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ABSTRACT

REPAIR OF E, COLI B130 DNA, DAMAGED BY MITOMYCIN-C

by Irith Ginzburg

g, 22;; B130 DNA was damaged by treatment with the

antibiotic mitomycin-c in concentration of i y/ml which gave

75% survival. Dark repair mechanism was detected by alkaline

sucrose gradients which enables detection of single strand

breaks. Elevation of endonuclease activity was shown in the

treated cells in the time of beginning of the reapir process.
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INTRODUCTION

The dark repair mechanism was postulated by Setlow

(10) and Boyce et al. (7) to consist of a sequence of steps

involving excision of damage, DNA degradation, DNA repair

replication and joining of the repaired ends. However, evi-

dence establishing the overall sequence is lacking, and in

general showing the existence of one of these steps was

regarded as evidence for the entire repair process.

Since this postulated mechanism uses enzymes which

are available in the cell, nucleases, DNA polymerase and

Joining enzyme, it is assumed to be a general repair mechan-

ism for radiation and chemical damage.

This work aimes at testing the above hypothesis, and

after hypothesis attempts to give a more complete descrip-

tion of the phenomenon of repair.



LITERATURE REVIEW

The concept of "repair of damage to deoxyribonucleic

acid - DNA," caused by physical and chemical agents came

from the demonstration that such measurable damage which

appears as lesions can be reversed or repaired. Thus, in

order that the organism will be able to survive the differ-

ent "lethal effects" to which it is eXposed in the environ-

ment, the organism must be equipped with a mechanism which

enables it to correct different kinds of damage caused to

DNA. Two classes of agents which can causa damage to cells

are radiation and chemicals.

I will first review the literature concerned with

radiation and later the literature dealing with chemical

damage with more detailed information on mitomycins, the

antibiotic used in this study.

Radiation damage includes damage caused by both ultra-

violet radiation (UV), and ionizing radiation. DNA is pre-

sumably the primary target for radiation damage of biological

consequence (Haynes, 1).

The most studied photoproduct of UV irradiation are

pyrimidine dimers; adjacent pyrimidine residues in the same

nucleic acid strand that are linked together by cyclobutane

ring (Beukers et al., 2). Formation of a dimer results in

decreased Spacing between the pyrimidine rings and a change
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in their orientation as compared to those found in a Watson-

Crick structure. Therefore, these pyrimidine dimers would

be eXpected to cause a localized distortion of the helix.

Setlow and Carrier (8) reported that the primary

photochemical products in DNA were the TT, CT, and CD dimers.

In acid hydrolysates of irradiated DNA, TT, UT and UD were

detected. The uracil containing dimers presumably arose

from deamination of 6% and 6%.

All the above dimers have similar photochemical

properties in that they are monomerized by short wavelength

irradiation (Setlow and Carrier, 5). They are also mono-

merized by the photoreactivating enzyme .hn presence of

visible light, Rupert (15) and Muhammed (59). All dimers

seem to inhibit enzymatic degradation and synthesis of DNA

in zltrg, and presumably in some organisms, they act in a

similar manner ig_zizg (Bollum and Setlow“ A). Both TT and

CT dimers are excised from DNA of irradiated resistant

bacteria upon further incubation in fresh media (Setlow,

10; Boyce and Howard Flanders, 7).

The repair systems seem to work on double stranded

DNA. This was shown by R6rch et al. (9) with ¢xi74 virus.

The recovery of irradiated bacteriophage depends on the

strain of bacterial cells used to titer them. Bacteria

which give high phage recovery are said to exhibit host

cell reactivation (hcr+) while those which are incapable of

repairing the damage are hcr' (Metzger, 18).

Only the double stranded, replicative, form of ¢x174-,
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and not the single stranded phage, is subject to host cell

reactivation by hcr+ cells.

The UV-induced pyrimidine dimers cause temporary

inhibition of DNA synthesis in radiation resistant cells,

(Setlow and Swenson, 3). It is assumed that the inhibition

period represents the time needed for repair of the lesions.

Nglecular Mechanisms for Recovery and Repair

There are several mechanisms which can repair UV

damage, that is, pyrimidine dimers in the DNA.

Recovery may be divided into:

(1) Reversal of damage

(a) Photoreversal of pyrimidine dimers

(b) Enzymatic photoreactivation

(c) Photoprotection

(2) gypass of damage

(3) Dark repair mechanism - Removal of damage

(1) Reversal of damage

Nucleic acids are crucial molecules which absorb

UV radiation. Low doses of UV radiation are needed to inac-

tivate DNA. The action Spectrum for UV is similar to the

absorption Spectrum of DNA and RNA but not by other cell

components. Photoreactivation is possible for DNA but not

for RNA and proteins (Jagger, 12).

(a) Photoreversal

The pyrimidine dimers induced by UV radiation at

28002 are monomerized by subsequent irradiation at 23903



5

(setlow, 13). It was Shown by the Setlows (1n) that, if

transforming DNA, which was inactivated by 28003 irradiation

is fully photoreactivated with yeast extract, it becomes in-

susceptible to reactivation at 23903 and vice versa. This

shows that those two mechanisms act independently.

(b) enzymatic photoreactivation

Thymine dimers which are produced at 28003 cannot be

reversed by photons of wavelength longer than 30008, because

they are not absorbed by the dimer. Photoreactivating

enzymes, isolated from yeast and bacteria by Rupert et al.

(15), and from yeast by Muhammed (59) monomerize pyrimidine

dimers when activated by the absorption of photons in the

30002-45002 region. These photons presumably will not be

absorbed by the dimer, as are those at 23902, but by some

chromophore associated with the enzyme or with the enzyme

substrate complex.

Rupert (16) showed that the enzyme exhibited the

SXpected dose rate saturation, and temperature dependence

as eXpected from protein-enzyme in usual Michaelis Menten

Kinetics. The existence of an enzyme-substrate complex con-

sisting of the photoreactivating enzyme and UV irradiated

DNA was shown. Illumination of the complex broke it,

releasing intact enzyme and repaired DNA. The overall

process can be summarized as:

K1 hV

E + DNApr fine E - DNApr -—-) E + DNAr

K k
- 2
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where DNApr is DNA containing photoreactivable damage, E-

DNApr is the enzyme substrate complex produced by reversible

reaction, and DNAr is photoreactivated DNA. The light

requiring reaction is not reversible since enzymes will not

combine with DNA, free of pyrimidine dimers.

(c) photoprotection

Photoprotection was termed by Jagger (6) as a modifica-

tion effect which involves treatment before the UV irradia-

tion. After irradiating with nearUV (3000-37008) some cells

Show decreased sensitivity to UV damage. Because this modi-

fying treatment occurs before the inactivating treatment it

is called "protection” in contrast to "photoreactivation" by

a posttreatment. The action Spectrum for photoprotection is

found to induce growth delay.

In liquid recovery (17), E, 29;; B-cells, which are

held in liquid. medium for about six hours after irradiation

before plating, also demonstrate a growth delay (Jagger, 11).

In view of these two phemonena, he postulated that the growth

delay permits greater efficiencies of dark repair process.

(2) Bypass of damege

Kinetic studies, done by Bollum and Setlow (4) on an

iggzltgg DNA polymerase system, using as a primer UV irradi-

ated calf thymus DNA, have been interpreted as indicating

that slow polymerization around UV-induced lesions is pos-

sible. In such a process, "wrong" bases may be incorporated

into DNA. The polymerase product was deficient in ApA
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sequences as would be expected if there were noncomplemen-

A

tary incorporation Opposite to TT dimers.

(3) Removal of damage - dark repair

A theory for the mechanism of enzymatic repair of

DNA based mainly on demonstration of removal of damaged

regions was proposed by Boyce and Howard Flanders (7) and

Setlow (10).

This theory was tested exPerimentally and there is

accumulating evidence for the existence of the dark repair

process.

Repair by excision and replacement of damaged region

involves a number of enzymatic steps using enzymes which are

available in the cell. The general scheme for this mechan-

ism is shown in Figure 1.

Excision Process

The first step in the repair of affected DNA is the

excision of damaged regions. Setlow (7) and Howard Flanders

(10) showed that when UV irradiated bacteria are incubated

after irradiation, dimers are gradually released and are

found in a trichloroacetic (TCA) soluble fraction. The

excision of pyrimidine dimers appears to be a part of the

repair process required for colony formation, since it

occurs in wild type E, QQEEIKIZ but not in mutant strains

sensitive to irradiation.

Degradation of DNA

During the period that thymine dimers become acid



Figure 1: Postulated steps in the enzymatic dark

repair hypothesis

(1) intact double stranded DNA

(2) modified region in the DNA (0)

(3) opening of phOSphate ester bond by enzyme A

(endonuclease)

(A) exonuclease action which cut several nucleo-

tides around the lesion

(5) polymerase mediated DNA synthesis starting

at the 3'OH end

(6) closing of the final 3'OH - 5'P link by enzyme

D (Ligase or polynucleotide Joining enzyme)
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soluble, there is also a substantial release of nucleotides

from the DNA to the medium (7, 10). This degradation may

reflect the action of exonuclease on one or both free ends

of single strands cut during excision.

DNA Repair Synthesis

Any material that is removed in local single-strand

breakdown must be replaced by insertion of nucleotides com—

plementary tothose of the intact opposite strand by a DNA

polymerase. Evidence for repair replication, incorporation

of nucleotides into parts of the chromosome other than the

normal growing point following UV irradiation was obtained

by PettiJohn and Hanawalt (19).

When.E, 92;; is grown with 5-bromo uracil (Bu) after

irradiation, the 5-Bu - analog of thymine - is incorporated

into the DNA at a number of Sites along the molecule, pos-

sibly in the repair areas. Heat denaturing following by

density gradient centrifugation does not lead to separation

of normal and Bu—containing strands, as occurs in the DNA

from unirradiated cells. Thus the Eu containing zones

appear to be Joined into DNA by heat stable bonds.

The same type of replication was shown by Brunk and

Hanawalt (20) in DNA from eucaryotic cell damaged by UV or

x-rays. This was also confirmed by . Rupp and Howard

Flanders (21).

Formation of PhOSphodiester Bonds

The final stage in the repair process is the reJoin-
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ing of the sugar phosphate backbone. Recently, a few enzymes

capable of repairing single strand breaks, which occured in

double stranded DNA molecule, were reported by Weiss and

Richardson (22), Gefter et al. (23), Olivera and Lehman (24)

and Zimmerman et al. (29). The Joining enzyme forms a phos-

phodiester linkage between adJacent 5' phosPhoryl and 3' hydroxyl

groups.

Bautz (26) reported a biological study that the

single strand damages which occured in phage T4 were repaired

by polynucleotide Ligase. J. Tukagi et al. (27) report the

repair of single strand breaks in transforming DNA of B.

Subtilis by the above enzyme. The breaks were induced by

two nucleases.

McGrath and Williams (46) showed repair occuring in

E, coli strain B/r (resistant) after x-ray treatment. X-rays
 

induce single strand breaks which were detected upon denatur-

ing DNA in alkaline sucrose gradients. These breaks disap-

peared upon incubation of the resistant cells after treatment.

Freifelder (28) observed double and single strand

breaks produced in bacteriophage T7 by x-rays. He concluded

that the single strand breaks are not lethal to T7 because,

presumably, they are repaired.
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Chemical Dama e

Chemicals, which are mutagens, act by forming abnor-

mal products in DNA, some of which appear to be subJect to

repair.

Brooks and Lawley (29) investigated the reaction of

mono and difunctional alkylating agents with nucleic acids.

Mono functional alkylating agents are chemicals with one

reactive center which thus attach to one residue of the DNA.

Difunctional alkylating agents possess two reactive centers

and thus can react simultaneously with two residues of the

DNA. The bifunctional agents generally exert a markedly

more cytotoxic action than the correSponding monofunctional

agents. The bifunctional chemicals, by binding two residues

in the DNA, usually on opposite strands, cross-link the DNA.

The cross linkage prevents the two strands of the DNA to

separate upon heat denaturing and rapid cooling which is

termed "renaturing."

Difunctional alkylating agents, such as nitrogen

mustard (di-2-chloroethyl-methylamine), and sulfur mustard

(di-Z-chloroethyl-sulfide), act on DNA mainly by alkylating

guanine at the N position, thus, a mono and diguanyl product7

are formed. One such possible linkage is shown diagram-

matically in Figure 2.

Two guanine residues, in order to be crossed linked

by an alkylating agent of h or 5 atoms, must be situated 82

apart. According to the Watson-Crick model of DNA the N7

of two guanines will be stereochemically available to cross
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Figure 2
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linkage if the sequence of bases in one strand will be

guanine cytosine and on the antiparallel strand cytosine

guanine.

Linkage of adJacent guanine moieties on the same DNA

strand cannot be eliminated on steric grounds but would

require thealkyl chain to assume a less probable non-extended

configuration.

There is indirect evidence that alkylated bases are

released from DNA in bacteria (Kohn et al., 30). They

treated bacteria with nitrogen mustard. They found that DNA

extracted from treated E, 222$.B/31 strain, maintains its

ability to renature after heating during extended incubation.

In contrast, DNA from.E, gg;l,B cells, upon the same condi-

tions, loses the renaturing ability after 90 minutes. Upon

incubation after treatment, the cross linked DNA of E,‘gg;;

B strain becomes converted to its normal denaturable form.

This change in reversibility of denaturation can be

explained as an indication of removal or breakage of the

cross links from.E, gg;E_B.

- Lawley and Brooks (31) provided further evidence for

excision of bifunctional mustard damage from DNA. Using

s35-su1phur mustard they showed that about 50% of the radio-

activity was released into the medium from.E, 22;; resistant

cells, during incubation after treatment.

E, 32;; sensitive strains showed release of only

about 10% of the radioactivity during incubation. By

chromatography it was shown that diguanyl derivatives appear
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to be released preferentially, although there is some loss

of the monoguanyl products.

Howard Flanders (32) showed that UV sensitive mutants

are also more sensitive to killing by nitrous acid than the

wild type strain, as Judged by colOny forming ability.

Nitrous acid is an oxidizing and cross linking agent,

(Geiduschek, 33 and Becker et al., 34), but it is not known

whether the defects induced by it are excised.

Reiter and Strauss (35) showed repair in cells treated

with the monoalkylating agent methyl methane sulfonate (MMS).

They found that the activity of transforming DNA, extracted

from HMS-treated E, subtilis cells, increases if the cells

are incubated after treatment before extraction. This may

imply that DNA containing bases alkylated by MMS is repaired

during incubation.

Hanawalt and Haynes (36) showed that nitrogen mustard

induces the same non-conservative mode of DNA replication,

i.e. repair replication, as found in E, 22$A.UV resistant

cells (19), after treatment with UV irradiation.
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Mitggycin

The mitomycins form a group of closely related bac-

tericidal and cytotoxic antibiotics produced by several

Streptomyces Species and have the general formula Shown in

Figure 3, where R1, R2, R3 are different substituents

specific for each of the mitomycins, A, B, and C. Mitomy-

cins are generally non-reactive in the natural oxidized

state. Upon chemical or enzymatic reduction, followed by

spontaneous loss of tertiary methoxy (hydroxyl) group and

formation of an aromatic indole system, they become bifunc-

tional alkylating agents, (Iyer and Szybalski. 37) which

cross link DNA .i_r_1 12:2 and AA 1339. The cross-linking

reaction requires at least two reactive sites on the mito-

mycin molecule. Upon reduction and spontaneous loss of a

9a methoxy or hydroxyl group, position K (Figure 3) becomes

an active site of alkylating position. A second alkylating

center is at position I which is highly reactive towards

nucleophilic substitution. .Although two reactive Sites are

sufficient to explain the bifunctional cross-linking activity

of the mitomycins, it is difficult to exclude the possibility

of a third reactive Site Z.

Shiba (38) reported the selective action of mitomycin-

C (NC) on DNA. The preferential inhibition of bacterial DNA

synthesis by MC, accompanied by progressive breakdown of DNA,

indicates that DNA is the principal target. Iyer and

Szybalski (39) looked for the molecular mechanism of MC

action and showed that MC links the complementary DNA strands.
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Native DNA, extracted from MC-eXposed cells and

examined by equilibrium density-gradient centrifugation, was

indistinguishable from DNA_extracted from uneXposed cells.

However, when the DNA's from control and MC-eXposed cells

were heat-denatured and rapidly cooled, a significant dif-

ference in the banding pattern in C 8Cl and in CsZSO,+ gradients

was revealed. Only a small fraction of the denatured DNA

from MC-eXposed cells banded in position normally occupied

by the denatured normal DNA, while the main band formed at

the density characteristic for the native or renatured

state. Such behavior by analogy to nitrous acid (33) is

interpreted as thermostabe linking of complementary strands.

By measuring the fraction of DNA rendered non denaturable

and assuming a random distribution of cross-links, one finds

that the average frequency of MC-induced cross-links corres-

ponds to one per 20,000 nucleotides pair, i.e. one cross-

link per molecular weight of 12 x 106 (#0).

Weissbach (41), by using (H3)MC showed that in_zl§gg

up to one molecule of antibiotic can be attached per 500

nucleotides.

Information about the sites of mitomycin attachment on

the DNA is still far from complete. Earlier evidence of

indirect nature suggested that the guanine, cytosine or

both moieties of DNA might preferentially react with MC,

since the degree of cross-linking increases with increasing

guanine and cytosine (G + C) content. Thus a higher degree

of cross-linking was observed with g. 21.1132 DNA (71% [c + 0])
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than with‘g. Johnsonii (33% [C + C]) when both were treated

simultaneously with reduced MC. Similar observations have

been made with other DNA's of mammalian and viral origin

(40) having various [G + 0] contents.

The eXperiment of Iyer and Szybalski, (37) demon-

strating in;zg§£g reaction between nucleic acid and activated

(reduced) MC, have prompted several attempts to measure

directly the binding of radioactive mitomycins to DNA. The

reaction between 20 ug labeled MC and 200 pg of purified

2, subtilis DNA showed one mitomycin molecule bound per

2500 nucleotide pairs, i.e. per 1.5 x 106 molecular weight

units. These results show directly that MC can be covalently

bound to DNA with only 5-10 antibiotic molecules participat-

ing in the cross-link and the other molecules reacting with

one strand only.

Lipset and Weissbach (#5) have further shown prefer-

ential reaction with guanine residues, although the reaction

with other bases is not negligible.

By eXperiments with Space filling models of DNA and

mitomycin (40), the cross linking involving site Y and X of

the antibiotic limits the choice of the hypothetical linking

sites on the DNA molecule compatible with preservation of

the largely undistorted double-helical configuration of the

native DNA. Cross-links between N7 position of the guanines

on the opposite DNA strands similar to those postulated for

nitrogen or sulfur mustards (Lawley and Brookes, 31) are

probable, though with gross distortion.
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Boyce and Howard Flanders (#2) found that UVB genes

in E, ggliIK-iz control the level of survival after MC treat-

ment and also MC-induced breakdown of DNA. Upon treatment of

bacteria labeled with Cl” thymine with MC they found release

of about 30;: of total radioactivity into TCA acid soluble

fraction in the UVB+ strain, whereas 6% release occured in

the mutant strains. These observations, they conclude, can

be eXplained by stating that MC-induced lesions are exised

from the DNA and the breakdown of DNA is only secondary to

the excision.



MATERIAL AND METHODS

Bacteria and Phage Strains

E, 22;; B130, a thymidineless mutant, was used through-

out these eXperiments. The bacteria were grown at 37° in

medium containing per one liter: 1 g NHucl; 0.#9 g MgSOu‘7H20;

FeSOu'7H20 0.5 mg; 3 g KHZPon, 6 g NaZHPOu. 0.5% glucose (58).

This minimal medium was supplemented with thymidine at concen-

tration of 1 y/ml.

T4 phage was used as a DNA marker for alkaline sucrose

gradients. _E_. coli B130 strain and the T4 phage were kindly

given by Dr. J. Boezi.

Labeled Thymidine

Methyl H3 thymidine 5 m0 in 5 ml spec. act. 3 C/mmole

014 thymidine 0.25 uc/ml Spec. activity 12 mC/ml wereand

purchased from Schwarz Co. Mitomycin C- isolated from

Streptomyces CaeSpitosus in crystalline form was purchased

from Sigma Co. In all experiments where MC- was used, it

was in concentration of 1 Y/ml which gives 70-75% survival

as found by colony counts.

Alkaline Sucrose Gradient

The method used was that described by McGrath and

Williams (#6).

E. coli B130 cells, growing eXponentially, (generation

21
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time #5 minutes) were fully labeled by H3 thymidine 1 y/ml.

When the cells reached an optical density of 0.5, which is

approximately 5 x 108 cells/ml. They were divided into three

samples. One sample was kept as the control; another sample

was treated with MC for 15 minutes and collected immediately;

and the third sample was treated with MC for 15 minutes, then

collected and resuspended in fresh medium supplemented with

unlabeled TdH 1 v/ml for the various periods as specified in

each eXperiment. The collected cells were washed twice in

0.1M Tris buffer pH 7.5.

Cells were transformed into protoplasts by a modifica-

tion of the lysozyme-versene method (#7). After washing,

the cells were suspended in protoplasting medium, containing

per liter: 171 g sucrose; 30 ml of 1M Tris pH 8. Lysozyme

at conc of 0.1 mg/ml was added and the cells were swirled

gently for two minutes. Then 0.2 ml 1% EDTA per ml of bac-

teria was added. In this way protoplasting is completed in

10 minutes.

The cells are lysed by slowly pipetting them into

0.1 ml of 0.5M NaOH which had been layered on top of a #.8

ml 5%-20% alkaline sucrose gradient - in 0.1M NaOH 0.9M NaCl

adjusted to pH 12.3 by NaOH. Approximately 5 x 106 proto-

plasts were placed on the gradient. Gradients were centri-

fuged at 30,000 rpm for 90 minutes at 20°C in a SW-39 swing-

ing-bucket rotor on a Spinco model L2-50 centrifuge. The

nitocellulose tubes were pierced with a hypodermic needle,

No. 26, which is supported by a teflon tubing. The teflon
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tubing was mounted on the hypodermic needle hacrder to ensure

a reproducible pore size and to prevent gradient disturbance

which might be caused by inserting the needle too high. One

drop fractions were collected on Whatman 3MM filter paper

discs 2.3 cm diameter, which were then washed three times in

5% trichloacetic acid in order to remove acid soluble material,

washing once with 95% ethanolixiorder to remove TCA.and with

ether to facilitate drying (#8). The dried discs were

counted in toluene - BBOT - # g per liter (2,5 bis [2(5-tert-

Butylbenzo x azolyli] thiophene scintillation fluid in

Packard Tricarb Scintillation counter.

Cosedimentation of Alkaline Sucrose Gradients of

E. coli Cells and T#
 

 

The same procedures as above were followed but 0.1 ml

of T# bacteriophage (approximately 5000 cpm) were layered

together with the g, ggli_protoplasts on top of the 0.1 ml of

0.5M NaOH on the sucrose gradient. Discrimination between

the two isotopes was done at the setting:

for c1“ windows from 200-1000, gain 16%

for H3 windows from 30-200, gain 60%

Less than 10% of Cl“ counts were found in the H3 channel.

Preparation of luC-TdH Labeled T4 Marker
 

Labeled T# phage, used as a marker for alkaline sucrose

gradients, were prepared by modification of the procedure of

T. Kano-Sueoka (#9).

Four hundred ml of §. coli B130 were grown in medium
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supplemented with 1 y/ml TdH, to O.D. O.#. Ten minutes

before the infection 100 ug/ml of D-L tryptophan was added.

Tryptophan is needed for better adsorption of the phage to

the bacteria. The culture was infected by T# at multipli-

city of 0.1. At the time of infection, Cl“ TdH 0.25 uc/ml

was added and the culture shaken until lysis.

When the lysis was completed, the cell debris was

spun down at 6000 rpm for 15 minutes. The supernatnat frac-

tion was passed through kieselguhr (#0 g/l of supernatant)

and then through a millipore filter (pore size O.#5 u).

Phage was collected by centrifugation at 22000 g for 1 hour

and then suSpended in buffered salt solution: 2 g NHACl:

5 g NaCl: 0.37 8 KCl: 0.01 g MgClZ°6H20: 0.026 g NaZSOu:

0.09 g NaZHPOu; and 0.0#6 g KHZPOQ in 1 liter of 0.1M Tris-

HCl buffer pH 7.3. The phage suspension was then treated

with DNase and HNase (5 ug/ml each), and the phage was spun

down again at 22000 g for 1 hour. The buffered salt solu-

tion was poured onto the phage pellet and kept in cold for

at least 2# hours before resuSpending the phage.

In order to prevent aggregation of phage due to diva-

lent cations, 10 mM of EDTA was added to buffered salt solu-

tion.

The Specific activity of T4 bacteriophage was 1 x 105

cpm per unit of optical density at 260 mu.

Preparations of 3H-TdB-Labeled DNA

One liter of E. coli B130 was grown in 37°C in medium

supplemented with TdH: 0.919 mg of unlabeled TdR, and 1 ml
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of H3 TdH (equal to 81 ug). Cells were grown to O.D. 1.9

then were collected by centrifugation and suspended at 15

ml/g cells in .01M Tris-HCl pH 8.0 buffer containing 0.2M

sucrose. This suspension was brought to 2% of sodium

dodecyl sulfate (SDS) and the suSpension shaken until

lysis occured. An equal volume of buffered phenol is added

and the suSpension shaken gently for 15 minutes. The emul-

sion is centrifuged at 10000 rpm for 10 minutes to separate

the aqueous phase from the phenol phase. The aqueous solu-

tion is collected and the phenol extraction was repeated

again.

The supernatant was collected and 5M NaCl was added

to a final concentration of 1M NaCl. An equal volume of 95%

ethanol was layered over the solution and the DNA was col—

lected by winding on a glass stirring rod. The collected

DNA was dissolved in 1 ml of 0.01M NaCl and treated with

HNase 0.02 mg/ml and then a phenol extraction as described

above. The collected DNA was then dissolved in 1 ml of 0.01M

NaCl and dialysed against .01M NaCl. The DNA thus isolated

contained 30000 cpm/Y DNA.

Endonuclease Studies

E, 22;; cells were grown as before to O.D. 0.5 at

37°C and then were divided into 3 samples of 100 ml. One

sample served as control, the other two samples were treated

with MC 1 y/ml for 15 minutes. The second sample was col-

lected immediately after treatment and the third sample was

resuSpended in fresh medium for 10 minutes.
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Preparation of cell extracts for source of enzyme was

a modification of the method of 1.3. Lehman (50).

The collected cells from 100 ml were suSpended in 2

ml of potassium phoSphate buffer 0.15N pH 7. The cells,

kept in ice, were sonicated # times for 15 seconds 2 ampers.

The sonicate was then centrifuged at 15000 g for 10 minutes

and the supernatant was collected. Before assaying for

endonuclease activity, 50 ug of pancreatic HNase was added

for about an hour to destroy the inhibition due to RNA

present in the crude extract (50).

Assay of Endonuclease

Endonuclease activity was assayed according to E.P.

Geiduschek and A. Daniels (51). . This assay, using

nitrocellulose filter, is very sensitive to the endonuclease

assay since the filter retains only relatively large poly-

nucleotide chains which appear upon denaturing DNA.

3H DNA was incubated in a reaction mixture of total

volume of 0.3 ml, containing Tris 1M pH 7.5, 0.1M MgClz,

bovine serum albumin (important for retention on the filter)

and various amounts of cell extracts. The mixture was incu-

bated in a 37°C water bath. Aliquots were removed at 0',

5', 10', 20', 25' and 30 minute intervals and were diluted

to 1 ml in solvent of low ionic strength containing suffi-

Cient EDTA to bind the Mg++ in the reaction mixture. This

solvent contains NaHzPOu 0.00#M; NazHPou 0.007M and Na2H2

EDTA 0.001M. The diluted aliquot was heated 5 minutes at

100°C and quickly cooled in an ice bath. It was then diluted
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to 15 ml in solvent containing 0.5M KCl and 0.01M Tris buffer

pH 7.0. The 15 ml were applied to a nitorcellulose filter

previously soaked in the same solvent and washed with 75 ml

of the same solvent. The discs were then rinsed with 5 ml

of 80% ethanol, dried and counted in BBOT-toluene scintilla-

tion liquid. Protein was measured by a method of Lowry et al.

(56).



RESULTS

Alkaline Sucrose Gradients

Typical data for §.122;1_B130 strain plotted as cpm

against fraction number or distance travelled from the menis-

cus, are shown in Figures #-8.

It is clear by comparison with the control eXperiment

(Figure #) that MC treatment caused a decrease in sedimenta-

tion rate. The decrease in sedimentation is not signifi-

cantly observed at 0' (Figure 5) but is shown very clearly

after 10' (Figure 6) of growth in fresh medium. Upon fur-

ther incubation in fresh medium for 30 minutes (Figure 7)

and #5 minutes (Figure 8), the sedimentation rates increase

and are again comparable to that of the control -.untreated

sample.

The decrease in the S value after about 10 minutes

and the subsequent increase of S value up to #5 minutes can

be attributed to the repair process.

Estimations of molecular weights and sedimentation

coefficients of the various DNA samples were done by cosedi-

mentation of cell lysates with the DNA of T# phage as a

marker.

Quantitative analyses are based on the distance

travelled by each DNA Species from the meniscus.

28
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Figures #-8: Alkaline sucrose gradient profile of

H3-DNA of E, coli B130 cosedimented

with T4 marker.

Fig. #. control - untreated

Fig. 5. MC 1 Y/ml, no incubation

Fig. 6. MC 1 v/ml, 10 minutes incubation

Fig. 7. MC 1 v/ml, 30 minutes incubation

Fig. 8. MC 1 v/ml, #5 minutes incubation

d - distance travelled from the meniscus

f - fraction no.
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Abelson and Thomas (52) derived the following relation:

0.38

fill—aw“)

T4 4

where DT4 is the distance travelled by T# DNA and D the DNA

in question, and M and MT“ the correSponding molecular weights

when 0.38 is an empirical constant.

This relation is equivalent to:

_§_ = D

ST». HE;

derived by Burgi and Hershey (53), where S and 8T4 are the

corresponding sedimentation coefficient values. This is

based on the empirical relation proposed by Dotty, McGill

and Rice (5#): ‘

s = aMk

where a and k are empirically derived constants, when the

eXperiments were done on 1 phage and half A phage.

The T4 marker used in this eXperiment has MW of 130 x

106 daltons according to Rubinstein, Thomas Jr. and Hershey

(55). Thus a single strand has a molecular weight of 65 x

106 daltons. According to the above authors, the S value for

T# should be calculated with the constants:

s = 0.02u4 M0'5“3

which gives a value of 62.12 for the whole molecule and a

value of #2.7S for the half molecule - one polynucleotide

chain.

According to the above relations, the MN and S values

for the DNA of‘g. coli cells at different times were
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calculated and given in Table 1. This data were reproducible

for all the eXperiments carried out and present an average

 

 

 

 

 

picture.

TABLE 1

D/DTu MW 3'

Control Fig. 1 1.73 2.7 x 108 72.8

0' Fig. 2 1.69 2.58 x 108 72.16

10' Fig. 3 1.50 1.88 x 108 64.05

30' Fig. 4 1.55 1.96 x 108 66.18

#5! Fig. 5 1.69 . 2.58 x 108 72.16

 

Endonuclease Studies

The results, plotted as Cpm/mg protein against time of

reaction, are given in Figure 9 and Table 2. These are the

average results of the eXperiments carried out.

The assay is not necessarily linear with time. The

time required to reach a certain reduction in counts retained

on the filter could be considered as an approximate inverse

measure of activity. By this criterion the treated cells

which were suSpended for 10 minutes in fresh medium show an

increase in endonuclease activity of about 50% over the con-

trol and the zero time samples. After 5 minutes of incuba-

tion, the samples, incubated with lysates of MC treated and sus-

pended cells, show about 50% of the initial counts while the

two other samples reached this point only after 10 minutes.
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Figure 9: Endonuclease activity in three samples:

Control, treated sample - time zero -

and treated sample incubated 10 minutes

in fresh medium.



38

CPM/mg protein

1600

woo

1200

1000

800 w

 600 C Control   
#00

200

   
 

 

25

 

30

Time in Minutes

Figure 9



39

TABLE 2

Endonuclease Activity

 

 

 

Time Control MC 1 y/ml 0' 10'Mgn1flégh med

0' 1632 1500 1502

5' 1229 1335 683

10' 367 600 332

20' 98 #8 83

25' 55 #0 63

30' 16 30 30



DISCUSSION

As pointed out by Setlow (#3) "The experimental obser-

vation of any one of these steps (dark repair mechanism) is

often taken as an indication of the existence of a repair

mechanism. This may not be Justified, as is seen from a

brief consideration of what is known about these steps."

This was the prevailing idea during this study. The

work reported here tried to demonstrate more comprehensive

evidence for the repair process. The dark repair mechanism,

involving excision, degradation; repair replication and Join-

ing steps, appears to be common for damage caused by UV radi-

ation, x—rays and chemical agents.

MC which can either cross-link DNA (39) or react with

a single base and thus inhibit DNA synthesis (38) must be

removed before the cells are able to resume normal growth

and division.

As was shown in my studies with cells lysed on top of

an alkaline sucrose gradient, a decrease in sedimentation

value was observed after 10 minutes of incubation in fresh

medium, and later this S value increases and reaches the con-

trol level. Both these changes are attributed to the overall

repair process. Presumably, the damage is removed by the

excision and degradation steps - thus a decrease in S value

is observed and subsequently it is postulated that as the

#0
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repair continues through repair replication and rejoining of

the phosphate diester bond, the S value reaches the normal

value.

This is also in accordance with the studies on endo-

nuclease activity. The elevated activity was shown after

about 10 minutes which is the time period when a decreased

S value appeared in the alkaline sucrose gradient.

In contrast to the work with x-ray damaged cells (#6)

where the decrease in sedimentation is demonstrated at time -

zero, since the single strand breaks are a direct effect of

the damage, MC-induced single strand breaks appear only after

about 10 minutes of incubation in fresh medium. This obser-

vation can be eXplained by the first step in the postulated

repair process according to the scheme in Figure 1.

Howard Flanders et al. (#2) showed release of radio-

activity in UV resistant E, 221; K12 cells treated with.MC.

He showed a release of 30% of the DNA's radioactivity into

the medium which is three times more than the amount shown

by Setlow (10) and Boyce et al. (7) after cells were treated

with UV. This release was eXplained by him as part of their

repair process - the degradation following excision. There

are, however, some points in his work which are not in agree-

ment with current knowledge. First, this 30% release is much

too high to be eXpected from DNA degradation due to repair.

Secondly, this work was done with high concentration of MC

(5 ug/ml) which gave only 30% survival. Because of the low

survival at this high concentration and long treatment, it
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can be inferred that there was either an inhibition of the

repair process or secondary effects of the MC treatment.

The high release of label from the DNA might be eXplained

as a secondary effect due to degradation in the 70% of dead

cells, similar to the effect which was observed first by

Heich et al. (##). The inhibitory concentration of MC for

variety of strains, as determined by gradient plate tech-

nique by Szybalski (#5), was found as 0.5 HS/ml for E, 23;;

K12 which is far from the 5 ug/ml used in the above studies.

The cross-links are presumably formed between two

guanine residues in the opposite strand in adjacent base

pairs, similar to those formed by nitrogen mustard (29) and

by MC (#0, #1). The problem of repair replication thus

arises.

In UV damaged cells, the thymine dimers are released

leaving intact complementary strand which may serve as tem-

plate for repair replication. The same mechanism can be

explained for cross-links if one strand segment containing

one end of the cross-link is excised, allowing it to swing

out and permit replacement of that segment by new DNA. Only

then, can the other attachment point on the other side be

excised (30).

Thus, with the observations of increased nuclease

activity and decreased sedimentation rates from DNA in MC-

treated cells, it is concluded that a repair of interstrand

cross-links occurs, without the loss of the base pair sequence

of the genome, by a multistage process, probably involving

excision and DNA repair replication.
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