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1. Introduction

One of the most exciting results to come out of photobiology and radiation biol-
ogy in recent years is the observation, at the biochemical level, that cells can repair
damage to their DNA. The importance of this observation extends to all areas of
biological science. The genetic control of repair systems has become a subject of in-
tensive investigation, The enzymes involved in repair are being isolated and charac-
tenized. The relationship of repair systems to normal life processes in the absence of

PR radiation is being assessed. The absence of one type of repair process has been corre-
lated with the genetically controlled susceptibility to light-induced skin cancer

- {xeroderma pigmentosum) and may have far-reaching implications in the field of
T cancer rescarch. A new repair system, controlled by the genes that control genetic
recombination. appears to be the major system by which cells repair X-ray induced
to their DNA. Several agents have been found that inhibit this repair system. The
use of specific inhibitors for this repair system may find application in the radiation
treatment of cancer.

The most recent development in studies on the repair of radiation damage is the
observation that there are at least two dark repair systems that differ both in their
biochemical mechanism and their genetic control, and there may well be other sys-
tems yet 1o be discovered. The repair systems that operate in the light (e.g., photo-
reactivation} have been discussed by Dr. J. Setlow [31]. This paper will be largely
restricted to those repair systems that do not require light energy to power their
biocherical reactions.

The first indication that cells might have the capacit y to recover from radiation
damage was the observation that minor medifications in the handling of the cells
(e.g., growth media, temperature, etc.) had a marked effect upon the ultimate via-
bility of irradiated cells. Thus in 1937, Hollaender and Claus [24] found that higher
survival levels of UV-irradiated fungal spores could be obtained if they were allowed
1o remain in water or salt solution for a peried of time before plating on nutrient
agar. Roberts and Aldous [45] extended these observations hy showing that the
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Fiz. 1. Ultravsolet radiation survival curves for £ coli B. After irradiation the cells wege sus-

pended in a liquid medmm without an enenzy source for the times ndicated before being plated

on nutrient agar. I 3 evident that both the slopes and the shapes of the survival curves can be
altered by the post-irrudiation treatment of the cells [45],

shapes of the UV survival curves for £, coli B could be changed quite drastically
simply by holding the irradiated cells in media devoid of an energy source for var-
ious limes before plating on nutrient agar (fig. 1). This phenomenon, known as lig-
uid holding recovery, has now been shown to require the presence of intact uvr
genes [12], the genes that control the first step in the excision repair system. Thus,
holding £. coli B (and certain rec strains of £. coli K-12 [10] ) in non-nutrient me-
dia appears to improve the efficiency of the excision repair process.

A second indication of the possible repair of radiation damage came from a
study of survival curves. According to classical target theory, a shoulder on a sur-
vival curve should indicate either multiple targets or multiple hits on targets. How-
ever, very closely related mutants of £. coli are not expected to have a markedly
different number of targets, yet their survival characteristics are markedly different
{fig. 2). The shoulder on the survival curve of the more resistant strains has been
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Fig. 2, Ultraviolet radsation survival curves of different mutants of £, coll B [21].

reinterpreted as implicating the capacity to repair [22]. The shoulder represents the
dose range within which the cells can cope with the damage produced. At higher
doses where the survival curve becomes steep, the repair systems have themselves
either become inactivated by the radiation or the number of lesions in the DNA ex-
ceed the capacity of the repair system to cope with this damage.

Another method for studying or detecting the presence of repair systems in cells
is the split-dose technique used by Elkind and co-workers |7, 8]. The rationale for
this type of experiment is that if there is no repair of radiation damage then it
should have little effect upon the ultimate survival of the cells whether the total
radiation dose is given at one time or whether only part of the dose is given at one
time and the remainder is given at some later time. However, if the survival of the
cells receiving a split dose of radiation is greater than that for cells receiving the
same totai dose delivered at one time, then it seems reasonable to conclude that
the former cells have been able to repair a portion of the first dose of radiation
(fig. 3). Thas split-dose technique has been most widely used with mammalian cells
mn tissue culture although some work has been done with microorganisms [32].

Perhaps the most conclusive proof of the presence of repair systems in cells is
the observation that different mutants of the same stram of bactera show widely
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Fiz. 3. Neray survival curves for Chinese hamster cells (V79-1} using fractiosted doses. When

there was either 2.5 or 23.0 hr between the first dose of 505 rad and the subsequent doses of

X rays, the cells were more resistant than if there was no fractionation of the dose. This shift

in resistance sugpests that the cells have repaired part of the damage produced by the first dose
of radiation [7].

differing sensitivities to radiation (fig. 2). The location of several genes that affect

the radiation sensitivity of cells have been mapped, and the biochemical deficiencies

of several of these mutants have been determined (for reviews see [59, 61, 66] ),

Having established that cells have the capacity to recover from radiation damage,
we may speculate on the possible molecular mechanism of this recovery. To date,
three modes of repair have been documented.

(1) The damaged molecule or part of the molecule may be restored 1o its functional
state in situ. This may be accomplished by the activity of some enzymatic mech-
anism (e.g., photoreactivation) or it may simply result from the ‘decay’ of the
damage to an inocuous form.

(2) The damaged section of the DNA may be removed and replaced with undamaged

nucleotides to restore the normal function of the DNA.
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(3) The damage, while not being directly repaired, is either ignored or bypassed and
the missing information is supplied by a redundancy of information within the
cell,

Before discussing examples of these three modes of recovery, we should discuss
some modes of cellular recovery which have little to do with the direct repair of
radiation damage. These have been combined under the heading of fortuitous recov-
ery [59].

2. Fortuitous recovery

2.1, Biologically undetectable damage

It is sometimes possible for an organism to survive damage in its genetic material
without any conscious recognition that the damage is present. The most obvious
example would be the case in which the damage is irrelevant to the effect being
measured. Grossman |14 has shown that UV damaged cytosine behaves in an RNA
polymerase system in vitro as though it were uracil. If the altered base composition
of the RNA synthesized on & UV-irradiated template does not result in a lethal mu-
tation, it might even go undetected, since depending on its position in the codon
triplet, such a transition might or might not result in an amino acid change in some
resultant protein. Furthermore, damage to regions of the genome that are not being
actively trunscribed may be of little consequence 1o the organisms until such time
as the information in those regions is required.

2.2, Redundancy of information

This category includes any inactivation of units of function for which a redun-
dancy exists in the cell. Thus, for example, the inactivation of a few enzyme mole-
cules would have no detectable effect on cell growth if there were still many un-
damaged enzyme molecules present in the cell,
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Fig, 4. Xray survival curves of Saccharomy cey cerevisize; haploid cultures YO2022 and YO2587
and homozygous diploid cultures 22D and 87D [37].
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2.2.1. Polyploidy. The effect of polyploidy on X-ray survival is quite effectively
illustrated in a1 comparison of the survival curves for haploid and diploid strains of
yeast (fig. 4). The haploid form initially exhibits the simple exponential survival
curve expected for a single target inactivation process, while the diploid strain gives
rise 1o a multi-component inactivation curve with an extrapolation number of
roughly 2. consistent with two sensitive targets per cell [37]. It is important to re-
alize that inactivation curves with shoulders may indicate cither polyploidy or the
presence of repair mechanisms, and it may be quite difficult to ascertain which ef-
fect is responsible. The correlation of an apparent polyploidy with ¢ytological ob-
servations sometimes can resolve this question.

2.2.2. Multiplicity reacrivarion, This phenomenon, first observed by Luria [34], in-
volves the cooperative effects of UV inactivated bacteriophage to produce some vis-
ble phage when the host cell is multiply infected, Multiplicity reactivation has also
been demonstrated with animal viruses and it has been speculated that it may even
oceur between nuclei within uninfected dipleid cells. Multiplicity reactivation has
also been observed in phage after deleterious treatments other than UV, such as
X-rays, nitrous acid, and **P decay (see Rupert and Harm [47], and references
therein). The phenomenon evidently involves genctic recombination in which the
random process of molecular rearrangement may result in the production of a viable
genome from the undamaged components of otherwise non-viable genomes.

2.2.3. Cross-reactivation {marker rescue ). The process known as cross-reactivation
or marker rescue is essentially the same as the molecular rearrangement aspect of
multiplicity reactivation. The bacteria are infected with two genetic types of phage,
of which onc has been UV-irradiated, Genetic markers from the UV-inactivated
phage may be physcially incorporated into the genome of the unirradiated phage.
The rescue of genetic markers can be demonstrated even after most of the genetic
mformation ‘donor” phage particles has been destroyed by radiation.

2.3, Suppression of prophage induction

The UV sensitivity of bactena may be enhanced by the presence of UV-inducible
prophage [47]. Any condition that might inhibit the induction of such a prophage
would then fortuitously lead to an increased resistance of the bacteria Lo irradiation.
It is clear that such an apparent recovery factor might bear no relation to the repair
of potentially damaging photoproducts in either the prophage or the bacterial
genome.

3. Repair of DNA damage in situ
3.1, Decay of photoproducts

The simplest mechanism of repair is the one that involves the spontaneous rever-
son of radiation products to the original undamaged state. Obvicusly the cell can
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have little control aver this sort of restoration, but environmental conditions can
have a great deal to do with it. The hydration products of the pyrimidines are known
to revert spontancously. Also several of the dimeric thymine photoproducts have
been shown to be reversed by acid catalysis (for recent reviews on the photochem-
istry of the nucleic acids see Smith and Hanawalt [59], Setlow [53] and Smith [55].
For radiation products, with a fleeting existence, to express a biclogical effect it
would seem that they must occur just ahead of the replication or transcription en-
zymes. This explanation would be consistent with the general observation that cells
are more sensitive to UV if they are actively growing (e.g.. replicating DNA). The
thermal reactivation of the viability of irradiated cell (for a review see Rupert and
Harm [47], may in part involve the increased decay rate of labile radiation products
at higher temperatures.

Little more can be said about the relevance of radiation product decay to biolog-
ical recovery until we understand more about the Kinds of radiation products that
can revert spontaneously. Nevertheless, one should be aware of this possible mode
of recovery, particularly when considering environmental effects on cellular survival.

3.2, Enzyme caralyzed photoreactivation

The most thoroughly characterized cellular recovery mechanism is that of en-
zymatic photoreactivation, in which illumination with visible light facilitates the
direct repair in site of photoproducts produced by UV in DNA. This subject is
covered in the report by J. Setlow [51].

4. Reconstruction of damaged DNA

4.1. Evidence for excision repair

The studics of R.B. Setlow and co-workers (for a review see [$3] ), provided the
first experimental evidence leading to a model for the excision repair of UV-damaged
DNA. Since it was found that the same number of thymine dimers were produced
by a given dose of UV in the UV sensitive strain £, coli B, and the resistant strain
E. coli Bfr, it seemed evident that the resistant strain must somehow be able 10 re-
move or bypass these photoproducts in order to exhibit  higher resistance to killing.
The mechanism for this recovery was clarified when it was shown that the resistant
strain (but not the sensitive strain) released thymine dimers from its DNA during
subsequent incubation in the dark after irradiation ( fig. 5). Similar results were soon
reported by Boyee and Howard-Flanders [ 2] for resistant and sensitive strains of
E. coli K-12. A repair mechanism was postulated in which defective regions in one
of the two DNA strands could be excised and then subsequently replaced with nor-
mal nucleotides, utilizing the complementary base pairing information in the intact
strand. This mechanism (fig. 6). which has come to be known colloquially as “cut
and patch’, has turned out 1o be of widespread significance for the repair of a vari-
ety of structural defects in DNA. The existence of this mechanism also provides a
logical explanation for the evolution of two-stranded DNA, which comprises a redun-
dancy of information.
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Fig. 5. Lefi: Excision of dimers from the acid-dnsoluble fraction of ultraviolet resistant cells at

vanous times of mcubation in growth medivm alter irradiation. For Excherichia coli 15T, 0,

incubation with thymine: ®_ incubation without thymine. Right: Lack of extensive excision,

even at Jow deses, in her strains of £ coli. The inital doses at 265 nm are given on the right-
hand ordinate [38].

Direct physical evidence for the repair replication or “patch’” step in the postu-
lated scheme. was provided by the studics of Pettijohn and Hanawalt [40] . These
studies began with attempts to isolate partially replicated fragments of bacterial
chromosomes by imposing blocks to replication (i.¢., UV-induced damage). Repli-
cation was followed by the use of the thymine analog, 5-bromouracil (3BU), asa
density label in newly synthesized DNA, and by the subsequent analysis of the den-
sity distribution of solated DNA fragments in a cesium chloride density gradient
(fig. 7). This is cssentially the method developed by Meselson and Stahl [36] and
utilized by them to prove that DNA normally replicates semi-conservatively. When
5BU was used to label the DNA synthesized alter UV irradsation of E. coli strain
TAU-bar to 10°2 percent survival, the density pattern observed was not as expected
for normal semi-conservative rephication. Instead of a hybrid density band in the
gradient., the initial incorporation of the 5BU label after UV resulted in no detect-
able shift in density from the normal parental DNA band.

Proof that the early incorporation of SBU into DNA that results in little or no
shift in density of the DNA is the postulated step of repair replication has come
from a number of control experiments as follows:

(1) This mode of replication is not observed if bacteria are illuminated with visible
lignt to allow the in situ photorcactivation of pyrimidine dimers prior to SBU
labeling [40].
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Fig. 6. Schematic representation of the postalated steps in the excision repair of damaged DNA.
Steps I through V1 illustrate the ‘cut and patch” sequence. An initial incision in the damaged
strand is followed by local degradation before synthesis of the region has begun. In the alter-
native ‘patch and cut’ model. resynthesis step (11" bepins immediately after incision step 11 and
the excisson of the damaged region eccurs when repair replication is complete. In cither model
the final step (V1) invalves a rejoining of the repaired section 10 the contiguous DNA of the

original strand [59].

(2) It 35 not observed following UV irradiation of the UV-sensitive strain £. coli B, 1
which is unable to perform the excision step in the repair sequence [15].

(3) The non-conservative mode of repair replication can also be demonstrated by
the use of D50, 13C, and 13N as density labels for newly syathesized DNA to
rule out possible artifacts caused by the pathogenicity of SBU |1, 19].

(4) In low dose experiments (in which viability was as high as 80%) it was demon-
strated that DNA which had incorporated SBU non<conservatively after UV
irradiation could then proceed to replicate by the normal semi-conservative
model [16].
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then the cells are permitted to incorporate another radioactive label at the same time that 2
“density label’ 35 being incorparated (e.g., "H-5-bromouracil). S-Bromouracil {$BU) is an analog
of thymine that can be incorporated into DNA in place of the natural base thy mine. Since SBU
is more dense than thymine it kas the effect of increasing the density of the DNA (ragments
that contain 3t This density increase i, of course, proportional to the relative amount of thymine
and SBU in the DNA. The density distribution of the sokited DNA fragments is analyzed by
means of equilibrium sedimentation in the wltracentrifuge in 2 density gradient of cesiam chlo-
ride solution. At equilibrium the DNA fragments will be found in the gradient al positions that
correspond o their buoyant densities rather than to their size. This is essentially the method
developed by Meselson and Stahl [36] and utilized by them to prove that DNA normally repli-
cates semiconservatively (shown on Jeft half of figure), Parental DNA fragments that contain
short regions of repair may differ little in density from those that contain no SBU (shown on
right half of figure) {(adapted from Hanawalt and Haynes [18]),
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4.2, The steps in excision repxir

4.2.1. Recognition. The first step in the repair process must involve the recognition
of the damaged region in the DNA. The photoreactivating enzyme, of course, has
been shown to be capable of recognizing pyrimidine dimers. However, unlike the
photoreactivation system, the excision repair system is able to recognize a variety
of structural defects in DNA which do not involve pyrimidine dimers and which do
not result from UV effects. Repair replication has been observed following treat.
ment of bacteria with the bifunctional alkylating agent, nitrogen mustard, which
primarily attacks the 7-nitrogen position of guanine [17]. It has also been demon-
strated following exposure of bacteria to the powerful mutagen. nitrosoguanidine
|5]. Indirect evidence that still other DNA damage can be recognized and repaired
comes from the finding that mitomycin C treatment leads 10 DNA degradation in
UV resistant bacteria but not in UV sensitive strains [3]. Thus, it may not be the pre-
cise nature of the base damage that is recognized, but rather some associated secon-
dary structural alteration in the phosphodicster backbone of the DNA, The damage
recognition step may be formally equivalent to threading the DNA through a
dose-fitting ‘sleeve” that gauges the closeness of fit to the Watson and Crick struc-
ture [18].

Enzymes have now been isolated which specifically recognize UV damaged DNA
as a template for excision [29. 54. 64] , while another enzyme has been isolated
which specifically recogmizes DNA that has been damaged by methyl methane sul-
fonate |9, 62].

site to the excision of the damaged region is the incision or production of a single
strand break ncar the damage. The incision step may precede the excision step., al-
though it has not been ruled out that the two might normally occur as a single en-
Zymatic process,

The incision step has been demonstrated in cell-free extracts of Micrococcous
tysodeikticus by Rirsch and co-workers [46] in an elegant series of experiments
with the douhle-stranded form of bacteriophage X174, The so-called replicative
form of this bacteriophage, when irradiated, can be repaired in spheroplasts of
wild-type £, coli but not in mutants defective in the recognition (and incision?)
step in excision repair. However, 2 marked increase in biological activity was ob-
served when the damaged DNA was first incubated in an extract of Micrococcous
lysodeikticus before infection of the excision-defective spheroplasts. Confirmation
that the extract was indeed performing the incision step in repair came from studies
on the sedimentation behavior (to measure single chain breaks) of untreated and
UV-irradiated phage after exposure to the extract. The actual excision of pyrimidine
dimers from UV-irradiated DNA by extracts of M, lysodeikticus has been shown

[4].
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4.2.3. Excision and repair replication. The process of excision and replacement of
damaged nucleotides may occur as scparate steps or they may be carried out con-
currently with 4 pealing back of the defective DNA strand. The fact that there is 4
close coordination between excision and repair replication is indicated by the fact
that relative to the number of lesions produced in a cell by a given dose of UV irra-
diation, there are only a relatively small number of chain breaks present at any one
time during the repair process [52]. This certainly rules out the concept that exci-
sion takes place throughout the whole genome before repair replication proceeds.

The known speciticitics of exonuclease 111 and the DNA polymerase from £. coli
make these enzymes attractive candidates for excision and repolymerization, respec-
tively. An in vitro model for the ‘cut and patch’ process was demonstrated in which
a portion of one strand of a transforming DNA was degraded with exonuclease 111
with the concommitant loss in biological activity. The biological activity was sub-
sequently restored by the action of the DNA polymerase |44].

Kelly et al. [31] have recently demonstrated exonucleolytic activity in highly
purified £, coli DNA polymerase. A single strand break in a double-stranded DNA
template is translated along the structure as nucleotides are released from the 5 phos-
phate end of the template, while the polymerase adds nucleotides to the 3 hydroxyl
end. The 3" = 3" exonuclease activity of the polymerase also has the ability to ex-
cise mismatched sequences, including pyrimidine dimers, by hydrolyzing phospho-
diester bonds in the hydrogen-bonded region on the 3 side of pyrimidine dimers
or other distortions in the polynucleotide duplex. Thus, the Kornberg polymerase
can perform both the cut and the patch steps in repair replication. requiring only
the ligase to close the polynucleotide chain for complete repair. These results. there-
fore, support the ‘patch and eut’ model of repair (fig. 6): the simultancous excision
and replacement of nucleotides,

Two lines of evidence support the concept that different enzyme systems are
mvolved in the normal semi-conservative mode and in the repair mode of DNA syn-
thesis in £, coli. Firstly, the repair mode of synthesis is essentially unaffected at the
restrictive temperature for normal DNA synthesis in temperature sensitive mutants
[19]. Such mutants syathesize DNA and grow normally a1 35°C but normal replica-
tion stops when the temperature is raised to 42°C, presumably because some com-
ponent in the replicase complex is thermosensitive, Secondly, it has been shown that
repair replication exhibits a greater selectivity for thymine over SBU than does nor-
mal DNA synthesis, when both the natural base and its analogue are present in the
culture medium [27] . Since it can be presumed that both types of synthesis utilize
the same internal pool of nucleotide triphosphate precursors, the repair polymerase
seems to have a more stringent requirement for thymine than does the normal poly-
merase.

4.2.4. Rejoining. The excision repair process is completed by the rejoining of the
fepaired segment 10 the continuous intact DNA strand to restore the integrity of
the two-stranded molecule, Evidence for the occurrence of this step in vivo was
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found by an examination of the molecular weights of single stranded DNA by sedi-
mentation in alkaline sucrose gradients following the gentle lysis of bacteria on top
of the gradient (method of McGrath and Williams [35] ), Thus, large single stranded
DNA fragments were obtained from unirradiated cells and smaller pieces were seen
shortly after irradiation. A subsequent reduction in the number of strand breaks
with time during incubation after irradiation could be followed by this method [52].
It has been shown that the breaks occur only in the damaged strand [54].

An enzyme has been isolated that is specific for joning single strand breaks in a
double stranded polynucleotide providing the break occurs such that there exists a
$".phosphate in juxtaposition with a 3"-hydroxyl group [38] . This enzyme also re-
quires a divalent cation (Mg™ or Ca™) and DPN. This enzyme rejoins the chains
through the formation of 3'-5'- phosphodiester linkages, This enzyme has been shown
1o repair single chain breaks in DNA produced by pancreatic DNase [67]. An ATP-
dependent enzyme system with related activity has been purified from £. coli in-
fected with T4 bacteriophage |13, 65] . This enzyme (polynucleotide ligase ) may
well be the rejoining enzyme responsible for the proposed last step in the excision
repair of radiation damage. Certainly, mutants deficient in this enzyme are appre-
ciably more radmtion sensitive than wild-type strains [39] .

4.3. Generality of excigion repair

We have already discussed that this repair system is not specific only for UV.in-
duced damage. but can also repair chemical damage resulting from the treatement
of cells with alkylating agents and certaun antibiotics,

Three genes are known to control the excision step in the repair of UV damage
25]. Itis not known whether these three genes specify three different enzymes or
whether two of the genes function only to control one enzyme. A cell that is mutant
at any onc of these three loci is just as UV sensitive as a cell that 1s mutant in all

three [25].

This repair system is found in & wide variety of microorganism and in certam
strains of mammalian cells in tissue culture. Excision repair has also been demon-
strated in the smallest living cells, the mycoplasma [19]. The presence of a DNA
repair mechanism in these cells attests to the general importance of such mecha-
nisms for the maintenance of viability in even the simplest organisms.

The preferential removal of thymine dimers has been observed from three human
cell lines (RA, RAX-10 and Hela) in tissue culture [42] but not in mouse L-cells
[33]. Rassmussen and Painter [41] found an ‘unscheduled’ DNA synthesis stimu-
lated by UV in cultures of HeLa cells. Their analysis of the replicated DNA, using
the 5BU density labeling method, has provided support for the mterpretation that
repair replication occurs in mammalian cells,

In studies on repair replication in human skin fibroblasts, Cleaver [6] made an
important discovery that correlates carcinogenesis with defective repair of DNA,
Fibroblasts from patients with xeroderma pigmentosum were found to exhibit much
reduced levels of repair replication. It was suggested that the failure of DNA repair
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AB2463 (recA13) and AB2480 (uvrA6, recA13) [20].

might be related to the fatal skin cancers that patients with this hereditary disease
develop upon exposure to sunlight.

Since bacterial strains that are deficient in the excision process for ultraviolet-
induced damage are not particularly sensitive to killing by X-irradiation, it may by
hypothesized that either the excision repair system does not play a major role in
the repair of Xeray induced damage in the DNA of bacteria or that the incision step
1s ot required for the repair of radiation damage since Xerays themselves produce
breaks in the DNA backbone. The repair of Xeray induced damage in DNA will be
more thorroughly discussed when we turn to the dark repair system that appears to
be controlled by the genes that control genetic recombination.

Numerous investigations have attempted to demonstrate the repairability of the
deleterious damage produced when cells are exposed to visible light in the presence
of certain dyes (photodynamic action). These attempts have largely proved unsuc-
cesstul. However, Harm [20] has recently shown that cells that are deficient in ex-
eision of UV damage and cells that arc deficient in genetic recombination are just
as resistant to the deleterious effects of visible light and acriflavine as is the wild-
Lype strain, whereas the double mutant, deficient both in excision and genetic re-
combination, is very sensitive 10 killing by acriflavine and visible light (fig. 8). These
results may be interpreted to suggest that the lestons produced by acriflavine and
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visible light are repaired to about an equal extent both by the excision repair system

and the repair system that is controlled by the genes controlling genetic recombina.
ton.

5. Biochemical bypass of damaged regions of DNA

S.1. Evidence for a new dark repair system

Several lines of evidence suggest that the excision mode of repair is not the only
mechanism by which cells repair radiation damage to their DNA in the dark. The
first indication was that bacterial cells deficient both in the excision repair mode
(uvr) and in genetic recombination (rec) are much more sensitive to killing by UV
than are cells carrying either mutation alone (fig. 9). This suggested that certain
steps in genetic recombination might be important in the repair of radiation dam.
age [25]. The fact that uvr cells show a large recovery of viability when plated on
minimal medium as compared to plating on complex medium (“minimal medium
recovery’) suggested that these excision deficient cells are able to repair radiation
damage | 11], Thirdly. it has been demonstrated that photoproducts such as pyri-
midine dimers do not permanently stop DNA synthesis in cells that are deficient in
the excision mode of repair [49, 56] . Fourthly, the DNA that is synthesized imme-
diately after UV irradiation in excision deficient cells of £, eolf K-12 has disconti-
nuties when assayed in alkaline sucrose density gradients. The mean length of the
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Fig. 9. Ultraviolet radiation sarvival curves of mutants of £, colil K-12 |25).
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newly synthesized DNA approximates the distance between pyrimidine dimers in

the parental strand. With further incubation of the cells, however, these discontinu-
ities disappear and the DNA approximates the molecular size of that from the un-
irradiated control cells [49. 26]. A post-replication repair mode is thus indicated
which appears to be mediated by some of the enzymes involved in genetic recombina-
tion [11, 26,49].

5.2. Steps in post-replication repair

5.2.1. DNA synthesis can oceur on radiation damaged templates, The effect of UV
radiation upon DNA synthesis kinctics has been recently reinvestigated, and it has
now been shown that pyrimidine dimers do not permanently inhibit DNA synthesis
in cells that are deficient in the excision repair of pyrimidine dimers [49, 56]. Be-
cause of the stability of UV-induced pynimidine dimers in excision-defective mutants,
it is possible 1o investigate the replication of bacterial DNA containing a known
number of damaged bases. Rupp and Howard-Flanders [49] have measured the
molecular weight of the DNA synthesized upon damaged templates in UV-irradiated
bacteria, using the technique of McGrath and Williams [35]. In this technique, bac-
terial protoplasts containing radioactive DNA are lysed on the top of un alkaline
sucrose gradient and then sedimented in an ultracentrifuge. The distance that the
DNA moves in the gradient under these conditions is proportional to the molecular
weight of the single-stranded pieces of the DNA.

The DNA from excision deficient cells that have been labeled prior to UV irra-
diation with radicactive thymidine exhibits essentially the same sedimentation
characteristics whether the cells are irradiated with UV and immediately banded in
the centrifuge or whether they are allowed to incubate in growth medium for about
70 min before banding in the ultracentrifuge (fig. 10). This indicated that the par-
ental DNA in these excision-deficient strains was not broken down nor were a sig-
nificant number of single chain breaks introduced into the parental DNA during
this time period. The parental DNA therefore appears to be a stable template on
which DNA can be synthesized [26, 49, 60) .

However, DNA synthesized by UV irradiated cells during a 10-min pulse is of
lower molecular weight than DNA synthesized during 10 min in unirradiated cells
[49]. Fig. 10 shows a typical alkaline sucrose density gradient sedimentation for
radioactive DNA from cells that were Jabeled for 10 min after exposure to 0 or 63
erg/mm? of UV at 254 nm. The DNA synthesized during 2 10 min labeling pulse
in the untreated cells sediments nearly as fast as the parental DNA. In ¢ontrast,
DNA synthesized after UV irradiation sediments much more slowly, indicating that
it is of a lower molecular weight.

The factors that are presently known that affect the sedimentation characteris-
tics of the DNA that is synthesized after UV irradiation are as follows:

{2) The molecular weight of the DNA synthesized after UV is a function of the
dose of UV {fig. 11). The higher the dose of UV the slower the sedimentation rate
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Fig. 10. Sedimentation in alkaline sucrose gradients of DNA hbeled before and after UV irradi-
ation, £, colt K-12 (uvrBS) were grown for several generations on * *Cthymine and the '*C-
thymine was removed from the medium, The cells were then pulsed with *H-thymidime for 10
min (4) before or (b) alter 63 crg/mm?® (254 nm) and (¢} afrer 70 min of further incubation in
noncadioactive medium. The cells were protoplasted and hvsed on an alkaline sucrose gradient
and spun in rotor SW 50.1 at 30,000 rpm for 105 min at 20°C in & Spinco L2-651
wenteifuge [60],
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Fig. 11. Effect of several doses of UV on the sedimentation characteristics of the DNA synthe-

sized by E. coli K-12 AB2500 uvrA6 after UV irradiation. The conditions are similar to those

described in fig. 10 except that the DNA was not prelabeled. Centrifugation was in 2 SW 50

rotor far 120 min a1 30,000 rpm 2t 20°C in 3 Spinco L2 centrifuge. The positions of intact

strands of phages T2 and A are indicated. The numbers by the arrows refer to dose of UV (244
nm) in erg/mm? |49].

and therefore smaller the molecular weight of the DNA synthesized after UV irra-
diatson [49],

(b) Knowing the number of pyrimidine dimers produced per erg of UV radiation
and the molecular weight of the £, coli chromosome, one can calculate the mean
distance between pyrimidine dimers in the £. coli chromosome for a given dose of
UV. The average molecular weight of the DNA synthesized after UV irradiation was
found to be in close agreement with the average molecular weight of the picces of
parental DNA that were present between the pyrimidine dimers. The obvious con-
clusion therefore was that the DNA was synthesized along the undamaged scction
of the parental DNA but the polymerase skipped the section containing the pyri-
midine dimers, thus leaving a gap in the daughter strand DNA [49],

(¢) When irradiated cells were exposed to visible light under conditions that faver
photoreactivation and then pulsed with radioactive thymidine, it was found that
the size of the picces synthesized was much larger than for the same cells prior lo
the photoreactivation treatment [48, 60] . Since photoreactivation is known to re-
pair pynimidine dimers in situ [S1], it follows that pyrimidine dimers are important
n determining the length of the DNA pieces that are synthesized after UV irradia-
tion.

(d) If a cell that is capable of excision repair is UV irradiated and then pulsed for
10 min with radioactive thymidine. small pieces of DNA are observed to be synthe-
sized as they are in the cells that are excision deficient [48, 60] . This indicates that
the excision repair system does not in itself interfere with the post-replication re-
pair process.

(¢) However, if an excision proficient cell s irradiated with UV and, then instead
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of pulsing immediately after UV, the cells are allowed to grow for about 60 min
before being pulsed with radioactive thymidine, the newly synthesized DNA is of a
molecular weight that i comparable to that observed for the unirradiated control
cells [60] . This suggests that if excision proficient cells are given sufficient time
they can repair the damage that causes the DNA to be synthesized in short picces
after UV irradiation.

(1} On the other hand, if excision minus cells are grown for about 90 min after
UV irradiation before being pulse labeled with radioactive thymidine, there is little
difference between the molecular weight of the newly synthesized DNA whether
pulsed immediately after UV or after the 90 min growth period after UV [49, 60].
This indicates that in the absence of the excision repair system, the lesions leading
to the synthesis of small pieces of DNA after UV irradiation are not repaired,

The implication, therefore, is that the DNA synthesized after UV irradiation con-
tains real gaps that are presumed 1o be opposite the pyrimidine dimers present in
the parental template strands of the DNA [49] . Since the experiments are performed
in strong alkali, it could equally be argued that the newly synthesized DNA contains
some kind of alkaline labile bond opposite each pyrimidine dimer which then is
¢leaved when it is placed in the alkaline sucrose gradients. Howard-Flanders and
co-workers [26] have performed one experiment to directly test this hypothesis in
the absence of alkali. Labeled DNA was isolated from control and irradiated cells
with phenol. [t was denatured by heating for 5 min at 100°C and then centrifuged
in a neutral sucrose gradient. The pulse labeled DNA from the UV irradiated cells
sedimented more slowly in a neutral sucrose gradient than did the DNA from the
control cells. These authors concluded that it appears unlikely that the low molec-
ular weight chains synthesized upon the damaged template are joined by alkali
labile boads. Howewer, since the formulation of subsequent steps in the current
working hypothesis for post-replication repair assumes the presence of real gaps in
the newly synthesized DNA, independent confirmation of the presence or absence
of real gaps is desirable,

5.2.2.1. The chemical nature of post-replication repair. I instead of assaying the
UV irradiated cells immediately after pulse labeling with radioactive thymidine the
cells are incubated in the presence of non-radicactive thymidine for various periods
of time before sedimentation in alkaline sucrose. the lifetime of the low molecular
weight material synthesized on the damaged template can be investigated. With 2
60 min incubation in non-radioactive medium, after the post-radiation pulse, the slow
sedimenting material is converted to a fast sedimenting form that is comparable
in its sedimentation with that of the control DNA {fig. 10).

This increase in molecular weight cannot be due to degradation of the pulse
labeled DNA and a reutilization of the Jabel for the synthesis of high molecular
weight DNAL If this were true, then the radioactivity in the small molecular weight
picce should simply disappear and radioactivity should appear directly in the high
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molecular weight fraction. What is observed. however, is that there is a progressive
shift in the molecular weight of the pulse labeled material with time towards the mo-
lecular weight of the unirradiated DNA [39]. This suggests that the lower molecular
weight material is enzymatically joined during incubation into high moelecular weight
DNA. This change may reflect the action of a genetic recovery mechanism,

5.2.2.2. Genedic control of post-replication repair. In the introduction to this sec-
tion, we listed several lines of evidence that suggest that the excision repair mode is
not the only mechanism by which cells repair radiation damage to their DNA.Among
these observations was the indication that certain steps in genetic recombination
might be important in the repair of radiation damage. If this post-replication repair
of radiation damage is mediated by some of the enzymes involved in genetic recome
hination [11, 26, 49] then one would expect 1o find recombination deficient mu-
tants unable 1o repair the discontinuities in the newly synthesized DNA. This hy-
pothesis has been investigated and it has been observed [57] that recA mutants syn-
thesize the small picces of DNA after UV irradiation but they are unable to Tepair
the discontinuties in the newly synthesized DNA (fig. 12). This result lends support
lo the hypothesis that this post-replication repair system is mediated by the genes
that control genetic recombination. However, it has been observed [58] that two
other recombination deficient mutants, namely recB (fig. 13) and recC are capable
of repairing the discontinuitics in the DNA synthesized after UV irradiation. It is
not known at this time whether these results mean that there are steps in this repair
process beyond the mere repair of the discontinuties in the DNA or whether the
deficiencies of the recB and recC mutants are quantitative rather than qualitative.

% of rotal cpm

Fig. 12. The absence of post-replication repair in £, codf K-12 (rec A13). The conditions are
samilar to thos: described in fig. 10 except that the DNA was not prelabeled [60].
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Fig. 13. The presence of post-replication repair in £. eoli K<12 (recB21). The conditions are
similar to those described in fiz. 10 except that the DNA was not prelabeled [60].

Experiments in progress in this laboratory are designed to investigate this problem.
Specifically, we are attempting to determine if at still higher doses of UV radiation
the kinetics of repair of the discontinuitics are the same in the rec” cells and in the
recB and recC cells. If the rates prove 1o be different then the deficiency would ap-
pear o be quantitative rather than qualitative. We already have evidence that this is
the case for the repair of single strand breaks produced in these strains by X-irradia-
tion [30] . This point will be discussed more fully below.

5223 The role of parental DNA in filling the gaps in the daughter strands. If in-
formation was not available during the time of DNA synthesis to fill in these gaps
then one may ask where the mformation (or the material) to fill the gaps comes
from subsequently. Currently, the most plausible explanation is that the gaps are
filled with material from the parental strands by some mechanism of genetic recom-
bination (fig. 14). However. this would then leave gaps in the parental DNA and it
appears from prelabeling experiments (fig. 10) that the parental DNA is not broken
down into small fragments, nor are there an appreciable number of chain breaks
produced in uvr cells duning the time that the discontinuitics in the daughter strand
DNA are being repaired. This suggests either that the parental DNA is not being uti-
lized for filling the gaps in the daughter strands or that simultancous with the transfer
of material to the daughter strand the gaps in the parental strands are repaired by
repair replication. Even so, one would expect 1o find a slight increase in the number
of single strand breaks present in the parental DNA and as yet these have not been
observed.

In another type of experiment to test the involvement of parental DNA in post-
replication repair, excision defective cells were density labeled for several genera.
tions ina 13C-15N medium containing 14C-thymine. The cells were then transferred
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Fig. 14, A moded for post-replication repair of UV-damaged DNA, (2) Dots indicate radiation
ksions produced in the DNA. (b) DNA synthesis proceeds past the lesions in the parental strands
kaving gaps in the daughter strands, (<) Filling of the gaps in the daughter strands with material
from the parental strands by a recombirational process. (d) Repair of the gaps in the parental

strands by repair replication.

to light medium without radioactive label for 30 min so that the growing point would
be incorporating only light label at the time of irradiation. The cells were then exposed
to 0, 20 or 50 erg/mm? (254 nm) and incubated in the presence of 3H-lhymidine in
light medium for 30 min, The DNA was isolated and after heat denaturation, the
single stranded DNA was centrifuged to equilibrium in a cesium chloside gradient.

In the unirradiated cells the heavy 1*C-peak and a light *H-peak were symmetrical
and well separated from one another. After irradiation the "*C-peak remained heavy
and quite symmetrical whereas the *H-peak became skewed (as a function of dose)
towards the heavy side of the gradient (fig. 15). This indicates that in the UV irradi-
ated cells the newly synthesized DNA has become asseciated in the same strand

with dense label that was synthesized 30 min before irradiation. Rupp and Howard-
Flanders [350] have miterpreted these results as suggesting that the intermediate den-
sity material was produced by recombinational exchanges between sister duplexes,
and offer this as 3 method by which the gaps are repaired in the DNA that is syn-
thesized after UV irradiation.

3.3. Generality of dark repair controlled by recombination genes

3.3.1. Photodynamic action. As first indicated by Harm [20] and now confirmed
by our laboratory [23], the sensitivity to killing by mutants that are deficient in
cither excision or in recombination are not grossly different from rec” wvr' cells in
their sensitivity to killing by acriflavine and visible light. However, cells whose geno-
type is rec uvr are very sensitive to Killing by acriflavine and visible light. This sug-
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Fig. 15. Evidence for sister strand exchanges in UV irradiated but not in unirradiated £. coli K-12.

Cells were prelabeled with '3C, '"*Nand "*C-thymine: grown 30 min in **C, "N, non-radioac-
Hve medium; UV irradiated and then grown in “H-thymidine for 30 min; DNA isolated and de-
Matared and banded in (o) sradients (23],

-~

vests that the excision Tepair system and the repair system controlled by the recom-

cur lsboratory is currently investigating the possibility that these lethal lesions may
be the cross-linking of DNA and protein, a process that is known to eccur with a
high efliciency with several different photedynamic dyes [59].

5.3.2. X-rays, Cells that are deficient in the excision repair of UV damage are only
slightly more sensitive te killing by X-rays than are wild-type cells. However, cells
that are deficient in genctic recombination are very casily killed by X-rays. This
suggests that the repair of Xeray damage may be mediated by the genes that control

S~
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[28] . We have therefore studied the production and the repair of X-ray induced
single chain breaks in various mutants of £ coli K-12.

The excision deficient cells are able to repair X-ray induced single chain breaks
wilh about the same efficiency as the wild-type cells. The recA mutants appear 10
be unable to repair single chain breaks, RecB and recC mutants can repair single
chain breaks but not with the same efliciency with which the wild-type cells perform
this function [30].

We have observed that when cells starved for amino acids for 90 min, to allow
them to complete their DNA synthesis, are irradiated with X rays and incubated in
the absence of amino acids, no repair of single chain breaks occurs. However, if
amino acids are added back to the cultures immediately after X-irradiation, the ki-
netics of the repair of single chain breaks are comparable to those for cells that have

never been deprived of amino acids [D.S. Kapp and K.C. Smith, unpublished obser-
vations| . This expeniment does not distinguish between the possibility that either
active DNA synthesis is required before single chain breaks can be repaired or that
some labile protein which is lost in the absence of amino acids is required for the re-
pair of these single chain breaks.

Although it has been reported that hydroxyurea (an inhibitor of DNA synthesis)
does not inhibit the repair of X-ray induced single chain breaks in mammalian cells
in culture [63] we have found it (and/or an associated impurity) to be a potent in-
hibitor in bacterial cells [D.S. Kapp and K.C. Smith, unpublished observations] .

The addition of impure hydroxyurea not only inhibits the repair of single chain
breaks produced in irradiated bacterial cells, but it also has a profound effect upon
the survival of the cells after X-irradiation. No such effect of hydroxyurea on the
viability of X-irradiated recA-56 cells was observed. Since these cells cannot normally
repair single chain breaks, the added nsult of an inhibitor of this repair process
causes no additional killing of these X-irradiated cells.

It the repair of X-ray induced single chain breaks is mediated by the genes con-
trolling genetic recombination, one may speculate as 1o the biochemical mechanism
by which these single chain breaks are repaired. After UV irradiation, the gaps that
need to be repaired are in the newly synthesized daughter strands (fig. 14). The cells
therefore contain at Jeast four strands of DNA that can be used for recombinational
processes to give one viable genome. In the Xeray case, however, immediately after
irradiation the breaks are in the parental strands. One may then ask where the extra
DNA required for recombinational events can come from, This may come from adds
tional nuclei within the cells since it has been shown that diploid yeast cells are more
resistant o X-ray inactivation than are haploid cells [37].

6. Conclusions

Two dark repair systems are now known, differing both in their biochemical
mechanism and in their genctic control.
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(1) The excision repair system is controlled by the uvr genes. The steps envisioned
in this system are those of recognition of the damaged region in the DNA, the
cutting out of the damaged region, the patching of the hole by polymerase action,
and the subsequent linking of the repaired section by the polynucleotide ligase.

This repair system is not specific for UV damage, but has also been shown to repair
certain Kinds of chemical damage to bacterial DNA. The excision Tepair system ap-
pears to be of about equal importance with the repair system mediated by the genes
that control genetic recombination for the elimination of UV damage in bacterial
cells, Using the effects of acriflavine as an example of the photodynamic inactiva-
tion of bacterial cells, one may conclude that excision repair and recombinational re-
pair are of about equal importance for repaining photadynamic lesions. The excision
repair system appears to be of minor importance for the repair of X-ray damage to
bacteria. while the recombinational repair system seems to be of extreme importance.

(2) Post-replication repair appears 1o be controlled by the genes that control
genetic recombination. Growth conditions that faver DNA synthesis are required
for this repair system to express itself. Thus. after UV irradiation. it appears that
DNA synthesis proceeds past lesions in the parental DNA Jeaving gaps in the daugh-
ter strands opposite these lesions. Upon subsequent incubation, these gaps in the
daughter strands are repaired by recombinational events whose mechanisms are yet
unknown. If parental DNA is involved in the filling of the gaps in the daughter
strands, then it is done by a very efficient process that also includes the filling of
the gaps left in the parental strands by this process.

We should be cautioned by the fact that several years ago many people thought
that the excision repair system could explain all of the repair phenomena in radia-
tion biology. With further experimentation, however, the new dark repair system
mediated by the genes that control genetic recombination has been discovered. Still
other mechanisms of repair may vet be discovered.

Addendum

Since this talk was presented (September 1969), significant progress has been
made in clucidating several systems for the repair of X-ray-induced DNA single-
chain breaks. While rec-genc-controlled repair takes about 40 min in growth medium,
a new repair system that takes only about $ min in buffer gas been discovered which
requires the action of the Kornberg DNA polymerase. There is also preliminary evi-
dence for an ultrafast system (less than 2 min in buffer: ligase only?) for the repair
of X-ray-induced single-chain breaks.

These recombination and DNA polymerase controlled repair systems have re-
cently been reviewed (K.C. Smith in Photophysiology 6 (1971) 209). In addition,
the irreversible inhibition of the rec repair system by certain drugs is described.
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