. 1984; Barany and
Gelfand 1991; Lauer et al. 1991; Jénsson et al. 1994). Several of these enzymes are available from
commercial sources. Like the E. coli 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.
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Bacteriophage T4 DNA Polynucleotide Kinase
(Bacteriophage T4-infected E. coli)

Bacteriophage T4 polynucleotide kinase catalyzes the transfer of the y-phosphate of ATP to a 3
terminus of DNA or RNA (Richardson 1971). Two types of reactions are commonly used. In the
forward reaction, the y-phosphate is transterred to the 5 terminus of dephosphorylated DNA
(Richardson 1971). In the exchange reaction, an excess of ADP causes bacteriophage T+ polynu-
cleotide 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 |y-**P|ATP
(Berkner and Folk 1977). In addition to its phosphorylation activity, bacteriophage T4 polynu-
cleotide kinase carries a 3" phosphatase activity (Richardson 1981). The properties 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 S1 analysis, and for other uses requiring terminally labeled DNA.

2. Phosphorylating synthetic linkers and other fragments of DNA that lack terminal 5" phos-
phates in preparation for ligation.

NOTES

e Bacteriophage T4 polynucleotide kinase is difficult to purify from infected cells, and impure
preparations are not uncommon. Wherever possible, use bacteriophage T4 polynucleotide
kinase that has been purified from cells expressing high levels of a cloned copy of the bacte-
riophage T4 gene.

e When setting up reactions involving the termini of nucleic acid molecules, the concentration
of the reacting species can be calculated using Table A4-7 as a guide.

e Spermidine stimulates incorporation of [y-*>P]ATP and inhibits a nuclease present in some
preparations of bacteriophage T4 polynucleotide kinase.

o ATP should be present at a concentration of at least 1 pM in the forward reaction and at least
2 uM in the exchange reaction. Maximum enzyme activity requires still higher concentrations
(please see Table A4-6).

o ‘I'he DNA to be phosphorylated should be rigorously purified by gel electrophoresis, density
gradient centrifugation, or chromatography on columns of Sepharose CL-4B in order to
remove low-molecular-weight nucleic acids. Although such contaminants may make up only
a smuall fraction of the weight of the nucleic acids in the preparation, they provide a much 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 nucleic acids that are
labeled in bacteriophage T4 polynucleotide kinase reactions.

* Ammonium ions are strong inhibitors of bacteriophage T4 polynucleotide kinase. Therefore,
DNA should not be dissolved in, or precipitated from, buffers containing ammonium salts
prior to treatment with the kinase.

e Low concentrations of phosphate also inhibit bacteriophage T4 polynucleotide kinase.
Imidazole buffer (pH 6.4) is therefore the buffer of choice for the exchange reaction, and Tris
buffer is the buffer of choice for the forward reaction.
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TABLE A4-7 Concentration of Ends in Kinasing Reactions

AMOUNT OF DNA

Size OF DOUBLE-STRANDED DNA REQUIRED TO CONTRIBUTE
(IN BASE PAIRS) 1 pMOLE OF 5° TERMINI (IN ug)
50 1.7 x 102
100 33x 107

250 8.4 x 107
300 1.7 x 10"
1000 3.3x 107!
2500 8.4x 10!

5000 1.7

BACTERIOPHAGE T4 POLYNUCLEOTIDE KINASE

Activity: Kinase (forward reaction)

Substrate: Single- or double-stranded DNA with 5'-hydroxyl terminus; RNA with a 5’-hydroxyl terminus. The
enzyme phosphorylates protruding 5 single-stranded termini more rapidly than blunt ends or
recessed 5 termini; however, with sufficient enzyme and ATP, such termini can be completely
phosphorylated. The reaction at nicks or gaps in double-stranded DNA 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%.

Reaction:
bacteriophage T4
polynucleotide kinase ’
DNA,* or RNA,* 5[32PIDNA or S[22P]RNA
[-32PJATP + ADP
dithiothreitol
Mg2+
For example:
5 3
e pG pC e
d.[ﬁZPQdATIT bacteriophage T4
fthio re:tg polynucleotide kinase
Mg*
5 ki
;C pG oLon
+ ADP

Activity: Kinase (exchange reaction)

Substrate: Single-stranded DNA 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.

Reaction:
5 3
pC pG pC ..+ excess ADP
32
d‘[{xﬁ' PgdATP' bacteriophage T4
ithiot I\Tg)* polynucleotide kinase

5 % ¥
pCpGpC... + ADP + ATP
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Alkaline Phosphatases

(E. coli, calf intestine, and shrimp)
The three alkaline phosphatases — bacterial alkaline phosphatase (BAP), calf intestinal alkaline
phosphatase (CIP), and shrimp alkaline phosphatase (SAP) — catalyze the removal of 5"-phos-
phate residues from DNA, RNA, rNTPs, and ANTPs. For further details, please see the informa-
tion panel on ALKALINE PHOSPHATASE in Chapter 9.

USES

1. Removing 5" phosphates from DNA or RNA prior to labeling 5 termini with **P,

2. Removing 5" phosphates from fragments of DNA to prevent self-ligation.

NOTES

e BAP is the most active of the three enzymes, but it is also far more resistant to heat and deter-
gents. It is 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 is 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,

ALKALINE PHOSPHATASES

Activity: Phosphatase
Substrate: Single- or double-stranded DNA and RNA; rNTPs and dNTPs.
Reaction:

’ alkaline phosphatase
> JPNAor  RNA % oPNA or 5 RNA
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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 lengths 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-loops that provide sites for opportunis-
tic initiation of unregulated DNA synthesis at the chromosomal origin of replication in E. coli.
RNase H is presumed to carry out similar functions in eukaryotic cells.

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 E1 (colE1)-type plasmids in vitro. The enzyme also seems to sup-
press initiation of DNA synthesis at sites other than ori.

X-ray crystallographic analysis shows that E. coli RNase H consists of two domains, one of
which contains an Mg**-binding site enmeshed in B strands, a fold previously recognized in
DNase I. For further information and references, please see Crouch (1990), Wintersberger (1990),
Hostomsky et al. (1993), Jung and Lee (1995), Kanaya and Ikehara (1995), Rice et al. (1996),
Crooke (1998), and the information panel on RIBONUCLEASE H in Chapter 8.
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Ribonuclease A (Pancreatic)

(Bovine pancreas)
Ribonuclease A (RNase A) is an endoribonuclease that specifically attacks single-stranded RNA
3" to pyrimidine residues and cleaves the phosphate linkage to the adjacent nucleotide. The end
products are pyrimidine 3" phosphates and oligonucleotides with terminal pyvrimidine 3" phos-
phates (Davidson 1972). RNase A, which works in the absence of cofactors and divalent cations,
can be inhibited by placental RNase inhibitor (Blackburn et al. 1977) or by vanadyl-ribonucleo-
side complexes (Puskas et al. 1982).

] Ly Ll
pApGpGpCpCp GpApApGpUpGpCpApGpG

l RNase A
-

o 3‘
pApGpGpCp«»Cp»«GpApApGpUp+GpCp+ApGpG

USES

1. Removing unhybridized regions of RNA from DNA-RNA or RNA-RNA hybrids.

2. Mapping single-base mutations in DNA or RNA (Myers et al. 1985; Winter et al. 1985). In this
method, single-base mismatches in RNA-DNA or RNA-RNA hybrids are recognized and
cleaved by RNase A. A **P-labeled RNA probe complementary to wild-tvpe DNA or RNA is
synthesized in vitro using a plasmid containing a bacteriophage SP6 or T7 promoter. The RNA
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 gel electrophoresis; ~50% of all
possible single-base mismatches can be detected by this method.

PREPARATION OF RNase THAT IS FREE OF DNask

Dissolve pancreatic RNase (RNase A) at a concentration of 10 mg/ml in 0.01 M sodium acetate (pH 5.2). |
Heat to 100°C for 15 minutes. Allow it to cool slowly to room temperature. Adjust the pH by adding 0.1 (
volume of 1 M Tris-Cl (pH 7.4). Dispense into aliquots and store at ~20°C. RNase precipitates when con-

centrated solutions are heated to 100°C at neutral pH. ’

Ribonuclease T1 |

Ribonuclease T1 (RNase T1) is an endoribonuclease that specifically attacks the 3"-phosphate
groups of guanine nucleotides and cleaves the 5'-phosphate linkage to the adjacent nucleotide.
The end products are guanosine 3° phosphates and oligonucleotides with terminal guanosine-3-
phosphate groups (Davidson 1972).

R R R L

5' 3
pApGp Gp CpCpGpAp Ap Gp Up Gp Cp Ap GpC

l RNase T1

pADGp+Gp+GpCpGp+ApApGp+UpGp+CpApGp+C

USE
Removing unhybridized regions of RNA from DNA-RNA or RNA-RNA hybrids.
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Deoxyribonuclease I (Pancreatic)

{Bovine pancreas)

The endonuclease DNase I from bovine pancreas is a glycoprotein that degrades double-strand-
ed DNA by an in-line SN-2 mechanism involving nucleophilic attack on the scissile phosphodi-
ester bond. The phosphate group remains attached to the new 5" terminus. DNase I requires diva-
lent metal ions for DNA hydrolysis (Kunitz 1950) and displays maximal activity in the presence
of Ca** and either Mg>* or Mn** (Price 1972). These cations work synergistically; in the presence
of both Ca* (0.1 mM) and Mg>* (10 mM), the rate of hydrolysis is greater than the sum of the
rates for either cation alone. However, high concentrations of Mg** (>50 mM), but not of Ca**,
are inhibitory.

‘The mode of action and the specificity of the enzyme are affect- 1
ed by the type of divalent cations used. In the presence of Mn?**, or ¥ p—p—p—
when very high concentrations of the enzyme are used in the absence | mn?+
of monovalent cations, DNase I breaks both strands of superhelical 304 P
double-stranded DNA simultaneously at approximately the same site T T
(Melgar and Goldthwait 1968; Campbell and Jackson 1980).

In the presence of Mg?*, DNase 1 works in a totally different fashion and introduces nicks
into each strand of double-stranded DNA independently. As more and more nicks accumulate,
the number of base pairs between adjacent nicks on opposite strands gradually decreases and is
eventually insufficient to hold the molecule
together. The terminal products of this reaction 5 Vool d ___J« ___l _ ons
are a complex mixture of acid-soluble 5”-phos- TopTRR .
phorylated oligonucleotides. —p=p-p—p—p—p—p— p.

Whether this nicking activity of DNase 1 S N N A A A °
displays sequence specificity remains a surpris-
ingly murky topic, with conflicting 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 al. 1973; Bernardi et al. 1975). On the other hand, footprints generated by digestion of
double-stranded DNA with DNase I often show evidence of preferential cleavage by the enzyme.
In addition, Scheffler et al. (1968) showed that DNase I has a very marked preference for cleaving
poly(d[A-T])-poly(d[A-T]) to the 5 side of T residues, a result that was confirmed with
homopolymeric poly(d[A-T]) by Lomonossoff et al. (1981). However, this apparent specificity
may be due more to a special alternating B conformation thought to be associated with the
homopolymer, rather than to preference of the enzyme for particular sequences (Klug et al. 1979).
Support for this idea comes from analysis of the crystal structure of complexes between DNase |
and short double-stranded oligonucleotides (Suck et al. 1984; Suck and Oefner 1986). An exposed
loop of the enzyme binds in the minor groove of B-DNA with both strands of the nucleic acid
bending to make contact with the enzyme. Suck et al. (1988) have suggested that, in contrast to
the results of Scheffler et al. (1968) and Lomonossoff et al. (1981), A-T tracts in double-stranded
DNA might be relatively resistant to cleavage with DNase 1.

In summary, whether DNase I nicks double-stranded DNA in a sequence-dependent fash-
ion appears to be influenced by the structure of the template. The enzyme introduces nicks into
complex DNAs with limited regard for sequence. However, on synthetic oligonucleotides of
defined sequence, the enzyme shows a higher degree of preference, perhaps because the confor-
mation of these substrates limits access of the enzyme to certain classes of phosphodiester
bonds.
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When very short double-stranded DNAs are used as substrates, DNase I also exhibits a
topographical specificity that is manifested as “end-effects.” The probability that a particular
phosphodiester bond will be cleaved increases as a function of its distance from the 5" end of a

DNA strand, at least as far as the eighth phosphodiester bond (Galas and Schmitz 1978;

Lomonossoff et al. 1981). This preference exists because the enzyme efficiently cleaves only when

it can interact with three or four nucleotides that are 5" to the cleavage site. The predominant

products of complete digestion of double-stranded DNA are therefore 5 -phosphorylated

tetranucleotides (Bernardi et al. 1975). Two methods have been used in molecular cloning to limit
the action of DNase I to a single endonucleolytic cleavage per molecule of template DNA:

o Asdiscussed above, in the presence of a transition metal ion such as Mn**, DNase I cleaves both
strands of superhelical DNA at approximately the same site (Melgar and Goldthwait 1968) to
yield fragments that are blunt-ended or that have protruding termini only one or two
nucleotides in length. The resulting linear molecules are relatively resistant to further cleavage
by the nuclease. This reaction has been used to generate random deletions in a segment of tar-
get DNA cloned in a plasmid or bacteriophage M13 vector (Frischauf et al. 1980; Anderson
1981; Hong 1982). Because the sites of double-stranded cleavage are distributed in a statistical-
ly random fashion, the population of closed circular DNAs is converted into a permuted set of
linear molecules. These are then digested with a restriction enzyme whose unique site of cleav-
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 cleavage 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 closed circular DNAs. The result-
ing relaxed circular molecules are then relatively resistant to further cleavage by the enzyme.
DNase I can therefore be used to introduce a single nick into closed circular DNAs in prepa-
ration for resecting prior to bisulfite-mediated mutagenesis (Greenfield ct al. 19753).

USES

1. To remove DNA templates from in vitro transcription reactions and from preparations of
mRNA. These RNAs are contaminated with large amounts of DNA that must be removed
before analysis by northern hybridization, construction of cDNA libraries, reverse transcrip-
tase (RT)-PCR, ete. Removal of contaminating DNA is particularly important when purifying
RNAs from transfected cells or cells infected with DNA viruses. Unfortunately, many com-
mercial preparations of pancreatic DNase I are contaminated with significant amounts of
RNase. DNase I that is free of RNase can be obtained commercially but at great cost. If RNase-
free DNase is used on a regular basis, please see the panel on PREPARATION OF DNask THAT IS
FREE OF RNASE on the following page.

- To digest DNA that is left unprotected by interaction with proteins (DNA footprinting) (Galas
and Schmitz 1978; Schmitz and Galas 1979). DNase I was the reagent originally used to devel-
op DNA footprinting and despite the subsequent discovery of elegant chemical methods to
cleave DNA in a sequence-independent fashion, DNA footprinting with DNase [ remains by
far the most popular way to localize specific interactions between proteins and DNA.

» To introduce random single-stranded nicks into double-stranded DNA to generate templates
for nick-translation reactions (Maniatis et al. 1975; Rigby et al. 1977). In this case, very small
amounts of the enzyme are used to prevent wholesale destruction of the template DNA.
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PREPARATION OF DNase THAT IS FREE OF RNase

mMRNA prepared from uninfected mammalian cells contains only small amounts of DNA that generally
do not compromise northern hybridization or other types of RNA analysis. However, mRNAs prepared
from transfected mammalian cells or from cells infected with DNA viruses are contaminated with large
amounts of DNA that must be removed by digestion with DNase 1. Unfortunately, many commercial
preparations of pancreatic DNase |, even those that claim to be RNase-free, are contaminated with sig-
nificant amounts of RNase. In addition, the use of commercially prepared RNase-free DNase | can
become expensive when many samples are prepared. DNase | can be treated by heating in the presence
of iodoacetate to reduce RNase activity by ~98%. The resulting preparations of DNase are acceptable for
all but the most stringent applications (e.g., this method should not be used to remove DNA from RNA
to be used in construction of a cDNA library). DNase purified in this manner should always be used in
the presence of a protein inhibitor of RNase (please see the information panel on INHIBITORS OF
RNASES in Chapter 7).

1. Dissolve 10 mg of pancreatic DNase (Sigma) in 10 ml of 0.1 M iodoacetic acid, 0.15 M sodium acetate
(pH 5.2).

2. Heat the solution to 55°C for 45 minutes. Cool the solution to 0°C, and add 1 m CaCl, to a final con-
centration of 5 mm.

3. Dispense the DNase | into small aliquots and store at -20°C.
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BAL 31 Nuclease
(Alteromonas espejiana BAL 31)

BAL 31 is predominantly a 3" exonuclease that removes mononucleotides from both 3" termini of
the two strands of linear DNA. BAL 31 is also an endonuclease; thus, the single-stranded DNA
generated by the 3" exonuclease activity is degraded by the endonuclease. The mechanisms of these
reactions are complex and are summarized in the information panel on BAL 31 in Chapter 13.
Degradation 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. Because degradation
occurs relatively uniformly from the termini of DNA, digestion with BAL 31 can be used to map
restriction sites in small fragments of DNA (Legerski et al. 1978). DNA is digested with BAL 31, and
samples are withdrawn at different times and placed in a solution containing EGTA. After digestion
of these samples with the restriction enzyme of interest, restriction fragments can be seen to disap-
pear in a defined order. By using a DNA consisting of vector sequences at one terminus (for which
the restriction map is known) and unmapped sequences at the other, it is possible to distinguish
fragments from the two termini and to deduce the order of the fragments in the unmapped DNA.
BAL 31 can also be used to remove unwanted sequences from the termini of [DNAs before
cloning. After treatment with the exonuclease/endonuclease, the termini of the DNA are repaired
with bacteriophage T4 DNA polymerase or the Klenow fragment of E. coli DNA polymerase 1.
Synthetic linkers are added to the DNA, which is then inserted into a suitable vector, In this way, it
is possible to generate a set of deletions from a defined endpoint in DNA. Although the enzyme is
predominantly a 3" exonuclease, it also has a DNA endonuclease activity and cleaves internally in
single-stranded regions of DNA or in double-stranded DNA that contains helical distortions (Lau
and Gray 1979; Gray et al. 1981; Wei et al. 1983). BAL 31 will also digest RNA, albeit inefficiently.

USES

1. Removing nucleotides from the termini of double-stranded DNA in a controlled manner. The
shortened molecules can be used for a variety of purposes such as to produce deletions, to
position a desired sequence next to a promoter or other controlling element, or to attach syn-
thetic linkers at desired sites in the DNA.

2. Mapping restriction sites in DNA (Legerski et al. 1978).

3. Mapping secondary structure in DNA, for example, junctions between B-1XNA and Z-DNA or
sites of covalent or noncovalent modifications in double-stranded DNA (Gray et al. 1981; Wei
et al. 1983).

4. Removing nucleotides from double-stranded RNA in preparing recombinant RNAs (Miele et
al. 1983).

NOTES

e When the products of BAL 31 digestion are to be ligated, it is important to consider that the
3" exonuclease activity of the enzyme works ~20-fold more efficiently than the DNA endonu-
clease. Thus, the average length of single-stranded tails created by digestion of linear double-
stranded DNA is dependent on the enzyme concentration. At high enzyme concentrations
(2-5 units/ml), an average of five nucleotides of single-stranded DNA remain per terminus
and 10-20% of the molecules can be ligated to blunt-ended DNA without further treatment.
At low enzyme concentrations (0.1-0.2 unit/ml), the single-stranded termini may be very long
and the efficiency of blunt-end ligation is very low. Repair with bacteriophage T4 DNA poly-
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merase (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 contain two kinetically distinct forms of the enzyme,

a fast and a slow form. The slow form is a proteolytic degradation product of the fast form. Pure
preparations of the fast form are available, but they are expensive (Wei et al. 1983). Results using
mixed preparations will vary, depending on the relative 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 (>1000 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 is used to remove short segments (10~100 bp) from the termini
of double-stranded DNA. Mixed preparations of the enzyme can be used for any of these tasks,
although the results will vary as mentioned above.

o BAL 31 works asynchronously, generating a population 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 T4 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 AT-rich regions are underrepresented in popula-
tions of DNAs that have been digested with the enzyme.

e BAL 31 should not be frozen. Store the enzyme at 4°C.

BAL 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 also active at nicks, on single-
stranded DNA with 3"-hydroxyl termini, and on double-stranded RNA molecules.

Reaction:
5 ¥
3/ 5/
Ca** BAL 31
(rapid l (2-3 units/ml
reaction) {high concentration])
5 3
3 5
Ca2+
(slow l BAL 31
reaction)
5 ¥
% 1% blunt ends (~10-20%)
+
L ——— single-stranded tails about 5

3 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 ¥y

Ca’* l BAL 31

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  BAL 31
mononucleotides

Ca?*

superhelical double-stranded DNA

double-stranded

linear DNA
BAL 31
e
Catt
Ca*t I/ BAL 31

truncated, double-stranded
linear DNAs

———————
——————
——————————
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Nuclease S1
(Aspergillus oryzae)

Nuclease S1 degrades single-stranded DNA or RNA (Vogt 1973) to yield 5’ -phosphate mono- or
oligonucleotides. Double-stranded DNA, double-stranded RNA, and DNA-RNA hybrids are rel-
atively resistant to the enzyme. However, double-stranded nucleic acids are digested completely
by nuclease S1 if they are exposed to very large amounts of the enzyme. Moderate amounts of the
enzyme will cleave double-stranded nucleic acids at nicks or small gaps (Kroeker and Kowalski
1978). For further information, please see both the introduction to Protocol 10 and the informa-
tion panel on NUCLEASE S1 in Chapter 7.

USES

1. Analyzing the structure of DNA-RNA hybrids (Berk and Sharp 1977; Favaloro et al. 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

o Since the enzyme works at low pH, depurination often occurs, which limits the usefulness of
nuclease S1 for some applications.

NUCLEASE §1

Activity: Single-strand-specific nuclease

Substrate: Single-stranded DNA or RNA; more active on DNA than on RNA.

Reaction:
nuclease S1
single-stranded DNA or RNA 5 ,ON or 5 N
Zn?*
(pH 4.5)
nicked double-stranded DNA

Zn** nuclease S1
(pH 4.5) {(moderate amounts)

+




Nucleases  A4.47

Mung Bean Nuclease
(Mung bean sprouts)

Exonuclease 111

(E. coli)

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 relatively resistant to the enzyme. However, double-stranded nucleic
acids are digested completely 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 S1 are similar to each other in their physical
and catalytic properties, mung bean nuclease may be less severe in its action than nuclease 51. For
example, nuclease S1 has been shown to cleave the DNA strand opposite a nick in a duplex,
whereas mung bean nuclease will only attack the nick after it has been enlarged to a gap several
nucleotides in length (Kroeker and Kowalski 1978). For further details, please see the information
panel on MUNG BEAN NUCLEASE in Chapter 7.

USES
1. Converting protruding termini of DNA to blunt ends.

2. Analyzing the structure of DNA-RNA hybrids.

Exonuclease 111 catalyzes the stepwise removal of 5" mononucleotides from the 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 also carries three other activities:
an endonuclease specific for apurinic DNA, an RNase H activity (Rogers and Weiss 1980), and a
3" phosphatase activity, which removes 3’-phosphate termini but does not cleave internal phos-
phodiester bonds. The exonuclease will 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 lengths have been reduced by the desired amount. For further details, please see the infor-
mation panel on EXONUCLEASE 111 in Chapter 13.

USES

1. Generating partially resected DNAs that can be used as substrates for the Klenow fragment
(e.g., n the preparation of strand-specific probes) (for a similar application for bacteriophage
T4 DNA polymerase, please see Figure A4-2 [p. A4.19]).

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 Sl
and is an alternative to using BAL 31. Because exonuclease 111 will degrade DNA with recessed
3" termini but not termini with protruding 3" single strands, it can be used to create unidirec-
tional sets of deletions (Henikoff 1984). Thus, if the substrate molecule carries a protruding 3’
terminus at one end (e.g., created by digestion with Pstl) and a recessed 3’ terminus at the
other, exonuclease 1T will digest only in one direction (from the recessed 3" terminus). After
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removal of the resulting single-stranded segments (with nuclease S1 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
preferentially degraded with exonuclease III, increasing the frequency of mutants obtained
upon transformation of E. colj, since exonuclease IIT will not cleave thioester bonds (please see
the information panel on SELECTING AGAINST WILD-TYPE DNA IN SITE-DIRECTED MUTAGENE-
SIS in Chapter 13).

EXONUCLEASE I

Activity: 3 Exonuclease

Substrate: This enzyme is active on 3"-hydroxy! 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 cleaved.

Reaction: ,

5p OH 3

v HO P,

Mg2* l exonuclease Il
P OH ¥
. LHO P,
+- pNOH

For example:

C GpAprT pAPGPCOH

G CTAAT, GG,

Mgt l exonuclease IlI

5 G CTAATCG,

5 5 5 5
+ 7 on T 7 plon t 7 pGon + 7 iCon

Activity: 3 Phosphatase

Substrate: Double- or single-stranded DNA with a 3'-phosphate terminus; internal phosphodiester bonds are

not cleaved.
Reaction:
L — exonuclease I ¥ OH¥
+ 2Pi
3P 5 yHO ——
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Bacteriophage A Exonuclease

(Bacteriophage 7-infected E. coli)
Bacteriophage A exonuclease catalyzes the processive, stepwise release of 3° mononucleotides
from double-stranded DNA. Although the preferred substrate is double-stranded DNA with a
terminal 5" phosphate (Little et al. 1967), the enzyme will also work, albeit 100-fold less efticient-
ly on single-stranded DNA. Double-stranded DNAs with nicks or gaps will not serve as sub-

strates.

USE

Bacteriophage A exonuclease was used for a wide variety of purposes in the early days of molec-
ular cloning (for review, please see Little 1981). Today, it is used chiefly to modify the 5'-phos-
phate termini of DNAs that are to be used as substrates for other enzymes (e.g., terminal trans-
ferase).

BACTERIOPHAGE . EXONUCLEASE

Activity: 5 Exonuclease
Substrate: Double-stranded DNA with 5 -phosphate termini or with protruding 5 termini.

Reaction:

5 - 37
G AT GG C T A Coy

4G, GTACCGATG, 5

- bacteriophage A
Mg l exonuclease

57 ~ -~ 3
GG AT GG CTAC

g GG T A o

pp

t Gt 7 Con T T pTon t 7 pAou
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PROTEOLYTIC ENZYMES

Proteinase K

Proteinase K is a highly active serine protease of the subtilisin type (for reviews, please see Siezen
et al. 1991; Siezen and Leunissen 1997) that is secreted by stationary cultures of the mold
Tritirachium album var. Limber (Ebeling et al. 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, = 28,930) (Jany et al. 1986;
Gunkel and Gassen 1989) and has two binding sites for Ca**, which lie some distance from the
catalytic site. The Ca®* ions are not directly involved in catalysis, but they contribute to structur-
al stability of the enzyme (Betzel et al. 1988; Miiller et al. 1994). When Ca?" is removed from the
enzyme, some of the catalytic activity is lost because of long-range structural changes (Bajorath
et al. 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 active 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-100). Because proteinase K efficiently digests native
proteins, it can rapidly inactivate DNases and RNases in cell lysates, which facilitates the isolation
of high-molecular-weight DNA and intact RNA (Wiegers and Hilz 1971, 1972; Hilz et al. 1975).

Proteinase K is purchased as a lyophilized powder and should be dissolved at a concentra-
tion of 20 mg/ml in sterile 50 mM Tris-Cl (pH 8.0), 1.5 mM calcium acetate. The stock solution
should be divided into small aliquots and stored at —20°C. An aliquot can 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 A4-8.

TABLE A4-8 Proteolytic Enzymes

STOCK STORAGE CONCENTRATION REACTION
SOLUTION TEMPERATURE IN REACTION BUFFER TEMPERATURE PRETREATMENT
Pronase* 20 mg/ml =20°C 1 mg/ml 0.01 M Tris-Cl 37°C self-digestion®
in H,0 (pH 7.8)
0.01 M EDTA
0.5% SDS
Proteinase K 20 mg/ml ~20°C 50 ug/ml 0.01 M Tris-Cl 37-56°C none required
in H,0 (pH 7.8)

0.005 M EDTA
0.5% SDS

“‘Pronase is a mixture of serine and acid proteases isolated from Streptomyces griseus.
"Self-digestion eliminates contamination with DNase and RNase. Self-digested pronase is prepared by dissolving powdered pronase in 10 my Tris-Cl
fpH 7.5, 10 mM NaCll to a final concentration of 20 mg/ml and incubating for 1 hour at 37°C. Store the self-digested pronase in small aliquots at ~20°C

n tightly capped tubes,
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'OTHER ENZYMES

Lysozymes

Agarase

Lysozymes are a family of enzymes that catalyze the acid-base hvdrolysis of B-(1,4) linkages
between N-acetylglucosamine and N-acetylmuramic acid residues in the proteoglycan of bacter-
ial cell walls (Blake et al. 1967; Fursht 1985). They were discovered by Alexander Fleming (1922),
who identified an enzyme activity that rapidly lysed suspensions of bacteria. The products of
digestion by vertebrate lysozymes of the cell walls of bacteria 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 there is a need to lyse
bacterial cells, for example, during release of bacteriophages from infected cells, on the surface of
vertebrate mucosa, and in a great number of secretions of different animals, both vertebrate and
invertebrate. There is no structural similarity between vertebrate and bacteriophage-encoded
lysozymes such as bacteriophage A endolysin and bacteriophage T4 endoacetylmuramidase.

In molecular cloning, vertebrate lysozymes (e.g., egg-white lysozyme) are used at pH 8.0 in
combination with EDTA and detergents to liberate cosmid and plasmid DNAs from their bacte-
rial hosts (Godson and Vapnek 1973). For further details, please see the information panel on
LYSOZYMES in Chapter 1.

Agarase enzymatically digests molten agarose to produce soluble monomers and oligosaccha-
rides. It is used in the isolation of DNA fragments from agarose gels. The enzyme is available from
a number of manufacturers and is active in both Tris-acetate and Tris-borate buffers. Optimum
activity is achieved at pH 6.0. Isolation 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 digestion, please see Chapter 5, Protocol 19.

Uracil DNA Glycosylase

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 without destroying the phosphodiester backbone, thus pre-
venting its uses as a hybridization target or template for DNA polymerase. The resulting apyrim-
idinic DNA becomes susceptible to hydrolysis at high temperatures. UDG will not remove uracil
from RNA, and it specifically attacks uracil-containing DNA.

Treatment of uracil-containing DNA with UDG disrupts base pairing in the DNA duplex.
The use of dUTP in amplification reactions introduces uracil at the sites opposite to adenine.
Subsequent treatment of the duplex with UDG results in single-stranded termini that may be
used in cloning the amplified fragments of DNA.

5- CUACUCAUCAA ATGATGAGATGAT-3
- GATGAGTAGTT UACUACUCUACUA-5
+UDG

5-C-AC-CA-CAA ATGATGAGATGAT-3
3"-GATGAGTAGIT -AC-AC- C- AC-A-Y
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Topoisomerase |

Topoisomerase I (Topo 1) 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
review, please see Wang 1996). During the course of the reaction catalyzed by topoisomerase I, a
transient covalent intermediate is formed between a specific tyrosine residue of the 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 al. 1999).

In the absence of Mg?*, topoisomerase 1 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 that have been relaxed by treatment with topoisomerase I will
resolve molecules that differ in length by a single nucleotide pair (Wang 1979; Luckow et al. 1987).
Topoisomerase | 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 MW, INHIBITS Does NoT INHIBIT
Anupain dihvdrochloride 677.6 Inhibits papain, trypsin, cathepsins A and B, and to a
small extent plasmin,
Antithrombin 111 38,000 Inhibits all serine proteases of the blood coagulation Does not inhibit ¢ysteine proteases, aspartic
system, as well as trypsin and chymotrypsin. proteases, or metalloproteases.
APNISE 2527 Specific and irreversible inhibitor of serine proteases. Does not inhibit chivmotrypsin or acetvl-
cholinesterase.
\protinin ~6500 Serine protease inhibitor; inhibits plasmin, chymotrypsin,  Does not inhibit thrombin or Factor N.
kallikrein, and trypsin,
Bestatin 344.8 Inhibits metalloproteases, primarily aminopeptidases. Does not inhibit carboxypeptidases.
Calpain inhibitor | 3835 Strong competitive inhibitor of calpain I and to a lesser Does not inhibit tryvpsin.
extent calpain 115 also inhibits papain, cathepsins B and L,
and to a small extent cathepsin H and a-chymotrypsin.
Calpain inhibitor 11 401.6 Strong competitive inhibitor of calpain [ and to a lesser Does not inhibit trypsin.
extent calpain [I; also inhibits papain, cathepsins B and 1.,
and to a small extent cathepsin H; weakly inhibits o
chymotrypsin.
Chymostatin 607.7 Inhibits serine and cysteine proteases; specific inhibitor of
- B, ¥-, 8-chymotrypsin, papain, and cathepsins A, B,
and C.
-Dichloroisocoumarin 215.0 Inhibitor of serine proteases.
Hastatinal 512.6 trreversible inhibitor of elastase.
Hirudin (69635 Inhibits thrombin.
lodoacetic adid 186.0 Inhibits cysteine proteases.
Leapeptin 475.6 Inhibits serine and cysteine proteases
« -Magroglobulin ~725,000  Universal protease inhibitor blocking all classes of endo- Does not inhibit endoproteinases that are
proteinases. highly specific for one or a limited number
of sequences, e.g., tissue kallikrein, uroki-
nase, coagulation Factor XITA, and endo-
proteinase Lys-C.
Petabloe SCLAEBSE 4-12- 2395 Inhibits serine proteases and prevents nonspecific
aminoethvh-benzenesulfonyl covalent madification of proteins.
tluoride hydrochloride
Pepstatin A 685.9 Inhibits acid proteases, e.g., pepsin, renin, cathepsin D,
chymosin, and many microbial acid proteases.
PNISE phenvimethvlsulfonyl 174.2 Inhibits serine proteases, ¢.g., chymotrypsin, thrombin,
Huoride s and papin.
LINP-2 Inhibits matrix metalloproteinase activity in enzymatic
assays and in vitro malignant invasion assavs.
[LOR: T-chloro-3-tosvlamido-  369.3 Irreversibly inhibits trypsin as well as many other serine Does not inhibit chy motrypsin,
Teamino-L-2-heptanone and cysteine proteases, e.g., bromelain, ficin, or papain.
N petosvl-1-Ivsine chloro-
methvl ketone hvdrochloride
FPCR; 1 -Chloro-3-t4-tosvi- 351.9 Irreversibly inhibits chymotrypsin, as well as many other  Does not inhibit trvpsin.

amidoi-4-phenyvl-2-butanone;
N-tosvl-1-phenyvlalanine
chloromethyl ketone

serine and cysteine proteases, e.g., bromelain, ficin, or
papain,

A5.1
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'VITAL STATISTICS OF DNA

TABLE A6-1 Genome Comparisons

S1ze oF DNA  WEIGHT OF DNA

ORGANISM (bp) (DALTONS) REFERENCE
Mammals ~3.0x 10° ~1.9 x 10!
Drosophila melanogaster ~1.8 x 10% ~7.8 x 10" Adams et al. (2000)
Caenorhabditis elegans ~9.70 X 107 6.59 x 108 C. elegans Sequencing
Consortium (1998)
Saccharomyces cerevisiae 1.30 x 107 8.44 x 10° Goffeau et al. (1996)
Haemophilus influenzae Rd 1.83x10° 1.19x 10° Fleischmann et al. (1995)
Mycoplasma genitalium 0.58 x 10° 3.76 x 10° Fraser et al. (1995)
Methanococcus jannaschii 1.66 x 10° 1.08 x 10° Bult et al. (1996)
Synechocystis sp. 3.57 X 10° 2.32x10° Kaneko et al. (1996)
Mycoplasma pneumoniae 8.10 x 10° 0.53 x 108 Himmelreich et al. (1996)
Helicobacter pylori 1.66 X 10° 1.08 x 10° Tomb et al. (1997)
Escherichia coli 4,60 X 10° 3.00 x 10° Blattner et al. (1997)
Methanobacterium thermoautotrophicum 1.75 x 108 1.14 x 10° Smith et al. (1997)
Bacillus subtilis 4.20 x 10° 2.73x10° Kunst et al. (1997)
Archaeoglobus fulgidus 2.18 X 10° 1.40 x 10° Klenk et al. (1997)
Borrelia burgdorferi 1.44 x 10° 9.35 x 108 Fraser et al. (1997)
Aquifex aeolicus ~1.50 x 10° 9.74 % 10° Deckert et al. (1998)
Pyrococcus horikoshii 1.80 x 10° 1.17 x 107 Kawarabayasi et al. (1998)
Mycobacterium tuberculosis 4.40 x 10° 2.90 x 10° Cole et al. (1998)
Treporniema pallidum 1.14 x 10° 7.40 x 108 Fraser et al. (1998)
Chlamydia trachomatis 1.05 x 10° 6.80 x 10 Stephens et al. {1998)
Ricketisia prowazekii 1.10x 10 7.10 x 108 Andersson et al. (1998)
Helicobacter pylori 1.64 x 10° 1.06 x 10° Alm et al. (1999)
Chlamydia pneumoniae 1.23 x 10° 7.98 x 108 Kalman et al. (1999)
Deinococcus radiodurans 3.28 x 100 2.13x10° White et al. (1999)
Thermotoga maritima 1.80 x 10° 1.17 x 10° Nelson et al. (1999)
Bacteriophage T2 ~2.0x 10° ~13x108
Bacteriophage A 48,514 3.1x 107 Daniels et al. (1983)
pBR322 4,363 2.8 x 10 Sutcliffe (1978, 1979)
pUC18/pUCI19 2,686 1.7 x 10 Yanisch-Perron et al. (1985)

Source: www.tigr.org For updates, see TIGR Web Site (www.tigr.org)
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TABLE A6-2 Frequency of Restriction Endonuclease Sites in the Human Genome

AVERAGE EsTIMATED

FRAGMENT NUMBER
ENZYME SEQUENCE S1ze (kb) OF SITES
Apal GGGCC 2 L3 x 10
Asd GGCGCGCC 80 375 x 1o
Avrll CCTAGG 8 375% 107
BamH] GGATCC 3 6 x 107
Bgll G(ICNg(}GC 3 Ix 100
Bl AGATCT 3 1x 1oe
BssHII GCGCGC 10 3x10°
Dral TTTAAA 2 1.5 x 10°
Eagl CGGCCG 10 Ix10°
EcoR1 GAATTC 5 6x10°
Hind111 AAGCTT 4 TAX 10
Nael GCCGGC 4 TAx 10t
Narl GGCGCC 4 TAx10°
Nhel GCTAGC 10 3x10°
Notl GCGGCCGC 100 Ix 10t
Pacl TTAATTAA 60 Sx 10!
Pmel GTTTAAAC 70 4.3 x 10!
Rsrl CGGWCCG 60 3x 10
Sacl GAGCTC 3 1 x10°
Sacll CCGCGG 6 ax 107
Sall G'TCGAC 20 1.3 % 17
Shfl CCTGCAGG 15 533x10°
Sfil GGCCN,GGEC 30 1x10°
SgrAl CRCCGGYC 70 43 x 10"
Stal CCCGGG 4 73x10°
Spel ACTAGT 10 3x10°
Sphi GCATGC 6 3x 107
Sirfl GCCCGGGe 30 6x 10!
Sspl AATATT 2 L.3x 100
Swal ATTTAAAT 30 1 x 107
Xbal TCTAGA 5 6x 10°
Xhol CTCGAG 7 4.3 % 10°

e

(Adapted, with permission, from 1998/99 New England Biolabs Catalog [ENEB})
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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 EFFICIENCY ENZYME FROM END EFFICIENCY
Aatll 3 88 Kpnl 2 100
2 100 2 100
| 95 1 99
Acch5 2 99 Mlul 2 99
1 75
Afill 1 13 Munl 2 100
Agel | 100 Neol 2 100
1 100
Apal 2 100 NgoM IV 2 100
Ascl | 97 Nhel 1 100
2 82
Avrll 1 100 Noi 7 100
4 100
1 98
BamHI 1 97 Nisil 3 100
3 77
2 95
Bglll 3 100 Pacl 1 76
BsiW] 2 100 Pmel 1 94
BspEl 2 100 Pstl 3 98
1 8 2 50
1 37
BsrGGl 2 99 Sacl ] 99
1 88
BssHII 2 100 Sall 3 89
2 23
] 61
Eagl 2 100 Spel 2 100
2 100
EroRI 1 100 Sphl 2 99
1 88 2 97
1 100 1 92
EcoRV 1 100 Xbal 1 99
1 94
HindlIll 3 90 Xhol 1 97
2 91
1 0
Kast 2 97 Xmal 2 98
1 93 2 92

The results represent the ability of various restriction endonucleases to cleave close to the end of a DNA fragment. The cleav-
age efficiency is given for a particular recognition site placed at x bases from the end of a linearized vector. As a general rule,
enzymes not listed above require 6 base pairs on either side of their recognition site to cleave efficiently. (Reproduced, with per-

mission, 1998/99 New England Biolabs Catalog [ONEB/.)
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MOLECULAR
Mass 50 ug/ml SoLuTiON
DOUBLE-STRANDED of DNA MOLECULES MotArR CONCENTRATION OF
DNA (50 ug/ml) BP/MOLECULE  (DALTONS)  DNA/ml Motes/ml DNA PHOSPHATE  TERMINI
Bacteriophage 7 48,314 320100 9.41x 10" 1.56 x 107" 1.56 nM EEATY 312
PAdI0SacBI 30,300 200x 107 L31x 10" 2.50 % 1071° 2.50 n\ 157 UM 3.00 nAl
PCYPACH 19,600 129x 100 233 x 10" 3.88 x 107" 3.88 nM 157 UM 776 A
PYACH 11,400 7.52x 10" 4.00x 10" 6.65 x 1071 6.63 nil 157 1\ 130 n\
pBeloBACH 7.400 488 100 6.17x 10" 1.03x 107" 10.3 nM 137 UM 20.6 n\I
pBR322 4,363 2.88%10°  1.05x 10" 1.74 x 1071 174 nM 157w 348 n
plUCIS/pLCTY 2,686 177 x 108 1.70x 10" 2.83x 107 283 M 157 (A 50,6 N\
Segmient of DNA (1 kD) 1,000 6.60 x 10° 4,56 x 10" 7.58 x 107" 75.8 nAl 137 uM 132 n\l
Octameric double-stranded 8 528100 570x 10" 9,47 x 107 9.47 UM 137 UAl 18.9 n\1
linker
6 4

the purine ring system

0

1

5

6

the pyrimidine ring system

FIGURE A6-1 Numbering of Atoms on Purine and Pyrimidine Molecules
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TABLE A6-5 Adenine and Related Compounds

Xmax Emax OD?.BO/
STRUCTURE? M.W, (nm)  (x107%)  OD,,
Adenine - 1351 2605 13.4 0.13
NZN N
o
NN
H
Adenosine Nk 267.2 260 14.9 0.14
NZ N
oI
N N
HOCH7 O\l
S
N
OH  OM
Adenosine 5'-phosphate (53'-AMP) 0 347.2 259 15.4 0.16
I adenine
Ho—-T—OTHQ/O\l
OH H H
N—r
OH  OH
Adenosine 5'-diphosphate (5-ADP) @ 0 ‘ 427.2 259 154 0.16
I I adenine
HO-—T-—-O—T—«OCHQ o\l
OH OH % H
HHH
OH  OH
Adenosine 57 triphosphate (57-ATP) 0 o] o] 507.2 259 15.4 0.15
0
HO—FI’—-—O———FI’-—O—-T—OCHZ o\l
OH OH OH ’/H H
I
OH  OH
2-Deoxyadenosine 0 0 o
5 -triphosphate (5"-dATP) I I I e 912 259 5.4 0.15

HO—P— Q=P O —~ P —OCHz

| | |

OH OH OH

/.

I

H H
H
OH H

At physiological pH, all of the hydroxvls bound to phosphate are ionized.




TABLE A6-6 Cytosine and Related Compounds

Vital Statistics of DNA

A6.7

Xmax Emax ODZB()/
STRUCTURE? Mw.  (nm) (x107%) OD,,,
Cytosing NHg 111.1 267 6.1 0.58
N |
oy
H
Cytidine NHz 243.2 271 8.3 0.93
NZ
I
N
HOCH2 OO
H +—-—+’ H
OH  OH
Cytidine 3"-phosphate (5-CMP) |C|> oyosme 323.2 271 9.1 0.98
HO— P —=OCH2
Ly
N
OH  OH
Cytidine 3-diphosphate (5°-CDP) ‘|f|’ CIT 403.2 271 9.1 (.98
HO—P— 0 — FI’—OCHQ o
|
OH OH W ;
H
OH
Cvtidine 3 -triphosphate (5-CTP) (’T <|3’ Tl) 483.2 271 9.0 0.97
HO—T—O——T—— 0 T—OCHQ
OH OH OH VH >
H
OH
2 -Deoxvevtidine 0 0 o
5 -triphosphate (5°-dCTP) I I I 467.2 272 9.1 0.98

HO—— P = O = P— O — P — OCHp

| |

QH OH

TRy

H
QH

“At physiological pH, all of the hydroxyls bound to phosphate are ionized.
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TABLE A6-7 Guanine and Related Compounds

}"max Ema)f ODZBO/
STRUCTURE? M.W. (nm) (x107%)  OD,,
Cuanine O 1511 276 8.15 1.04
HN N
Jﬁ )
HoN" SN
: H
Guanosine Q 283.2 253 13.6 0.67
HN N
I
HQN/}QN N>
HOGHs .- O
O
HHH
OH  OH
Guanosine 3"-phosphate (5"-GMP) ﬁ anine 363.2 252 137 0.66
HO-— P -——OCH2
LT
OH  OH
. S - o o -
Guanosine 3 -diphosphate (5°-GDP) I I guanine 443.2 253 13.7 0.66
Ho-——T- 0 — T——OCHz ow
OH OH % H
N
OH  OH
Guanosine 5 -triphosphate (5-GTP) ﬁ ﬁ |c|> quanine 523.2 253 13.7 0.66
HO~—P-—-O—~T—— 0~ T-—-OCHQ o
OH OH OH I H
HH/H
OH  OH
’ . ¥ o o 0
2 -Deaxyguanosine I I I guanine
S -triphosphate (3°-dGTP) HO - P e O =m P — O — P ~— OCH2 507.2 253 13.7 0.66

\ | I

T

OH OH OH \ ,

H

(¢!

0

</

H
H
H H

At physiological pH, all of the hydroxyls bound to phosphate are ionized.
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TABLE A6-8 Thymine and Related Compounds

)Lm.lx Emax ODZB()‘
STRUCTURE® mw.  (nm) (x107%) OD,
Thymi