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ABSTRACT

A diploid Saccharomyces cerevisiae strain was constructed in which the products of both homolog
recombination and unequal sister chromatid recombination events could be selected. This strain was
synchronized in G, or in G, irradiated with X-rays to induce DNA damage, and monitored for levels
of recombination. Cells irradiated in G, were found to repair recombinogenic damage primarily by
homolog recombination, whereas those irradiated in G; repaired such damage preferentially by sister
chromatid recombination. We found, as have others, that G, diploids were much more sensitive to
the lethal effects of X-ray damage than were G diploids, especially at higher doses of irradiation.
The following possible explanations for this observation were tested: G, cells have more potential
templates for repair than G, cells; G2 cells are protected by the RAD9-mediated delay in G; following
DNA damage; sister chromatids may share more homology than homologous chromosomes. All these
possibilities were ruled out by appropriate tests. We propose that, due to a special relationship they
share, sister chromatids are not only preferred over homologous chromatids as substrates for

recombinational repair, but have the capacity to repair more DNA damage than do homologs.

ITOTIC recombination in Saccharomyces cerevis-
iae is primarily a result of DNA repair processes
responding to spontaneous or induced damage that
occurs during vegetative growth (HAYNES and Kunz
1981; GAME 1983). In order for yeast cells to repair
damage recombinationally, there must be present in
the same nucleus a second DNA molecule containing
sequence homology with the region to be repaired
(RESNICK 1976; GAME 1983). In a diploid cell in G,,
such a molecule is present in the form of the homol-
ogous chromosome. However, in the G» stage of the
cell cycle (following replication), a second homologous
molecule is also present: the sister chromatid. If DNA
damage is present at this stage, it could theoretically
be repaired using the homology found on the sister
chromatid or on one of the two homologous chro-
matids. We have studied the relationship between the
time in the cell cycle when a recombinogenic lesion is
introduced and which chromatid serves as the tem-
plate for repair.

The question of when in the mitotic cycle sponta-
neous recombination can occur has been studied in
yeast and other organisms. Genetic analyses showing
the existence of half-sectored colonies in yeast (JAMES
1955; James and LEE-WHITING 1955; RoMAN and
Jacos 1958) or of “twin-spots” in other organisms
(STERN 1936; HOLLIDAY 1961; PONTECORVO and Ka-
FER 1958) are evidence that spontaneous homolog
recombination can occur at the G stage of the cell
cycle. Unequal reciprocal sister chromatid recombi-
nation also has been detected in Go between the
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tandemly repeated rDNA genes (SZ0STAK and Wu
1980; ZaMB and PETES 1981; PRAKASH and TAILLON-
MILLER 1981) or between duplicated sequences on a
single chromosome (JACKSON and FINK 1981; FAsuLLO
and Davis 1987), and represents most of the recip-
rocal recombination events between duplicated se-
quences (LICHTEN and HABER 1989). By analogy with
meiotic recombination, which occurs at the four-
strand (post-replicative) stage, it might be thought that
mitotic recombination would be limited to the G
stage. However, studies of homolog recombination in
yeast have shown that both spontaneous and induced
homolog recombination events can also occur in the
G, phase of the cell cycle (EsposiTo 1978; FABRE
1978; GoLIN and Esposito 1981). In studies where
recombination was induced by X-irradiating yeast cells
at different stages of the cell cycle, much higher levels
of homolog recombination were induced in cells ir-
radiated at the G, stage than in cells irradiated at the
G stage (EsPosITO 1968; WILDENBERG 1970; FABRE,
BouLET and ROMAN 1984). The low level of homolog
recombination induced in G, cells cannot be explained
as failure of those cells to repair X-ray damage, since
G, diploids are better able to survive exposure to X-
irradiation than are G, diploids (BRUNBORG and WIL-
LIAMSON 1978; BRUNBORG, RESNICK and WILLIAMSON
1980) and X-rays can induce recombination in Gg
(RoMaN and FABRE 1983). To explain these results,
it was suggested that repair occurring in Ge-irradiated
cells involves recombination between sister chroma-
tids (FABRE, BOULET and RoMAN 1984); however,
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another possibility is that G repair is nonrecombina-
tional.

To compare the roles of sister chromatids and hom-
ologs in recombinational repair, we constructed dip-
loid yeast strains in which both recombination be-
tween homologs and that between sister chromatids
could be monitored, and we used X-rays to induce
DNA damage and recombination at different stages
of the cell cycle. X-rays induce single- and double-
strand breaks in DNA (FRIEFELDER 1968), and unre-
paired double-strand breaks are potentially lethal le-
sions (RESNICK and MARTIN 1976). Since recombina-
tion is one of the primary means of repair of double-
strand breaks (RESNICK and MARTIN 1976; SZOSTAK,
ORR-WEAVER and STAHL 1983), we also investigated
how the type of recombinational repair observed at
different times of the cell cycle might relate to differ-
ences in survival following X-irradiation.

MATERIALS AND METHODS

Yeast strains and culture conditions: YEPD and drop-
out media have been described (SHERMAN, FINK and HIicks
1981). YM-1 is described by HARTWELL (1967). -N medium
is yeast nitrogen base without amino acids and ammonium
sulfate, 1.6 g/liter; 0.09 M succinic acid; adjusted to pH 5.8
with NaOH. For a-pheromone arrests of cells in G,, log-
phase cells (5-10 X 10°/ml) were collected and resuspended
at the same concentration in YM-1 adjusted to pH 4.0 with
HCI, and a-pheromone was added to 2 X 107° M. After 2
hr at 30°, the cells were >99% unbudded and forming
projections, indicating arrest in G,. To arrest cells in G, by
nitrogen starvation, cells were grown in YM-1 + glucose
(2%) to mid-log phase (about 5 X 10° cells/ml), washed once
with -N medium and resuspended at 5-10 X 10° cells/ml in
-N + glucose (2%) plus nutrients required to supplement
auxotrophies in the strain (0.002%). Cells were allowed to
grow 24-48 hr at 23°, until >95% were unbudded. To
arrest cells in Gy, log-phase cells were plated to about 5 X
107 cells per plate on YEPD plates containing the microtu-
bule inhibitor drug methyl benzimidazol-2-yl carbamate
(MBC), a gift of Du Pont Corp., at a concentration of 100
pg/ml. After 3 hr at 23°, about 95% of cells appeared to be
in Gs, as they were large-budded and contained a single
nucleus at the neck of the bud or in one cell, as visualized
by 4’,6-diamidino-2-phenylindole (DAPI) staining (DAPI
staining is described in SHERMAN, FINK and Hicks 1981).
The remainder of the cells appear unbudded. This arrest
regime typically resulted in about 10% cell lethality. We also
confirmed a G, DNA content of MBC arrested cells using
flow cytometry.

All strains used are congenic with A364a (Table 1). The
ade3-130 allele (JoNEs 1977) is a spontaneous deletion en-
compassing at least the 2 kb from nucleotide 508 to nucleo-
tide 2551 of the 2.8-kb open reading frame of ADE3 (data
not shown). This deletion precludes recombination that
might generate ADE3+ between the sister chromatid recom-
bination substrate SCR::URA3 (described below) and the
endogenous locus. The MATa/MATa diploid strains 8301
and 8302 were constructed using the protoplast fusion
strategy described by VAN SOLINGEN and VAN DER PLAAT
(1977). Strain 8301 is a fusion of strains 8202SCR and
8203-1; strain 8302 is a fusion of strains 8202SCR and 15-
1SCR. Two MATa/MATa strains (8260 and 8261) hetero-
zygous for the MAT-linked recessive cryptopleurine resist-

ance marker ¢yl (SKOGERSON, MCLAUGHLIN and WAKA-
TAMA 1973), were used to construct the MATa/MATa and
MATa/MATa strains 8260-1 and 8261-1. Cells were selected
for cryptopleurine resistance on YEPD plates spread with
100 ul of cryptopleurine (250 pg/ml in methanol), then
were screened for the ability to mate. Strain 8202A10 was
made by selecting spontaneous variants of strain 8202-1
(MATa) on YEPD plates (adjusted to pH 4.0) spread with a-
pheromone to a final concentration of 5 X 107 M. Among
these resistant colonies were some MATa/MATa diploids
resulting from the mating between a cell that had sponta-
neously switched mating type and another cell of the iden-
tical (save for the MAT locus) genotype. The homozygosity
of the strain was checked by sporulating it and analyzing 11
tetrads; all markers segregated 4:0, except MAT, which
segregated 2:2.

Plasmids: Plasmid pLK22 contains LEUI on a 5.1-kb
BamHI fragment (Hsu and SCHIMMEL 1984), MATa on a
4.1-kb BamHI fragment (NAsMYTH and TATCHELL 1980),
ARSI on a 0.8-kb EcoRI/Hindlll fragment (STRUHL ef al.
1979), and CEN3 on a 1.7-kb HindIll/BamHI fragment
(FrrzGeRALD-HAYES, CLARK and CARBON 1982) in pHSS6
(SEIFERT et al. 1986). The construction of plasmid pLK19,
containing the SCR::URA3 substrate, is described below.

Construction of the sister chromatid recombination sub-
strate; The ADE3 gene product has two domains required
for adenine biosynthesis (MCKENZIE and JoNEs 1977; STA-
BEN and RABINOWITZ 1986). The amino terminal domain is
required for histidine biosynthesis as well. We constructed
5’ and 3’ deletions of the ADE3 gene which fail to comple-
ment either the adenine or histidine auxotrophies of a strain
carrying a deletion of the native ADE3 locus. Starting with
pDK206 (KosHLAND, KENT and HARTWELL 1985), a plas-
mid containing a 5.5-kb BamHI/Sall fragment including the
2.8-kb open reading frame of the ADE3 gene, we con-
structed a 5" deletion of the gene by subcloning the 4.5-kb
Bglll-Sall fragment of ADE3 (Figure 1A) into a modified
version of pHSS6 (SEIFERT et al. 1986) containing a Sall site
in place of the Xbal site in the polylinker (pHSS6 (S)). The
resulting 5’ deletion of ADE3 removed the first 507 bp of
coding sequence and 510 bp of upstream sequence. To
construct a 3’ deletion, the BamHI site at the 5" end of the
ADE3-containing fragment in pDK206 was modified to a
Sall site, and theClal site at position 2554 in the ADE3 open
reading frame was modified to a BamHI site, according to
standard methods (SAMBROOK, FRITSCH and MANIATIS
1989). The resulting modified version of pDK206 was di-
gested with Sall and BamHI to release a 3.0-kb fragment
missing 284 bp from the 3’ end of the ADE3 open reading
frame, and this fragment was cloned into BamHI and Sall-
cut pHSS6 (S) to create pLK9. When transformed into yeast
strain 8202-1, this deletion fragment still complemented the
histidine auxotrophy of the ade3-130 allele, so more of the
3’ end of the gene was removed in the following way:
plasmid pLK9 was restriction digested with EcoRI and re-
closed to generate pLK11, containing a 3’ deletion of 1505
bp of the ADE3 open reading frame. This deletion also
complemented the histidine auxotrophy of the ade3-130
allele, so pLK11 was digested unidirectionally to various
extents with exonuclease I1I into the 3" end of the ADE3
gene, according to HENIKOFF (1987). A his™ 3’ deletion
constructed by this method was identified that failed to
complement the histidine auxotrophy of strain 8202-1, and
the deletion endpoint was determined by sequence analysis
to be at nucleotide 812 of the coding sequence. There are
305 bp of sequence in common between the 5° and 3’
deletions of the gene (Figure 1A). A 1.2-kb URA 3 fragment
with Sell linkers cloned onto the ends was cloned between
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TABLE 1

Saccharomyces cerevisiae strains

Strain Genotype
8202-1 MATa ade2 ade3-130 leul-1 cyh2 ura3-52 canl trpl sap3
8202SCR MATa SCR::URA3 ade2 ade3-130 leul-1 cyh2 ura3-52 canl trpl sap3
8203-1 MATa ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3
15-1SCR MATa SCR::URA3 ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3 tyrl
8301 MATa SCR::2URA3 ade2 ade3-130 leul-1 cyh2 ura3-52 canl trpl sap3
MATa ade2 ade3-130 leul-12 cyh2 ura3-52 canl TRP1 sap3
8302 MATa SCR::URA3 ade2 ade3-130 leul-1 cyh2 ura3-52 canl irpl sap3 TYRI
MATa SCR::URA3 ade2 ade3-130 leul-12 cyh2 ura3-52 canl TRPI sap3 tyrl
8260 MATa cryl ade2 ADE3 CYH2 URA3 CANI his7 TRP1 SAP3
MATa CRY1 ade2 ade3-130 cyh2 ura3-52 canl HIS7 trpl sap3
8260-1 MATa cryl ade2 ADE3 CYH2 URA3 CAN1 his7 TRPI SAP3
MATa cryl ade2 ade3-130 cyh2 ura3-52 canl HIS7 trpl sap3
8261 MATa cryl ade2 ADE3 LEUl CYH2 URA3 CANI hom3 his7 SAP3
MATa CRY1 ade2 ade3-130 leul-12 cyh2 ura3-52 canl HOM3 HIS7 sap3
8261-1 MATa cryl ade2 ADE3 LEUI CYH2 URA3 CANI hom3  his7 SAP3
MATa cryl ade2 ade3-130 leul-12 cyh2 ura3-52 canl HOM3 HIS7 sap3
8294 MATa ade2  ade3-130 leul-12 cyh2  ura3-52 canl sap3 TYRI
MATa SCR::URA3 ade2 ade2 ade3-130 leul-12 c¢yh2 ura3-52 canl sap3 tyrl
8297 MATa SCR::URA3 ade2 ade3-130 leul-1 cyh2 ura3-52 canl HIS7 sap3 trpl
MATa ADE2 ADE3 leul-1 CYH2 URA3 CANI his7 SAP3 TRPI
8285 MATa ade2 ade3-130 leul-1 cyh2 ura3-52 canl sap3 trpl TYRI
MATa SCR::URA3 ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3 TRP1 tyrl
8202A10 MATa ade2 ade3-130 leul-1 cyh2 ura3-52 canl sap3 trpl
MATa ade2 ade3-130 leul-1 cyh2 ura3-52 canl sap3 trpl
8298 MATaSCR::URA3 CRY1ade2 ade3-130leul-1cyh2 ura3-52canl HOM3sap3 trpl HIS7
MATaCRY1 ade2 ade3-130leul-12cyh2 wra3-52canl HOM3sap3 TRP1HIS7
MATa cryl ‘ade2 ADE3  leul-1 CYH2 URA3 CANI hom3 SAP3 TRPI his7
MATa cryl ADE2 ADE3 LEUI CYH2 URA3 CANI HOM3 SAP3 TRPI his7
8247 MATa ade2 ade3-130 leul-1 cyh2 ura3-52 canl sap3 trpl rad9::TRP1 LYS2
MATa SCR::URA3 ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3 trpl rad9::TRP1 lys2
8291 MATa ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3 TRP1 cdcl3-1
MATa SCR::URA3 ade2 ade3-130 leul-1 cyh2 ura3-52 canl sap3 trpl cdcl3-1
8316 MATa ade2 ade3-130 LEUI cyh2 ura3-52 canl sap3 trpl
MATa ADE2 ade3-130 leul-1 cyh2 URA3 canl SAP3 TRP1
8317 MATa SCR::URA3 (tel) ade2 ade3-130 leul-1 cyh2 wra3-52 canl sap3 trpl
MAT« ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3 TRP1
8318 MATa SCR::URA3 (tel) ade2 ade3-130 leul-1 cyh2 ura3-52 canl sap3 trpl

MATo SCR::URA3 (tel) ade2 ade3-130 leul-12 cyh2 ura3-52 canl sap3 TRP1

All of the strains described above were generated during the course of this study and are congenic with the A364a strain background.

the 4.5-kb BgiII-Sall 5’ deletion fragment and the 1.3-kb
Sall-BamHI 3’ deletion fragment (Figure 1B). The resulting
7.0-kb fragment was isolated from the vector by a BamHI/
partial BgllI digestion. This fragment was ligated into the
BamHI site of a 2.5-kb fragment from the left arm of
chromosome III (from A clone L4, NEWLON ¢t al. 1991)
cloned into pHSS6. The resulting plasmid, pLK19, was
digested with NotI to generate a 9.5-kb fragment containing
SCR::URA3 in chromosome III DNA, and this fragment was
transformed into strain 8202 using a standard procedure
(ITo et al. 1983). A transformant, 8202SCR, was isolated

that had integrated the construct by recombination into the
left arm of chromosome 111, 1.7 kb distal to LEU2 (Figure
1B). Southern blot analysis was used to verify the structure
and function of the sister chromatid recombination sub-
strate; genomic DNA was isolated from strains 8202,
8202SCR, and from an ADE3* recombinant isolated from
8202SCR. This DNA was cut with Bglll, EcoRI and HindIII,
electrophoresed, blotted, and probed with two different
probes (Yip5, containing homology to URA3, and pLK6,
containing the 2.5-kb EcoRI frazment of chromosome 1]
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into which the sister chromatid recombination substrate was
cloned). All structures were as expected.

A strain containing the SCR::URA3 substrate near the
telomere of chromosome III was made by BARBARA GARVIK.
This was done by cloning the 7.0-kb BamHI/BglIl partial
digestion fragment containing SCR::URA3 into a 4.6-kb
EcoR] fragment (from lambda clone P78, NEWLON et al.
1991) located 1.5 kb distal to HML. The entire 11.6-kb
fragment was then transplaced into chromosome I11.

Induction of sister chromatid recombination and hom-
olog recombination by X-irradiation: Overnight cultures
of diploid strains 8301, 8302 or 8285 were started from
stationary liquid cultures or from single colonies on a plate.
In all experiments duplicate cultures were used. Cells were
grown overnight in YM-1 + glucose (2%) to mid-log phase
(0.5-1 X 107/ml). The cells were then collected by centrif-
ugation and half were arrested in G,, the other half in G,
as described above. Following arrest in either G, or G, cells
were irradiated on agar plates with varying doses of X-rays
delivered by a Machlett OEG 60 X-ray tube operated at 50
kV and 20 mA and delivering a dose rate of 106 rad/sec.
The cells were then washed from the plates with -N medium,
collected by centrifugation, resuspended in a small volume
of -N, diluted, and plated on complete medium plates to
monitor viable cells per ml, and on selective plates to mon-
itor recombination (-leu plates for homolog recombination,
and -his plates for sister chromatid recombination). These
plates were incubated for 3 days at 30°, then colonies were
counted to calculate recombination frequency per viable
cell. The viability of cells following X-irradiation was meas-
ured in one of two ways. Absolute viability was measured
by plating 5 X 10° to 1 X 10* cells on half of a complete
synthetic medium plate and then microscopically monitoring
microcolony formation following 24-48 hr of incubation at
either 30° or 23°. Very small microcolonies (less than 100
cells) were scored as dead, whereas colonies consisting of at
least 100 cells were considered viable. In most cases the
dead cells formed fewer than 10-cell colonies, and the live
cells had many more than 100 cells per colony, although at
some doses there was a fraction of the population which was
of an intermediate size which were counted as dead due to
their extremely slow growth. In this method, viability was
the fraction of live cells over the total counted. A second
way that viability was determined was to dilute unirradiated
cells onto rich medium plates, irradiate them and then count
colony formation after 3 days at 30°. Viability at a given
dose was calculated as the viable cell concentration at that
dose divided by the viable cell concentration of unirradiated
cells.

Effect of X-irradiation on mutation rates to ADE3 and
LEUI: One concern in these experiments is whether the
events being measured were truly recombinants or radia-
tion-induced reversions or suppressors. The possibility of
intragenic reversions was eliminated for the sister chromatid
recombination substrate since the mutations are caused by
large deletions from either end of the locus. The possibility
that second site suppressors were induced that bypassed the
requirement for the ADE3 gene to grow on -his plates was
eliminated by the following experiment. Irradiation of dip-
loid 8316, homozygous for ade3-130 but lacking the sister
chromatid recombination substrate, resulted in revertants
at a rate of 2.4 X 1077 per viable cell, ap!)roximately 100
times lower than the rate of 3.7 X 107 per viable cell
observed in strains containing the sister chromatid recom-
bination substrate.

The nature of the mutations in leul-I and leul-12 is not
known, but they may be revertable both intragenically and
by second site mutations. Diploid strains 8297 and 8294,

homozygous for leul-1 or leul-12, respectively, were irra-
diated with either 4 or 8 krad while growing asynchronously
and plated on -leu plates to measure the frequencies of
Leu+ revertants. At 4 and 8 krad the mutations induced by
X-irradiation accounted for no more than 0.8% and 1.2%,
respectively, of the recombination rate, and therefore these
events were not a significant factor in our calculations.

RESULTS

Construction and function of the sister chromatid
recombination substrate: To select unequal sister
chromatid recombination events, we constructed a
recombination substrate similar to the design of Fa-
suLLo and Davis (1987, 1988), as described in detail
in MATERIALS AND METHODS. Briefly, two nonfunc-
tional deletions of the yeast ADE3 gene were con-
structed from either end of the coding sequence such
that an overlapping region of 305 bp of homology
remained, within which a recombination event could
occur to regenerate the intact gene (Figure 1A). In
the sister chromatid recombination substrate, denoted
as SCR::URA3, the deletions flank a wild-type URA3
gene; this substrate was integrated into chromosome
Il between LEU2 and HIS4 of strain 8202-1 to create
strain 8202SCR (Figure 1B). This strain and others
derived from it also contain the ade3-130 mutation, a
deletion including all of the chromosomal region con-
taining homology with the 305 bp overlap between
5’Aade3 and 3’ Aade3 in SCR::URA3. Therefore, only
a recombination event within the sister chromatid
recombination substrate can regenerate the ADE3
gene. The ade3 deletions used in the substrate as well
as that in the genome (ade3-130) create auxotrophy
for both adenine and histidine; since the strains are
also mutant for the ade2 gene, which is required for
adenine biosynthesis, ADE3 recombinants were se-
lected as His+ colonies. We have observed microscop-
ically that cells containing the ade3-130 deletion and
the sister chromatid recombination substrate arrest
growth within one cell cycle after being plated on
plates lacking histidine; therefore, all the recombi-
nants studied occurred in the same cell cycle that
received irradiation.

Three types of recombination events can generate
a functional ADE3 gene from the SCR::URA3 con-
struct (Figure 2). The first type is an intramolecular
reciprocal recombination (“popout”) within a single
chromosome in G, or a single chromatid in Gg. This
event generates an extrachromosomal circle carrying
the ADE3 and URA3 genes (Figure 2A) and will not
be detected because the resulting episome lacks an
origin of replication and is not stably maintained
unless it reintegrates into the genome. Reintegration
of a popout at the same location would simply restore
the structure of the SCR::URA3 construct and be ade3.
Thus, only popouts that reintegrated at URA3 or
ADE3 would be selectable as ADE3, and can be distin-
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FIGURE 1.—(A) Restriction map of the yeast ADEJ3-containing fragment and creation of deletion fragments. The full-length clone
containing ADE3J is shown, with nucleotide positions relative to the start of the open reading frame indicated above the restriction sites. The
shaded box indicates the ADE3 open reading frame (ORF). Below the full length fragment are shown the 5’ and 3’ deletions used to make
the sister chromatid recombination construct. The 5 deletion (5’ AADE3) removes 507 bp and the 3’ deletion (3’ AADE3) removes 2026 bp
of the 2838 bp open reading frame. The region of overlap between the two deletions is shaded black and is 305 bp. The arrowhead indicates
the 3’ end and the tail indicates the 5’ end of the ADE3-containing fragment. (B) Structure and integration of the sister chromatid
recombination substrate. The sister chromatid recombination substrate (denoted as SCR::URA3) consists of the 5’ and 3’ deletions separated
as shown by the selectable marker URA3, which is indicated as a thick line. The SCR::URA3 fragment was cloned into a 2.5 kb fragment of
chromosome 11/ from a region between LEU2 and HIS4, indicated by stripes; the entire linear fragment was then integrated into the
chromosome, as shown. A description of the construction and integration of SCR::URA3 is in MATERIALS AND METHODS. B, BamH]I; Bg, Bglll;

E, EcoRl1; H, HindIII; N, Notl; S, Sall.

guished from sister chromatid recombination events
by Southern analysis. We have examined 20 recom-
binants induced by 4 krad of X-irradiation, 10 follow-
ing G,-irradiation and 10 following Ge-irradiation. All
had the structure expected for recombination be-
tween sister chromatids. We expect popout events
followed by reintegration would be rare, since they
occur with a frequency equal to the product of the
frequency of popping out times the frequency of
reintegration of a nonreplicating episome.

The other two types of recombination events that
can generate a stable Ade3™ colony are unequal recip-
rocal recombination or gene conversion between sis-
ter chromatids in G, (Figure 2, B and C). Whether
sister chromatid recombination events occurred by

reciprocal exchange or gene conversion can be deter-
mined using a red/white sectored colony assay based
on changes in pigmentation that result from mutations
in the adenine biosynthetic genes (ROMAN 1956). The
ade2 ade3 strains we use are white; unequal sister
chromatid recombination in the SCR::URA 3 construct
results in a red ADE3 ade2 colony. To distinguish
reciprocal recombination and gene conversion events
in the SCR::URA3 construct, cells are plated nonselec-
tively to recover both products of any recombination
events that occur in the first division after plating.
Such events will generate red/white half-sectored col-
onies, representing the two products of the recombi-
nation event. White, His- half-sectors generated by
reciprocal exchange events are Ura™, while those re-
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FIGURE 2.—Three recombination events in SCR::URA3 which
generate ADE3. SCR::URA3 is diagrammed as in Figure 1B. (A) An
intramolecular event (“popout”) can occur before or after DNA
replication. This type of recombination generates an extrachro-
mosomal circle containing ADE3 and URA3 but lacking an origin
of replication; these episomes are unstable and are not detected as
viable colonies. (B) Following replication, an unequal reciprocal
recombination event can occur between sister chromatids to gen-
erate an ADE3, URA3 chromatid and an ade3, ura3 chromatid. (C)
A gene conversion event may occur via double-strand break gap-
repair, generating an ADE3 URA3 chromatid and an ade3 URA3
chromatid. The events described in panels B and C can be distin-
guished when they occur on a nonselective plate in a strain mutant
for ade2: red/white half-sectored colonies are formed since the
progeny arising from one half of the recombination event are ade2
ade3 and white, whereas the progeny arising from the other half
are ade2 ADE3 and red. By scoring the Ura phenotype of the white
half of the sector, reciprocal exchange and gene conversion events
can be distinguished, as indicated in panels (B) and (C).

sulting from gene conversion events are Ura® (Figure
2, B and C).

We used the sectored colony assay described above
to examine the unselected half of 12 sectored colonies
resulting from X-ray induced sister chromatid recom-
bination in diploid strain 8301, heterozygous for the
SCR::URA3 substrate. We found that approximately
2/3 (8) of X-ray-induced sister chromatid recombina-
tion events are gene conversions and 1/3 (4) are
reciprocal exchanges. This ratio is similar to that
observed for spontaneous recombination events be-
tween duplicated Ais4 genes (JACKSON and FINK 1981).
In that study, gene conversion events, but not recip-
rocal recombination events, are dependent on the
RADS52 gene product. In contrast, we have observed

no significant level of X-ray induction of sister chro-
matid recombination in a rad52 background (L. C.
KADYK, unpublished data), and we conclude that all
X-ray induced mitotic recombination events are
RAD52 dependent, in agreement with others (PRAK-
ASH et al. 1980; SAEKI, MACHIDA and Nakar 1930).

The rate of spontaneous unequal sister chromatid
recombination in the SCR::URA3 substrate was meas-
ured using the method of LEA and CoULsON (1948)
to be 2.7 X 107° events per cell division, nearly the
same as that reported by FASULLO and Davis (1987)
for a similar substrate (2 X 107° per cell division). In
addition, we find that the spontaneous frequency of
sister chromatid recombination decreases about 10-
fold in a rad52-1 background (from 2 X 107> per
viable cell to 2 x 1078 per viable cell), in agreement
with the 10-fold decrease in rate reported by FasuLLo
and Davis (1987). Because of their rarity, it was
impossible to determine whether the events induced
in a rad52 background were reciprocal recombination
or gene conversion.

A comparison of the inducibility of homolog re-
combination and sister chromatid recombination in
G, and Gs: Levels of sister chromatid recombination
and homolog recombination induced by X-ray dam-
age at different parts of the cell cycle were compared
in MATa/MATa diploid strain 8301. This strain is
heterozygous for the SCR:URA3 substrate so that
sister chromatid recombination can be monitored, and
heteroallelic for the mutations lewl-1 and leul-12, so
that gene conversion between homologs can be mon-
itored. Exponentially growing cultures of this strain
were divided into two portions, arrested in either G,
using a-pheromone or in Gy using MBC, and irradi-
ated with X-rays to induce recombination. Cells were
then plated on -leu or -his plates to select recombi-
nants, and on rich medium to determine viable cell
number. In agreement with others (EsposiTo 1968;
FaBrE, BOULET and RoMAN 1984), we found that
homolog recombination was induced to a large extent
in cells irradiated in G;, but was induced to only 10
to 20% of G, levels when the cells were irradiated in
G. (Figure 3A). Sister chromatid recombination was
induced weakly in cells irradiated in G,, (there was a
significant difference between the spontaneous and
the 8 krad induction levels, by the two-sample #-test,
P = 0.05) and was induced to a greater extent in G-
irradiated cells (Figure 3B).

Alternative arrests: To test the possibility that the
particular drugs used to synchronize cells for these
experiments (a-pheromone and MBC) in some way
affect the levels of induced recombination, apart from
the effect of being arrested at a specific cell-cycle
stage, alternative methods to synchronize cells were
used. Alternative forms of G, arrest were achieved in
strain 8301 by growing cells until they reached sta-
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FiGURE 3.—Induction of homolog recombination and sister chromatid recombination in diploid strain 8301 by X-irradiation in G, and
G.. Growing cells were arrested, irradiated and plated for recombinants and viability as described in MATERIALS AND METHODS. (A) Homolog
recombination events induced by irradiating G, or Gs arrested cells. (B) Sister chromatid recombination events induced by irradiating G; or
G arrested cells. (C) Viability of G, and G; irradiated cells of strain 8301. Each data point represents the average values from six independent

cultures.

tionary phase or by starving them for nitrogen (see
MATERIALS AND METHODS). An alternative G. arrest
was achieved using strain 8291, homozygous for
cdcl3-1, a mutation which causes a RAD9-dependent
cell cycle arrest in G at elevated temperatures (T.
WEINERT, personal communication). Under the con-
ditions used, each of these arrests gave a high level of
synchrony (>95%), little loss in viability and no induc-
tion of recombination prior to irradiation. (Elevating
the temperature of cdcl3 strains induces recombina-
tion; however, this occurs only in regions of the chro-
mosome close to the telomere (KRANZLER 1986; CAR-
SON 1987), and does not affect levels of recombination
in either substrate used in these experiments, both of
which are centromere-linked). These alternative
methods of arresting cells showed patterns of X-ray-
induced recombination similar to those seen in the
original arrest protocols (Table 2). Our results are
also consistent with other results using cells synchro-
nized without use of drugs (EsposiTo 1968; FABRE,
BOULET and ROMAN 1984). We therefore believe that
our conclusions are unaffected by the methods we
have used to synchronize cells.

Normalization of the sister chromatid recombi-
nation assay to the homolog recombination assay:
Since the net induction of homolog recombination in
Go-irradiated cells is much lower than in G;-irradiated
cells (Figure 3A), most of the lesions that resulted in
homolog recombination when induced in G, must
have an alternative fate when induced in G: cells. One
possible fate for these lesions in G might be repair by
sister chromatid recombination rather than by hom-
olog recombination. Alternatively, some lesions that
are repaired recombinationally in G, may be repaired
nonrecombinationally in Gz. To determine whether
the amount of sister chromatid recombination in-
duced in Gy is equivalent to the difference in the net
inductions of homolog recombination in G, and G,
it was necessary to determine the factor by which the

TABLE 2

Effect of alternative methods of arrest on X-ray induced
recombination

Dose T
(krad) Viability fr

ADE3

LEU1

equency” frequency

Alternative G, arrest

Stationary 0 99% 18 5
Stationary 8 17% 11 950
a-Pheromone 0 100% 24 4
a-Pheromone 8 17% 40 2500
-N starvation 0 98% 22 20
-N starvation 8 30% 30 2300
Alternative Gy arrest
¢dcl3, asynchronous 0 83% 13 17
cdcl3, 36° 0 88% 19 18
cdcl3, 36° 8 80% 245 155
MBC 0 88% 24 4
MBC 8 74% 210 110

Data shown for all experiments are the average of two cultures,
except for the a-pheromone and MBC arrests, which are the aver-
age of six cultures. Arrests and irradiation were as described in
MATERIALS AND METHODS, except the cdcl3 strain was arrested in
G: by shifting a growing culture 1o 36° for 2 hr.

¢ All frequency values listed are the number of events per 10°
viable cells.

homolog recombination and sister chromatid recom-
bination substrates differed in their response to X-
rays, since the two substrates measure different re-
combination events. There are several reasons why
these two substrates might differ in their response to
X-ray damage. First, the size of the homologous re-
gion wherein a productive recombination event can
occur might be quite different for the two assays. The
SCR::URA3 substrate has a 305-bp region of homol-
ogy, whereas the distance separating the leul heter-
oalleles may be considerably larger; the locations of
the lesions in leul-1 and leu]-12 are not known, but,
if they were near opposite ends of the gene, the target
for a productive recombination event could be up to
2.9 kb. A second factor affecting the relative sensitiv-
ities of the two assays is that the sister chromatid
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recombination assay measures only unequal recombi-
nation events, whereas the homolog recombination
assay measures equal events; most of the recombina-
tion events induced between sister chromatids are
likely to be equal recombination and would not be
detected. Finally, since the two assays are not in iden-
tical locations in the genome, a position effect might
contribute to the difference in sensitivity to X-rays
between the two assays. Examples of sequences that
exhibit a position effect on recombination frequency
include a mitotic recombination hot spot that has been
mapped near the centromere of chromosome XIV
(NE1Tz and CARBON 1987), and a recombination en-
hancing sequence that has been identified in the
rDNA (KEIL and ROEDER 1984).

To directly determine the factor by which the LEUI
and ADE3 recombination substrates differed in their
response to X-rays, we measured the levels of induc-
tion of ADE3 and LEU! in a second diploid, 8302.
Diploid 8302 is identical to diploid 8301 except that
it is homozygous for the SCR::URA3 substrate, so that
in Gj-irradiated cells, ADE3 recombinants are pro-
duced by an unequal recombination event between
homologs that is analogous to that between sister
chromatids in strain 8301. By determining the relative
homolog recombination responses of each of these
substrates following X-irradiation of strain 8302 in
G,, it is possible to calculate a “normalization factor”
to use when comparing the levels of induction of the
two different substrates. We irradiated strain 8302 in
G, with 4 krad, since this dose is in a range where the
dose-response curve is fairly linear and the cell viabil-
ity is still high, and observed that 13 times as many
LEU] events/viable cell are induced as ADE3 events
(Table 3A). Assuming that both regions experience
the same number of lesions per unit DNA, the leul
heteroalleles are 13 times as likely to undergo a de-
tectable recombination event as is the sister chromatid
recombination substrate, and we can use this factor to
normalize induced ADE3 events to induced LEUI
events. In using this factor, we assume that the fre-
quency of X-ray induced recombination in the
SCR::URA3 substrate is equivalent whether the re-
combination event occurs between homologs in G, or
between sister chromatids in G,. This assumption
seems reasonable, since there is no evidence that sister
chromatids have a different recombinational response
to DNA damage than do homologs, nor that recom-
binational repair occurs to a different extent in Go
than in G;.

We then applied this factor to the measured G.
induction of ADE3 events in strain 8301 to determine
if sister chromatids are used as alternatives to homo-
logs for repair of Ge-induced X-ray damage. The X-
ray induction of homolog and sister chromatid recom-
bination in G;- and Ge-arrested cells of strain 8301

TABLE 3

Sister chromatids are used as alternatives to homologs for G.
repair

A. Calculation of “normalization factor” at 4 Krads in strain 8302,
G,*
Strain 8302, G;:
Net induction of LEUI = 893.8 + 261
Net induction of ADE3 = 68.1 + 26.9
“Normalization factor” = net LEUI/net ADE3 = 13.1 £ 3.6

B. Net induction of LEUI and ADE3 by 4 krad in strain 8301, G,

and Gg:
LEU! ADE3
G 501 + 74.9 14.6 £ 6.64
G, 71.6 £12.3 37.4 £7.09
LEUI Gy/G; = 0.14

C. Sister chromatids are used as alternatives to homologs as sub-

strates for repair in Ge-irradiated cells®

Number of lesions repaired by HR in G, which are repaired
by alternative means in G, =

Net induction of LEUI(G,) — 0.5[net induction of
LEUI(Gy)] = (501 £ 74.9) — (35.8 £ 6.15) = 465 £ 75.2

Net induction of SCR in G, (normalized) =

Net induction of ADE3 in Gz X normalization factor =
(37.4 £ 7.09) X (13.1 £ 3.6) = 489 £ 166

Fraction of alternative repair events in G cells that can be
accounted for by induced SCR =

489 + 166
——— =105 % 39.
465 * 75.2 05 £ 39.5%

® All values listed in this table are the number of recombinants
per 10° viable cells. The spontaneous (0 krad) levels of the events
were subtracted from the 4 krad-induced levels to determine the
net induction by X-rays. For the experiment in strain 8301, n =
10. For the experiment in strain 8302, n = 8. Values are listed +
one standard deviation. The standard deviation is the square root
of the variance. The variance of sums and differences is: var
[X + Y] = var[X] + var[Y] + 2 cov[X,Y]. The variance of a product
is: var[XY] = p,” var[X] + u.” var[Y] + var[X]var[Y]. The variance
of a quotient is var[X/Y] = (u./u)*(var[X])/u,® + var[Y]/n’ — 2

coX[XY]/ ably)-
HR = homolog recombination, SCR = sister chromatid recom-

bination.

was repeated in 10 independently irradiated samples,
using a dose of 4 krad, to obtain statistically significant
data (Table 3B). We calculate that the level of homo-
log recombination induced per 4-krad dose of damage
in Gy was about 14% (71.6/501) of that in G, cells.
Since G cells have twice as much DNA and therefore
twice the target size of G, cells, this means that the
amount of homolog recombination induced in Gg is
only about 7% of the amount induced for the same
amount of damage incurred in a G, cell. It follows
that 93% of the lesions that induce homolog recom-
bination in G; must have an alternative fate in a Gg
cell, corresponding to a calculated value of 465 fewer
homolog recombination events per 10° viable cells in
G cells than in G, cells irradiated with the same dose
(Table 3C). In good agreement with this value, we
find that multiplying the observed sister chromatid
recombination events by the normalization factor of
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13 gives the equivalent of 489 normalized sister chro-
matid recombination events induced per 10° viable
cells in G, cells. We did not divide the net increase in
sister chromatid recombination in Gy by two as we did
for homolog recombination since the sister chromatid
recombination substrate was only present on one of
the two homologs. Thus, lesions that were recombi-
nogenic in G; were equally recombinogenic in Gg, but
the distribution of the events at the two stages of the
cell cycle was very different. Most of the recombina-
tion induced in G, cells was homolog recombination,
whereas over 90% of Ge-induced events were sister
chromatid recombination. Because normally only
about 95% of cells treated with MBC appear to be in
G; (large budded with a single nucleus), it is possible
that the homolog recombination measured in Gg ir-
radiated cells was due to cells that are actually in G,
at the time of irradiation. Therefore, it is possible that
essentially 100% of recombination events induced in
G, are sister chromatid recombination. These results
mean that there is a great preference in Gs cells for
repair using sister chromatids rather than homologs,
since if repair were to occur with an equal probability
of using either the sister chromatid or one of the two
chromatids from the homologous chromosome, only
33% of the events would occur by sister chromatid
recombination.

We have assumed that the sister chromatid recom-
bination observed would be the same even if the
SCR::URA3 substrate had an homologous partner in
Gq. We believe this is a fair assumption because we
have measured the G, induction of ADE3 events in
strain 8302, homozygous for the SCR::URA3 con-
struct, and find that similar levels of induction of
ADE3 were observed in strain 8302 whether it was
irradiated in G, or in Gy. Although it is impossible in
that strain to genetically distinguish ADE3 events aris-
ing via sister chromatid recombination from those
arising via homolog recombination, we assume that,
as for the leul heteroalleles, many fewer events occur
between homologs following Ge-irradiation than fol-
lowing G-irradiation. Therefore, we infer that high
levels of sister chromatid recombination were induced
following Gg-irradiation of strain 8302, even though
a competing substrate was present on the homologous
chromatids.

We note that some sister chromatid recombination
was induced by X-irradiation of G-arrested cells (14.6
events per 10° viable cells, Table 3B). It is unlikely
that these events can be explained as popouts followed
by reintegration of the nonreplicating episome, as we
have previously discussed. Another possible explana-
tion for these events, that a large percentage of cells
were not in G; at the time of irradiation, is eliminated
because greater than 99% of the cells arrested with a-
pheromone appear to be unbudded and have a G,

DNA content by flow cytometry. We have evidence
suggesting that UV-lesions induced in G, can stimu-
late high levels of sister chromatid recombination
during replication (L. C. KADYK and L. H. HART-
WELL, manuscript in preparation), and we presume
that the events induced by X-rays in G, cells are due
to lesions similar to those left by UV-irradiation.
Effect of chromosomal location on frequency of
sister chromatid recombination: One possible expla-
nation for the observed preference for using sister
chromatids rather than homologs to repair in G is
that sister chromatids are closer together than are
homologous chromatids and therefore find each other
more easily during the search for a homologous mol-
ecule with which to repair. However, there is no
physical evidence that sister chromatids are held to-
gether along their entire lengths, and it may be that
telomeric sequences on sister chromatids are no closer
to each other than they are to homologous chroma-
tids. Both the sister chromatid recombination and the
homolog recombination substrates used in the above
experiments were centromere-linked, thus the obser-
vation that sister chromatids were preferred over
homologs for recombinational repair in Ge might only
apply to centromere-proximal regions of a chromo-
some arm. To test this possibility, we constructed
diploid strain 8317, which is MATa/MATa, heteroal-
lelic for leul, and contains the sister chromatid recom-
bination substrate integrated at the telomere of chro-
mosome III. Ge-arrested cells of this strain were irra-
diated with 4 krad, levels of induced sister chromatid
recombination and homolog recombination were
monitored, and the percentage of G; events that were
sister chromatid recombination was calculated. To
determine the normalization factor to apply to the
measured induction of sister chromatid recombina-
tion at the telomere in strain 8317, we constructed a
strain homozygous for the SCR::URA3 substrate at
the telomeric location, 8318 (MATa/MATe). Follow-
ing X-irradiation of this strain with 4 krad in G,
(stationary phase), we calculated a normalization fac-
tor of 5.0, as the ratio of induction of LEUI and ADE3
(Table 4B). We then used this factor to calculate the
fraction of total Gy events induced by 4 krad in strain
8317 that were sister chromatid recombination. Even
when the sister chromatid recombination events were
measured at the telomere, over 80% of G, events
were calculated to be sister chromatid recombination,
indicating that even telomere-proximal sequences are
repaired preferentially by sister chromatid rather than
homolog recombination (Table 4C). For comparison,
we made the same calculation using strain 8285, which
is also MATa/MATa and heteroallelic for leul but
contains the SCR::URA3 construct at the centromeric
location used in strain 8301 for the first set of calcu-
lations. To calculate the fraction of G, events that
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TABLE 4

Effect of chromosomal location on induced sister chromatid recombination

A. Net induction of ADE3 and LEU1 by 4 krad of X-rays in G,”

Strain:
8317 a/a SCR::URA3 (TEL)
8285 a/a SCR::URA3 (CEN)

ADE3 LEUI
48+ 6.4 90+114
61 +13.6 102 + 8.9

B. Calculation of “normalization factor” at 4 krad of X-rays in strain 8318, G,

Net induction of LEUI = 245 + 29.2
Net induction of ADE3 = 48.6 =+ 11.0
“Normalization factor” = net LEUI/net ADE3 = 5.0 £ 1.1

C. Calculation of the fraction of total Ge-induced recombination events that occur by SCRb

1) 8317 (SCR:URA3/TEL):

(40 + 6.4) X (5.0 % 1.1) =82 + 30%
(40 = 6.4) X (5.0 = 1.1) + (45 + 5.7)
(61+13.6)%(13.1+3.6° =94+ 46%

2) 8285 (SCR:URA3/CEN):

(61+13.6)x (13.1£3.6)+ (51 £ 4.5)

 All values listed in this table are the number of recombinants per 10° viable cells. The spontaneous (0 krad) levels of the events were
subtracted from the 4 krad-induced levels to determine the net induction by X-rays.
This calculation is [(the net induction of SCR in Gg) X (normalization factor)] + [(the net induction of SCR in G) X (normalization

facctor)] + [(0.5) X (the net induction of HR in Gy)].

The normalization factor used in this calculation is that determined in Table 3B.

were sister chromatid recombination using the data
from strain 8285, we used the normalization factor of
13.1 determined in Table 3B. The observation that
94% of Gs events were sister chromatid recombina-
tion is consistent with the conclusions reached using
MATa/MATa strain 8301.

G, vs. G, viability differences: We observed that
G, diploid cells are much more sensitive to the lethal
effects of X-ray damage than are G; diploid cells
(Figure 3C), in agreement with previous reports
(HATZFELD and WILLIAMSON 1974; BRUNBORG and
WILLIAMSON 1978; BRUNBORG, RESNICK and WiL-
LIAMSON 1980). Diploid cells can repair at least some
X-ray damage incurred in G; using recombination
between homologs (Figure 3A; EsposiTo 1968; FABRE
1978; FABRE, BOULET and RoMAN 1984), so it is
unclear why this cell-cycle difference should exist.
Several possible explanations were tested.

One possible explanation for the low resistance of
G, cells to X-ray damage is that they may achieve
saturation of their ability to repair at lower doses
because they have fewer templates available for repair
than do G cells. For example, it may be that damage
to both homologs in a given region is lethal in a G,
diploid, but that damage to all four of the chromatids
in the same region must occur in a Gy cell before the
damage is irreparable. This possibility was addressed
experimentally by comparing the sensitivity of a G,
tetraploid, strain 8298, with that of G, diploid strain
8285. If the number of homologous molecules alone
could account for the difference in resistance between
G, and G, diploids, a G, tetraploid should be as
resistant as a G. diploid. Instead, it was found that a
G, tetraploid was much more sensitive than a Gs
diploid (Figure 4A). In fact, tetraploid G, cells were

even less resistant than were diploid G; cells, in agree-
ment with a previous report (MORTIMER 1958). These
results show that the number of homologous mole-
cules alone cannot account for resistance to X-ray
damage.

Another possible explanation for the high X-ray
resistance of G diploids relative to G, diploids is the
existence of the RAD9-mediated cell-cycle delay at the
G stage to allow repair following X-ray damage (WEI-
NERT and HARTWELL 1988). X-irradiation of cells in
G; may not stimulate an analogous cell-cycle arrest
before replication to allow repair, and unrepaired
lesions could be lethal during replication. To test the
idea that the RAD9 function is the source of the
increased X-ray resistance of G cells, strain 8247, a
rad9/rad9 diploid, was irradiated in G; and G.. If the
RAD9-dependent delay in G2 were solely responsible
for the increased viability of Gz cells over G, cells,
then one would expect the cell-cycle difference to
disappear in rad9/rad9 diploids. Instead, it was found
that even without RAD9 function, G, diploids were
more resistant to X-ray damage than were G; diploids
(Figure 4B). We conclude that the relative X-ray
resistance of G cells cannot be attributed to the
presence of the RAD9Y function in G,. One possible
caveat to this experiment is that a Gy arrest might be
simulated by the MBC used to synchronize the cells
in Gy; although the drug is removed before irradia-
tion, it is possible that there is some delay in recovery
from the arrest. Since the DNA content of an asyn-
chronously growing culture is roughly the average of
an equal number of G, and G: cells, we irradiated
such a culture and compared the resulting viability
curve with that predicted from an average of the G,
and Gg-arrested viability curves. The predicted curve
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FIGURE 4.—The effect of ploidy, rad9 or homology level on X-ray resistance. (A) The survival curves following X-irradiation of strains
8285 (diploid, a/a) and 8298 (tetraploid, a/a/a/«) were determined following arrest in G, by nitrogen starvation or in G by treatment with
MBC. Each data point represents the average of three independent irradiations. (B) The survival curves of strain 8247 (a/a,7ad9/rad9) were
determined as in panel (A). The predicted asynchronous viability curve is the average of the G, and G viability curves. Each data point is
the average of two independent irradiations. (C) The survival curves of a/a strains 8285 (standard level of homology between the homologs)
and 8202A10 (which is a diploid selected from a haploid clone) were determined as in panel (A).

is very close to the actual curve (Figure 4B), thus it is
unlikely that MBC pretreatment is significantly res-
cuing the viability of the Gg-irradiated cells. We note
that rad9/rad9 cells are more sensitive than RADY/
RAD? cells to X-irradiation in either G, or G; (e.g.,
compare Figure 4, A and B). This result suggests that
either RAD9 has some role in ensuring repair in G,,
or else that some X-ray damage induced in G, is not
normally repaired until Gs, and thus requires the
RADY9-mediated cell cycle delay in Gg. The fact that
some sister chromatid recombination is induced fol-
lowing X-ray damage in G, (Table 3B), is further
evidence for the latter possibility.

Since neither the greater number of molecules pres-
ent in G, nor the presence of RAD9 function in G,
can explain the difference in X-ray resistance of G,
and G cells, we hypothesize that the increased resist-
ance of G cells is a reflection of the superiority of
sister chromatids over homologs as substrates for re-
pair. That is, not only are sister chromatids used
preferentially over homologs as substrates for recom-
binational repair, but they are used more effectively.

Role of homology in the preference for sister
chromatid recombination: We can imagine two rea-
sons why sister chromatids may be preferentially used
over homologs as substrates for repair of Gg-induced
DNA damage: one is that sister chromatids may be in
closer proximity to each other than to homologous
chromatids, perhaps because of their attachment at
the centromere or because of some other physical
interaction; the second is that sister chromatids have
100% homology between them, whereas some heter-
ology may exist between homologous chromosomes.
It is known that lowered levels of homology can influ-
ence the frequency of recombination events (WALD-
MAN and LiskAY 1988; SHEN and HUANG 1986; BaILIs
and ROTHSTEIN 1990; AHN et al. 1988; SMOLIK-UT-
LAUT and PETEs 1983). Although our strains are

highly inbred (all strains used have been backcrossed
to the original strain background at least 10 times),
the ability of cells to repair recombinationally might
be affected by the low levels of heterology remaining.
Therefore, we selected a diploid (8202A10 MATa/
MATea) which shares essentially 100% homology be-
tween its homologs (save for the MAT locus) because
it arose due to a self mating within a haploid clone.
We compared the X-ray resistance of this diploid with
that of a standard diploid, strain 8285 (MATa/MAT).
In either G, or G,, 8202A10 and 8285 have identical
sensitivities to X-irradiation (Figure 4C), showing that
the heterology present between homologs in our
strains does not play a significant role in the reduced
efficiency of repair of X-ray damage in G, cells com-
pared to G cells. Therefore, it seems likely that sister
chromatids are preferentially used as substrates for
repair because of their proximity to each other.

Effect of mating type on induced recombination
and X-ray sensitivity: In our experiments measuring
the induction of recombination in G, and Go, we used
MATa/MATa cells to facilitate synchronization in G;.
Since it has been reported that homozygosity at the
MAT locus leads to lower levels of spontaneous and
UV-induced recombination (FRIils and ROMAN 1968)
and greater sensitivity to lethal X-ray damage than
does heterozygosity (MORTIMER 1958; GAME 1983),
we decided to test whether our results could be gen-
eralized to MATa/MAT« cells. We first tested whether
MATa/MATa diploids had lower levels of X-ray-in-
duced recombination than MATa/MATa diploids. We
arrested growing cultures of strains 8301 (MATa/
MATa) and 8285 (MATa/MATa) in G, by nitrogen
starvation, or in Gy with MBC, irradiated with X-rays,
and plated for recombinants. Induced sister chroma-
tid and homolog recombination levels among the sur-
viving cells were very similar for the two strains, in
both G; and G (Figure 5).
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FIGURE 5.—X-ray induced homolog recombination and sister chromatid recombination in a/a and a/a diploids. Growing cells of strain
8301 (a/a) or 8285 (a/a) were arrested in G, by nitrogen starvation (A) or in Gz by using MBC (B), irradiated, and plated for recombination
frequency. Values shown represent the average of two independent cultures for each strain.

We also confirmed that cells homozygous at the
MAT locus are more sensitive to X-irradiation than
those heterozygous at MAT, using congenic MATa/
MATa, MATa/MATa, and MATa/MATa diploids (Fig-
ure 6A). To test whether this increased resistance of
MATa/MATa cells was likely due to improved recom-
binational repair, diploid MATa/MATa cells and hap-
loid MATa cells were transformed with a centromere-
bearing plasmid, pLK22, containing LEUI and MATa.
The X-ray sensitivity of the transformants was com-
pared to that of the parental strains. MATa/MATa
cells containing a MATa centromere plasmid had
equivalent X-ray resistance to MATa/MATa cells when
irradiated in G, (Figure 6B). However, haploid MATa
cells transformed with the same MATea plasmid did
not change in their sensitivity to X-irradiation in G,
presumably because they lack a homolog for recom-
binational repair in G,. We then compared MATa/
MATa and MATa/MATa diploids with regard to dif-
ferences in sensitivity between G; and G stage cells
(Figure 6C). The difference between G, and G cells
is seen in MATa/MATq as well as MATa/MATa cells.
In both stages of the cell cycle MATa/MATa cells were
more sensitive than MATa/MAT« cells, although the
difference between MATa/MATa and MATa/MATo
cells was more pronounced in G; than in Go. It is
therefore possible that the effect of heterozygosity for
mating type is primarily to improve repair by homolog
recombination rather than by sister chromatid recom-
bination.

DISCUSSION

We show that cells X-irradiated in G, repair recom-
binogenic damage primarily by homolog recombina-
tion, whereas cells X-irradiated in Gz repair almost
exclusively by sister chromatid recombination. Taking
into account the twofold difference in target size
between the two stages of the mitotic cell cycle, we
calculate that the total number of recombination
events per viable cell induced per dose of damage is

similar in G; and in G. irradiated cells. This result
suggests that damage which is recombinogenic in G,
is equally recombinogenic in Gg, but that there is
preferential use of sister chromatids for repair in Go,
as suggested by FABRE, BOULET and RoMAN (1984).

Why are sister chromatids preferred substrates
for repair in G3? To repair DNA damage by recom-
bination, a damaged molecule must find and pair with
a homologous DNA sequence. The efficiency of re-
combinational repair depends on the efficiency with
which a damaged molecule can be paired with a ho-
mologous sequence and on the degree of sequence
identity shared between the recombining molecules.
The preferential use of sister chromatids over homo-
logs as substrates for recombinational repair could be
due to differences in either one or both of these
factors. To test whether sister chromatids might be
preferred over homologs as substrates for repair be-
cause they, unlike homologous chromosomes, share
perfect DNA sequence homology, we determined the
X-ray resistance of a diploid strain in which the ho-
mologous chromosomes should be identical (save for
the MAT locus). This strain was no more resistant to
X-irradiation in G; or G, than was an ordinary diploid
containing homologs with some sequence heterology
(Figure 4C). Therefore, whatever heterology is pres-
ent between homologs in our inbred strain does not
significantly influence the ability of cells to repair X-
ray damage when irradiated in G,.

We argue, therefore, that the preferential use of
sister chromatids rather than homologous chromo-
somes for repair in Gg is probably due to a higher
probability of encountering a sister chromatid than a
homolog during the search for homology. The im-
portance of proximity of recombining sequences has
been shown by ROEDER, SMITH and LAMBIE (1984)
and LICHTEN and HABER (1989). LICHTEN and HABER
(1989) showed that spontaneous mitotic recombina-
tion between heteroalleles located 20 kb apart on the
same chromosome occurred more frequently than did
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FIGURE 6.—The effect of mating type on X-ray resistance. (A) Asynchronously growing cultures of strains 8260 (a/a), 8261 (a/a), and
their derivatives 8260-1 (a/a) and 8261-1 (a/a) were concentrated, plated, and irradiated. Viabilities were determined by microscopically
scoring growth of microcolonies on rich medium. At least 200 colonies were scored for each culture at each dose. These data represent the
average values of two independent cultures of each strain. (B) Cultures of strains 8285 (diploid a/a), 8301 (diploid a/a), 8301 carrying
pLK22, (a MATa plasmid), 8202 (haploid MATa), and 8202 carrying pLK22 were irradiated after arrest in G, by nitrogen starvation and
viabilities were determined as in panel (A). (C) Cultures of strains 8285 or 8301 were arrested in G, using nitrogen starvation or in G using

MBC before irradiation. Viabilities were determined as in panel (A).

recombination between the same sequences when lo-
cated further apart on the same chromosome, and
these latter events were more frequent than recom-
bination between the same heteroalleles located on
homologous chromosomes. In addition, recombina-
tion between heteroalleles on homologs occurred no
more frequently than did recombination between het-
eroalleles located ectopically on different chromo-
somes; similar results were obtained for recombina-
tion between Ty elements (KUPIEC and PETEs 1988).
These results indicate that the mechanism which
searches for homology can search throughout the
genome but prefers sequences located in close prox-
imity on the same chromatid (or on sister chromatids)
and further indicates that the search for homology
acts by pairing short lengths of DNA rather than
whole chromosomes.

Recombination involving sequences duplicated on
the same chromatid may occur intramolecularly, in
either G, or Gy (Figure 2A), or intermolecularly,
between sister chromatids (Figure 2, B and C). One
possibility was that the effect of proximity observed
in the above experiments was primarily on intramo-
lecular recombination; however, LICHTEN and HABER
(1989) showed that almost all reciprocal recombina-
tion between duplicated sequences on the same chro-
mosome (10-20% of the total recombination) oc-
curred by intermolecular recombination between sis-
ter chromatids. Our data suggest that sequences
located on sister chromatids are in a preferred rela-
tionship for pairing and recombination, even though
the recombination events occur intermolecularly. Fur-
thermore, this relationship appears to be maintained
along the whole length of the chromatids (Table 4).
This preferred relationship is most likely due to a
physical proximity maintained between sister chro-
matids. Sister chromatids are topologically inter-

wound following replication (HOLM et al. 1985), be-
come unwound prior to anaphase and then remain
paired at the centromere until the onset of anaphase
(KosHLAND and HARTWELL 1987). Staining of yeast
cells with an immunofluorescent probe of the ampli-
fied CUP1 locus lights up only a single spot in haploids
arrested in Go with the microtubule-inhibitor drug
nocodazole, whereas two spots are seen in diploids (D.
KOSHLAND, personal communication). It is inferred
that sister chromatids, unlike homologs, are too close
to be distinguished at this stage. In contrast to sister
chromatids, it appears that there is no special relation-
ship between homologs in vegetatively growing yeast
cells. Although pairing of homologous chromosomes
does occur in the polytene chromosomes of Drosoph-
ila larvae (PAINTER 1934), and in adult flies as well
(Wu and GOLDBERG 1989), there is little evidence for
somatic pairing of homologs in other organisms.
Sister chromatids are more effective for repair
than homologous chromosomes: Since Gg-irradiated
diploids are much more resistant than G,-irradiated
diploids to high doses of X-ray damage, we argue that
sister chromatids are not only preferred over homo-
logs as substrates for recombinational repair, but are
also more effective. Comparision of the survival
curves for G, and G; diploids (Figure 3C) shows that
cells at both stages repair small amounts of damage
efficiently but that Go diploid cells are much more
effective at repairing large amounts of damage. The
ability of G, diploids to survive low levels of damage
is due to successful recombinational repair since dip-
loids unable to repair recombinationally (rad52/
rad52) die at much lower doses of X-irradiation (REs-
NICK and MARTIN 1976). We tested whether the ex-
istence of more homologous molecules in G than in
G, or the existence of the RAD9-mediated delay in G,
could explain the greater X-ray resistance of G; cells
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and found that neither hypothesis survived the tests.
Therefore, we suggest that for a given dose of dam-
age, more lesions can be repaired by sister chromatid
recombination when the cells are irradiated in G» than
can be repaired by homolog recombination when they
are irradiated in G,. This hypothesis does not contra-
dict the fact that we measure approximately the same
number of recombination events per viable cell in G,
and G; irradiated cells, if cells which fail to repair
enough recombinogenic lesions also fail to survive.
We imagine two reasons why sister chromatids might
be more effective substrates for the repair of high
levels of X-ray damage than are homologs. One is that
sister chromatids may share a physical interaction
along their lengths that enables them to repair a
greater number of potentially lethal hits per molecule
than can homologs. A second possibility is that stable
pairing between homologs requires proteins that are
not required by sister chromatids, and that these are
in limited quantity in vegetatively growing cells. Al-
though we favor the possibility that G cells are more
X-ray resistant than G, cells because sister chromatids
are superior substrates for repair, we cannot rule out
the possibility that Gg cells simply have a greater
capacity for repair than do G, cells, for example by
having higher levels of repair enzymes.

Role of the MAT locus in DNA repair: The geno-
type at the MAT locus also affects the ability of cells
to repair X-ray damage (Figure 6; MORTIMER 1958;
GAME 1983). This effect is more pronounced in G;-
irradiated diploids than in G, irradiated diploids (Fig-
ure 6C). It may be that the effect of heterozygosity at
the MAT locus on X-ray resistance is to enhance the
efficiency of pairing and recombination between ho-
mologous molecules. Since cells heterozygous for
MAT have the possibility of entering meiosis, perhaps
they maintain a constitutively higher level of pairing
and recombination activities than do cells which are
homozygous for MAT. If this were true, heterozygos-
ity at MAT would have a greater effect on repair
between homologs in G, than on repair between sister
chromatids in Gg if sister chromatids are already in
close proximity. One might expect to see higher levels
of induced recombination in cells heterozygous rather
than homozygous for MAT, especially since the latter
have lower levels of spontaneous and UV-induced
recombination (Friis and RoMAN 1968). Although we
were unable to observe a difference in X-ray induced
recombination rates per viable cell between MATa/
MATa and MATa/MATa diploids (Figure 5), it should
be noted that a difference in the efficiency of recom-
bination in MATa/MATa vs. MATa/MATa cells would
be undetectable if only those cells which have success-
fully recombined survive. In support of the possibility
that the mating genotype does affect the efficiency of
X-ray-induced recombination is the fact that hetero-

zygosity at the MAT locus has no effect on G, haploid
survival following X-irradiation (Figure 6B) but does
improve G, diploid survival (Figure 6, B and C); we
infer that the improved resistance requires the inter-
action of homologous molecules. In addition, GAME
and MORTIMER have found that many mutations in
recombinational repair abolish the effect of mating
type heterozygosity on X-ray resistance (cited in GAME
1983), although rad55 and rad57 do not (LOVETT and
MORTIMER 1987).

Consistent with the results of Fris and RoMaN
(1968), the spontaneous frequency of homolog recom-
bination in MATa/MATa strain 8301 (4.0 £ 2.0 X
107%) was significantly lower (at the 0.02 level of the
two-sample ¢-test) than in MATa/MATa strain 8285
(10 £ 0.3 X 107%). However, the spontaneous fre-
quency of sister chromatid recombination in strain
8301 (2.3 £ 0.6 X 107°) was not significantly different
at the 0.1 level from the frequency in strain 8285 (1.9
+ 0.25 X 107°). This observation is expected if het-
erozygosity at MAT improves the efficiency of pairing
and recombination between homologous molecules,
which is severely rate-limiting for homolog interac-
tions, but less so for interactions between sister chro-
matids. The fact that heterozygosity at MAT affects
spontaneous but not induced levels of homolog re-
combination per viable cell is explained if unrepaired
X-ray lesions are lethal but unrepaired spontaneous
lesions are not.
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