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The repair of double-strand breaks and S1 nuclease-
sensitive sites can be monitored chromosome-
specifically in Saccharomyces cerevisiae using
pulsed-field gel electrophoresis
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Summary

Repair under non-growth conditions of DNA double-
stranded breaks (DSBs) and S1 nuclease-sensitive
sites (SSSs; e.g. DNA damage which is processed by in
vitro treatment with $1 nuclease to DSBs) induced by
[*°Co]-gamma-rays (200 Gy; anoxic conditions) was
monitored in a diploid repair-competent sirain of
Saccharomyces cerevisiae. We used pulsed-field gel
electrophoresis (PFGE), which allows the separation
of chromosome-sized yeast DNA molecules, to
determine the number of DSBs and SSSs in individual
chromosome species of yeast. Our results indicate
that SSSs which have been regarded as clusters of
base damage in opposite DNA strands are repaired
efficiently in a repair-proficient diploid strain of yeast.
The time course of SSS repair is comparable to the one
of DSB repair, indicating similarities in the molecular
mechanism. Both types of repair kinetics are different
for different chromosome species.

Introduction

Regions hypersensitive to DNA endonucleases are dis-
persed non-randomly in eukaryotic chromatin (Goding
and Russell, 1983; Pulleybank et al., 1985). Presumably
these regions are characterized by local afterations of the
helical B-DNA conformation existing either constitutively
or temporarily in the chromatin of eukaryotes (cf. Gross
and Garrard, 1988). These native sites of nuclease hyper-
sensitivity seem to play a role in the regulation of
chromatin structure and function, in particular in the
regulation of gene expression (Elgin, 1982; Gross and
Garrard, 1988).
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In addition, S1 nuclease-sensitive sites (SSSs) are
induced by gamma-irradiation of prokaryotic and eukary-
otic cells (Andrews et al., 1984; Martin-Bertram et al.,
1984; Paterson et al., 1976; Yoshizawa et al., 1976; Furuno
et al, 1979; Geigl and Eckardt-Schupp, 1990). These
induced sites are defined by their in vitro susceptibility to
S1 nuclease, yielding DNA double-stranded breaks
(DSBs). Their molecular structure is not known; any
possible similarity or local identity to S1 hypersensitive
sites in native chromatin has not been proven so far. It has
been proposed that gamma-induced SSSs correspond to
clustered base damage (Martin-Bertram et al., 1983).
Base alterations in opposite DNA strands might cause
distortions in the helical conformation of the DNA which
are recognized by S1 nuclease in vitro and processed into
DSBs (Kohfeldt et al., 1988); however, molecular evidence
is missing so far.

We are interested in the biological effects caused by
SSSs in yeast cells. Gamma-induced damage of the
nucleotide bases on opposite DNA strands are considered
to be one type of DNA lesion responsible for cell death
(Ward 1986). However, little is known about cellular repair
and possible genetic and/or lethal effects of this type of
gamma-induced DNA damage. This question seems very
relevant as SSSs are by no means rare lesions. In contrast,
they are approximately 1.5-2 times more frequent than
DSBs in phage Lambda and yeast (Martin-Bertram et al.,
1983; Geigl and Eckardt-Schupp, 1990). It is well known
that DSBs are efficiently repaired in yeast chromatin (for
review, see Game, 1983; Luchnik et al., 1977; Resnick,
1976; Resnick and Martin, 1976; Szostak et al., 1983).
Nevertheless, DSBs are regarded as the crucial, primary
form of DNA damage leading to cell death (Frankenberg
and Frankenberg-Schwager, 1981).

To monitor induction and repair of SSSs and DSBs we
made use of pulsed-field gel electrophoresis (PFGE) (Geig|
and Eckardt-Schupp, 1990), which allows the separation
of large, chromosome-sized DNA molecules (for review,
see Cantor et al., 1988). Full-length chromosomal DNA of
yeast migrates in the PFGE according to its length using a
suitable switching time interval (Carle and Olsen, 1984).
Each of the 16 chromosome species of yeast appears as a
distinct band in the ethidium bromide-stained gel. If DSBs
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are induced by in vivo gamma-irradiation alone or by
subsequent in vitro treatment with S1 nuclease, shorter
DNA molecules occur because of chromosomal
breakage. Consequently, the intensity of the gel bands
decreases and simultaneously a smear appears at the
bottom of the gel caused by a heterogeneous population
of smaller DNA molecules. If the cells have the opportunity
to recover after irradiation before lysis and DNA prepar-
ation in agarose, repair processes lead to an increase in
the number of originally-sized DNA molecules migrating
as discrete bands and a decrease in broken DNA
molecules migrating as a smear in the pulsed-field gel.

Using this technique we can show that SSSs are
repaired as efficiently as DSBs in a repair-competent
diploid yeast strain. Repair of DSBs and SSSs was
analysed in individual chromosome species of Saccharo-
myces cerevisiae identifiable as distinct bands in the
pulsed-field gels. We present results indicating that
different chromosome species show different time
courses for the repair of both DSBs and SSSs.

Results

In order to investigate the ability of S. cerevisiae to repair
SSSs we irradiated cells of the diploid repair-proficient
strain BKO with [*°Co]-gamma rays under anoxic con-
ditions in order to optimize the induction of SSSs by direct
action of the radiation and to minimize strand breakage
due to indirect radiation effects by hydroxyl radicals. After
irradiation the cells were kept under non-growth con-
ditions in phosphate buffer (pH 7) at 28°C for various time
intervals up to 48 hours. These post-irradiation conditions
(‘liquid holding recovery’, LHR) resulted in an increase in
the fraction of treated cells that survive, as monitored by
colony-forming ability (Patrick and Haynes, 1968). It was
proved that DSBs are repaired efficiently in diploid repair-
proficient yeast cells during LHR after irradiation (Franken-
berg-Schwager et al., 1980a,b; Frankenberg and Franken-
berg-Schwager, 1981). Therefore we measured the
number of induced DSBs per chromosome (as an internal
control), and of induced SSSs per chromosome immedi-
ately after irradiation, and after various periods of repair
under non-growth conditions.

At a dose of 200 Gy (under anoxic conditions), 60% of
the cells survived upon direct plating on complete
medium, and 90% survived when plated after 48 hours of
liquid holding. The number of DSBs and of SSSs was
measured in samples of [*°Co]-gamma-irradiated cells
kept for 0, 4, 8, 12, 24 and 48 hours in phosphate buffer,
embedded in agarose, and lysed enzymatically. One part
was treated with S1 nuclease, and the other half was kept
in buffer alone under identical conditions. Then the DNA of
the S1-treated and non-treated samples was separated
by PFGE. Preparation of the DNA, S1 nuclease-treatment,

Fig. 1. Separation of BKO cells irradiated with 200Gy and treated with
S1 nuclease.

a. Non-irradiated (= control).

b. Directly after irradiation (= induction of SSSs and DSBs; 0 hours of
LHR).

c. After 48 hours of LHR (= repair of SSS and DSB).

The analysed double bands 7, 9, and 11 are indicated by the numbers 7,
9,and 11.

PFGE, evaluation of the gels, and calculation of the DSBs
per molecule were done according to our standard
protocol (Geigl and Eckardt-Schupp, 1990). By laser
densitometry of the ethidium bromide-stained gels we
evaluated the bands corresponding to the larger chromo-
somes only. The smaller chromosomes could not be
evaluated without error because of comigration of the
smear of broken DNA molecules.

Following this procedure we found that the DNA
samples separated by PFGE showed increasing intensi-
ties of all bands in the gels for both S1-treated and
non-treated samples with increasing time of buffer holding
relative to the DNA derived from the gamma-irradiated
cells without buffer holding (Fig. 1). This indicates an
increase in the amount of high molecular, e.g. successfully
repaired, chromosomal DNA molecules of every chromo-
some species. The numbers of DSBs and SSSs were
calculated for the eight upper bands in the gel corres-
ponding to the larger chromosomal DNA molecules of
defined length. The numbers of DSBs and SSSs,
respectively, calculated for the chromosomes migrating
as double bands numbers 7, 9 and 11, for example, are
shownin Fig. 2. As estimated by their length accordingto a
standard strain (AB 972 , Carle and Olson, 1985) double
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Fig. 2. Number of DSBs (a) and SSSs (b) per chromosomal DNA molecule of BKO cells migrating as double bands 11, 9, and 7 in the PFGE after
induction with 200 Gy in vivo [*®Co}-gamma irradiation and subsequent LHR for various times in hours (h).

band 7 represents probably the DNA of chromosomes
V+VIll (about 600kb), double band 9 chromosomes
I+ XIV (about 830kb), and double band 11 chromosomes
X+ XVI (about 980kb), respectively. Figure 2 depicts the
decrease in DSBs (a) and SSSs (b) as a function of LHR
time after the dose of 200 Gy of gamma rays was applied
under anoxic conditions. It is obvious that DSBs are
efficiently repaired under non-growth conditions, which is
in good agreement with earlier findings by Frankenberg-
Schwager et al. (1980a). Furthermore, they strongly
support the notion that SSSs are repaired in diploid
repair-proficient yeast strains as efficiently as DSBs.

Unexpectedly, the different chromosomes migrating as
single, or at most double, bands in the PFGE showed
distinguishable rather than similar kinetics of repair during
post-irradiation buffer holding, which is obvious from the
data shown in Fig. 2a and 2b. For example, about four
fifths of the DSBs and SSSs induced in the chromosomal
DNA migrating as band 7 have been removed within 4
hours, whereas this process took about 24 hours for the
chromosomal DNA migrating in band 9 and little more than
12 hours in the DNA visible in band 11. The same features
were found for the repair of DSBs as well.

Discussion

It had been our aim to analyse the induction and repair of
SSSs in yeast chromatin which are induced by gamma
rays under anoxic conditions nearly twice as frequently as
DSBs (Andrews et al., 1984; Geigl and Eckardt-Schupp,
1990).

Recently, we have developed a technique using PFGE
for the quantification of DSBs in yeast chromosomal DNA
(Geigl and Eckardt-Schupp, 1990). This new technique of
DSB analysis has the advantage of detecting DNA
damage converted in vitro by enzymatic processing to
‘secondary DSBs’, as for instance SSSs by S1 nuclease.
Furthermore, it allows the analysis of DNA damage in
individual chromosomes of yeast which cannot be visua-
lized at any stage of the cell cycle because of insufficient
condensation. PFGE of suitably prepared DNA from
irradiated cells followed by densitometry of ethidium
bromide-stained gels allows the calculation of the number
of DSBs and SSSs for basically every one of the 16
chromosome species of S. cerevisiae, which is not pos-
sible with any of the conventional techniques like neutral
sucrose sedimentation or elution. The new technique is
sufficiently sensitive to identify as few as one DSB per five
chromosomes. The DSB rates calculated per Gy and base
pair using PFGE in different experimental approaches
range between 1.45 and 3.3 x 1072 (Geigl and Eckardt-
Schupp, 1990; A. A. Friedl and F. Eckardt-Schupp,
submitted). They are in good agreement with data
obtained for yeast and mammalian cells using comparable
conditions of irradiation but conventional techniques of
DSB measurement (Frankenberg-Schwager et al., 1979:
1.5 x 107° DSBs/Gy/base pair; Lennartz et al. (1975): 1.6
% 107 DSBs/Gy/base pair). The evaluation of ethidium
bromide-stained pulsed-field gels has certain limitations.
First, double bands with two chromosomal species of
similar length cannot be distinguished, and second, bands
representing smaller chromosomes are superimposed by
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the smear of broken DNA molecules of the larger chromo-
somes. Using Southern hybridization techniques with
chromosome-specific, radioactively labelled gene probes
(Contopoulou et al., 1987; Geigl and Eckardt-Schupp,
1990), this problem can be overcome.

We have examined induction and repair of SSSs
induced by [®%°Co]-gamma radiation by evaluating
ethidium bromide-stained pulsed-field gels, and therefore
we have analysed only the eight largest chromosomes.
We assume that for these bands the error introduced by
the superimposing smear due to breakage is negligible at
the dose applied. Our data for all bands measured clearly
indicate that SSSs can be repaired efficiently in repair-
proficient diploid yeast under non-growth conditions. It is
obvious that the time course of repair of SSSs is very
similar to that for DSBs (compare Fig. 2a with 2b). This
similarity of the kinetics of SSSs and DSB repair
determined in several parallel experiments suggests simi-
lar repair mechanisms for both types of lesions. We have
experimental evidence that repair of SSSs requires the
capacity of the cells to recombine: SSS repair was not
carried out in a haploid repair-competent yeast strain, and
was abolished in a rad50 diploid (E.-M. Geigl and F.
Eckardt-Schupp, in press).

One result of our studies was surprising: the time course
of repair of SSSs and DSBs in different bands correspond-
ing to different chromosomes was significantly different.
This effect is very obvious for bands 7, 9and 11, but is also
noticeable for bands corresponding to other chromo-
somes of the repair-competent strain BKO as well as for
the bands in the rad3 diploid strain, BK3 (E.-M. Geigl and
F. Eckardt-Schupp, in press) that are comparable to the
bands 7, 9 and 11 of BKO. BK3 is competent in the repair of
DSBs and SSSs. So far, we have no explanation and no
further experimental analysis for the different kinetics of
DSB and SSS repair in the various chromosomes of yeast.
However, it might be taken as an indication that DSB and
SSS repair does not occur uniformly throughout the
genome.

This finding is in accordance with other findings that
both induction of damage and effectiveness and velocity
of repair of DNA damage may depend on the chromatin
structure (Hagen, 1986; Oleinick et al, 1983). Further-
more, there is evidence that repair differs in transcribed
and non-transcribed genes in yeast (Terleth et al., 1989;
1990) and mammalian cells (van Zeeland et al., 1981; Bohr
and Hanawalt, 1984; Reeves, 1984; Madhani et al., 1986).
Lesions are removed more rapidly from transcriptionally
active genes than from bulk DNA (Mellon et al., 1987),
suggesting that microheterogeneity of DNA repair may be
a general phenomenon (Bohr et al., 1986). Cellular survival
may be correlated with the ability to repair essential
regions of the genome rather than with overall repair levels
(Bohr and Hanawalt, 1987).

Application of PFGE on yeast and mammalian
chromatin will allow us to pursue the question of the
influence of chromatin structure on induction and repair of
DNA damage and hence may offer a new approach to the
question of the hierarchy of repair processes (Bohr and
Hanawalt, 1987).

Experimental procedures
Strains of S. cerevisiae

The strain of S. cerevisiae used in this analysis generated as
diploid derivative of the D7 line (Kunz and Haynes, 1982;
Zimmermann et al., 1975) has been shown to have the following
genotype:

a ade2-40, cyh2, trp5-12, ilv1-92

« ade2-119, CYH2, trp5-27, ilv1-92

BKO is a diploid wild-type homozygous with respect to DNA repair
genes (RAD/RAD).

Media, culture, and irradiation conditions

Culture of yeast cells and [*°CoJ-gamma irradiation was carried
out as described elsewhere (Geigl and Eckardt-Schupp, 1990).
To allow the irradiated cells to recover under non-growth con-
ditions ( LHR), no EDTA was added after irradiation (as was done
for the control) and the cells were gently shaken in 0.1M
phosphate buffer (pH 7.0) at a cell density of 2 x 10% cells per mlin
a water bath at 28°C.

DNA preparation, S1 nuclease treatment, and PFGE

The cells were embedded and lysed in agarose (3.7 x 10® cells
per 150 ! block). Each cell sample gave about 10 blocks. The
blocks were melted and treated with 1U nuclease S1 per 150 pl
block at 37°C and pH 4.5 for 30 min in S1 buffer (3.3mM sodium
acetate, 0.2M sodium chloride, 3uM zinc sulphate). Two
samples, one treated with S1 nuclease and one without, were
loaded onto a 1% agarose gel and separated by PFGE as
described (Geigl and Eckardt-Schupp, 1990).

Evaluation of the photonegatives of the gels

Agarose blocks were made from all cell samples, i.e. cells that
were not irradiated (called ‘control’ in Fig. 1), irradiated cells (= '0
hour' value in Figs 1 and 2), and cells irradiated and held in
phosphate buffer for various time intervals (='4-48 hours' values
in Figs 1 and 2). For statistical reasons three parallel experimental
series were carried out independently. Each cell sample was
subjected to PFGE three times. This experimental design resulted
in nine gel photos for each type of cell sample showing the effects
of the treatments without and with S1 nuclease in the two lanes.
Three laser-densitograms were taken from each photonegative of
the ethidium bromide-stained gels at three different positions of
each lane. Evaluation of the resulting 27 densitograms per cell
sample and calculation of the number of DSBs and SSSs per
molecule were carried out exactly according to Geigl and
Eckardt-Schupp (1990). The average of the 27 values for the
number of DSBs and SSSs (normally with deviations of 10-20%)
obtained by this evaluation procedure for each experimental unit
is given as a single bar in Fig. 2.
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Chemicals

Low melting-point (Sea Plaque) and LE agarose were from FMC,
and S1 nuclease and restriction enzymes from Boehringer
Mannheim. Zymolyase was obtained from Miles, proteinase K
from Serva, and phenylmethylsulphonyl-fluoride (PMSF) from
Sigma.

References

Andrews, J., Martin-Bertram, H., and Hagen, U. (1984) S1
nuclease-sensitive sites in yeast DNA: an assay for radiation-
induced base damag. Int J Radiat Biol 45: 497-504.

Bohr, V.A., and Hanawalt, P.C. (1984) Factors that affect the
inititation of excision-repair in chromatin in DNA Repair and its
Inhibition. Collins, A., Johnston, R.T., and Downes, C.S. (eds).
Oxford: IRL Press, pp. 109-125.

Bohr, V.A., and Hanawalt, P.C. (1987) Enhanced repair of
pyrimidine dimers in coding and non-coding genomic
sequences in CHO cells expressing a prokaryotic DNA repair
gene. Carcinogenesis 8: 1333-1336.

Bohr, V.A., Okumoto, D.S., and Hanawalt, P.C. (1986) Survival of
UV-irradiated mammalian cells correlates with efficient DNA
repair in an essential gene. Proc Natl Acad Sci USA 83:
3830-3833.

Cantor, C.R., Smith, C.L., and Mathew, M.K. (1988) Pulsed field
gel electrophoresis of very large DNA molecules. Annu Rev.
Biophys Chem 17: 287-304.

Carle, G.F., and Olson, M. (1984) Separation of chromosomal
DNA molecules from yeast by orthogonal field alternation gel
electrophoresis. Nucl Acids Res 12: 5647-5664.

Carle, G.F., and Olson, M.V. (1985) An electrophorétic karyotype
for yeast. Proc Natl Acad Sci USA 82: 3756—-3760.

Contopoulou, C.R., Cook, V.E., and Mortimer, R.K. (1987) Anal-
ysis of DNA double-strand breakage and repair using orthogo-
nal field alternation gel electrophoresis. Yeast 3: 71-76.

Elgin, S.C.R. (1982) Chromatin structure, DNA structure. Nature
300: 402-403.

Frankenberg, D., and Frankenberg-Schwager, M. (1981) Interpre-
tation of the shoulder of dose-response curves with immediate
plating in terms of repair of potentially lethal lesions during a
restricted time period. Int J Radiat Biol 39: 617-631.

Frankenberg-Schwager, M., Frankenberg, D., Bloecher, D., and
Adamczyck, C. (1979) The influence of oxygen on the survival
and yield of DNA double-strand breaks in irradiated yeast cells.
Int J Radiat Biol 36: 261-270.

Frankenberg-Schwager, M., Frankenberg, D., Bloecher, D., and
Adamczyck, C. (1980a) Repair of DNA double-strand breaks in
irradiated yeast cells under non-growth conditions. Rad Res
82: 498-510.

Frankenberg-Schwager, M., Frankenberg, D., Bloecher, D., and
Adamczyck, C. (1980b) The linear relationship between DNA
double-strand breaks and radiation dose (30MeV electrons) is
converted into a quadratic function by cellular repair. Int J
Radiat Biol 36: 261-270.

Furuno, 1., Yada, T., Matsudaira, H., and Maruyama, T. (1979)
Induction and repair of DNA strand breaks in cultured mam-
malian cells following fast-neutron irradiation. Int J Rad Biol 33:
639-648.

Game, J.C. (1983) Radiation-sensitive mutants and repair in
yeast. In Yeast Genetics, Fundamental and Applied Aspects
Springer Springer Series in Molecular Biology. Spencer, J.F.T.,
Spencer, D.M., and Smith, A.R.W. (eds). New York: Springer
Verlag, Inc., pp. 109-137.

Geigl, E.-M., and Eckardt-Schupp, F. (1990) Chromosome-speci-
fic indentification and quantification of S1 nuclease-sensitive
sites in yeast chromatin by pulsed field gel electrophoresis. Mol
Microbiol 4: 801-810.

Geigl, E.-M., and Eckardt, F. (1991) Repair of gamma ray-induced
§1 nuclease hypersensitive sites in yeast depends on homo-
logous mitotic recombination and a RAD 18-dependent func-
tion. Curr Genet, in press.

Goding, C.R., and Russell, W.C. (1983) S1 sensitive-sites in
adenovirus DNA Nucl Acids Res 11: 21-36.

Gross, D.S., and Garrard, W.T. (1988) Nuclease hypersensitive
sites in chromatin. Annu Rev Biochem 57: 159-197.

Hagen, U. (1986) Current aspects on the radiation induced base
damage in DNA. Radiat Environ Biophys 25: 261-271,

Kohfeldt, E., Bertram, H., and Hagen, U. (1988) Action of gamma
endonuclease on clustered lesions in irradiated DNA. Radiat
Environ Biophys 27: 23-132.

Kunz, B.A., and Haynes, R.H. (1982) DNA repair and the genetic
effects of thymidylate stress in yeast. Mutat Res 93: 353-375.

Lennartz, M., Coquerell, T., Bopp, A., and Hagen, U. (1975)
Oxygen-effect on strand breaks and specific end-groups in
DNA of irradiated thymocytes. Int J Radiat Biol 27: 577-587.

Luchnik, A.N. Glaser, V.M., and Shestakov, S.V. (1977) Repair of
DNA double-strand breaks requires two homologous DNA
duplexes. Mol Bio Rep 3: 437-442.

Madhani, H.D., Bohr, V.A., and Hanawalt, P.C. (1986) Differential
DNA repair in transcriptionally active and inactive proto-
oncogenes: c-ab and c-mos. Cell 45: 417-423.

Martin-Bertram, H., Rumpf, E., and Winkler, C. (1983) Evidence
for radiation-induced bulky lesions in DNA. Rad Environ
Biophys 21: 305-307.

Martin-Bertram, H., Hartl, P., and Winkler, C. (1984) Unpaired
bases in phage DNA after gamma-irradiation in situ and in vitro.
Rad Environ Biophys 21: 95-105.

Mellon, |. Spivak, G., and Hanawalt, P.C. (1987) Selective removal
of transcription-blocking DNA damage from the transcribed
strand of the mammalian DHFR gene. Cell 51: 241-249

Oleinick, N.L., Chiu, S., and Friedman, L.R. (1983) Chromatin
structure as a factor in the formation and rejoining of radiation-
induced single strand breaks in mammalian cells. In Proceed-
ings of the Seventh International Congress of Radiation
Research. Broerse, J.J. Barendsen, G.W., Kal, N.B., and van
der Kogel, A.J. (eds). Amsterdam: Martinus Nijhoff Publishers,
pp. B2-28.

Paterson, M.C., Smith, B.P., Lohman, P.H.M., Anderson, A.K.,
and Fishman, L. (1976) Defective excision repair of gamma-ray
damaged DNA in human (Ataxia Telangiectasia) fibroblasts.
Nature 260: 444—447.

Patrick, M.H., and Haynes, R.H. (1968) Repair-induced changes
in yeast radiosensitivity. J Bacteriol 95: 1350-1354.

Pulleyblank, E.E., Haniford, D.B., and Morgan, A.R. (1985) A
structural basis for the S1 nuclease sensitivity of double-stran-
ded DNA. Cell 42: 271-280.

Reeves, R. (1984) Transcriptionally active chromatin. Biochim
Biophys Acta 782: 343-393.

Resnick, M.A. (1976) The repair of double-strand breaks in DNA: a
model involving recombination. J Theor Biol 59: 97-106.

Resnick, M.A., and Martin, P. (1976) The repair of double-strand
breaks in the nuclear DNA of S. cerevisiae and its genetic
control. Mol Gen Genet 143: 119-129.

Szostak, J.W., Orr-Weaver, T.L., and Rothstein, R.J. (1983) The
double-strand break repair model for recombination. Cell 33:
25-35.

Terleth, C., van Sluis, C.A., and van de Putte, P (1989) Differential



1620 E.-M. Geigl and F. Eckardt-Schupp

repair of UV damage in Saccharomyces cerevisiae. Nucl Acid
Res 17:4433-4439.

Terleth, C., Schenk, P., Poot, R., Brouwer, J., and van de Putte, P.
(1990) Differential repair of UV damage in rad mutans of
Saccharomyces cerevisiae: a possible function of G, arrest
upon UV irradiation. Mol Cell Biol 10: 4678-4684.

van Zeeland, A.A., Smith, C.A., and Hanawalt, P.C. (1981)
Sensitive determination of pyrimidine dimers in DNA of UV
irradiated mammalian cells: introduction of T4 endonuclease V
into frozen and thawed cells. Mutat Res 82: 173-189.

Ward, J.F. (1986) lonizing radiation induced DNA damage:

identities and DNA repair. In Basic Life Sciences, Mechanisms
of DNA Damage and Repair. 38. Simic, M.G., Grossman, L.,
and Upton, A.C. (eds). pp. 135-138.

Yoshizawa, K., Furono, I., Yada, T., and Matsudaira, H. (1976)
Induction and repair of strand breaks and 3'-hydroxy terminals
in DNA of mouse-brain following gamma-irradiation. Biochim
Biophys Acta 521: 144.

Zimmermann, F.K., Kern, R., and Rasenberger, H. (1975) A yeast
strain for simultaneous detection of induced mitotic crossing
over, mitotic gene conversion and reverse mutation. Mutat Res
28: 381-388.



This document is a scanned copy of a printed document. No warranty is given about
the accuracy of the copy. Users should refer to the original published version of the
material.





