
MOLECULAR AND CELLULAR BIOLOGY, Oct. 1995, p. 5607–5617 Vol. 15, No. 10
0270-7306/95/$04.0010
Copyright q 1995, American Society for Microbiology

Replication Slippage between Distant Short Repeats in
Saccharomyces cerevisiae Depends on the Direction
of Replication and the RAD50 and RAD52 Genes

HIEP T. TRAN,1 NATASHA P. DEGTYAREVA,2 NADEJDA N. KOLOTEVA,2† AKIO SUGINO,3

HIROSHI MASUMOTO,3 DMITRY A. GORDENIN,1,2 AND MICHAEL A. RESNICK1*

Laboratory of Molecular Genetics, National Institute of Environmental Health Sciences, Research Triangle Park,
North Carolina 277091; Department of Genetics, St. Petersburg State University, St. Petersburg 199034, Russia2;

and Department of Molecular Immunology, Research Institute for Microbial Diseases,
Osaka University, Suita, Osaka, Japan3

Received 10 April 1995/Returned for modification 25 May 1995/Accepted 6 July 1995

Small direct repeats, which are frequent in all genomes, are a potential source of genome instability. To study
the occurrence and genetic control of repeat-associated deletions, we developed a system in the yeast Saccha-
romyces cerevisiae that was based on small direct repeats separated by either random sequences or inverted
repeats. Deletions were examined in the LYS2 gene, using a set of 31- to 156-bp inserts that included inserts
with no apparent potential for secondary structure as well as two quasipalindromes. All inserts were flanked
by 6- to 9-bp direct repeats of LYS2 sequence, providing an opportunity for Lys1 reversion via precise excision.
Reversions could arise by extended deletions involving either direct repeats or random sequences and by 21-
or12-bp frameshift mutations. The deletion breakpoints were always associated with short (3- to 9-bp) perfect
or imperfect direct repeats. Compared with the POL1 strain, deletions between small direct repeats were
increased as much as 100-fold, and the spectrum was changed in a temperature-sensitive DNA polymerase d
pol3-t mutant, suggesting a role for replication. The type of deletion depended on orientation relative to the
origin of replication. On the basis of these results, we propose (i) that extended deletions between small repeats
arise by replication slippage and (ii) that the deletions occur primarily in either the leading or lagging strand.
The RAD50 and RAD52 genes, which are required for the recombinational repair of many kinds of DNA
double-strand breaks, appeared to be required also for the production of up to 90% of the deletions arising
between separated repeats in the pol3-t mutant, suggesting a newly identified role for these genes in genome
stability and possibly replication.

Short (4- to 10-bp) direct repeats are abundant throughout
the genome, as would be expected for a random distribution of
bases (37), and are often found at the ends of deleted nonre-
iterated sequences in many human genetic diseases (29, 46,
47). These could be an important source of genomic instability,
especially if slippage could occur between separated direct
repeats during replication. Replication slippage was initially
proposed as a mechanism for small deletions and additions in
DNA, resulting in frameshift mutations (50; see also the review
in reference 44). Deletions and additions in simple repeats
(multiply reiterated runs of 2 to 4 bp) are an important source
of genetic change and are associated with many human dis-
eases, including various cancers (1, 7, 25, 43, 51). The cancer
proneness of humans with a mismatch repair defect has been
suggested to be due to an increased likelihood of mutations
arising by slippage during the replication of simple repeats (15,
33, 40, 54).
Distantly spaced short direct repeats are also a source of

deletion mutations, and these have been proposed to occur
primarily through replication slippage, both in Escherichia coli
(2, 14) and in humans (11). Support for replication slippage as
the mechanism for such deletions derives from observations of

high levels of deletions when short direct repeats are separated
by inverted repeats (IRs) in bacteria and Saccharomyces cer-
evisiae. The IRs are proposed to form stem-like secondary
structures during replication, thereby bringing short direct re-
peats into close proximity, providing greater opportunity for
slippage. This stem could inhibit DNA synthesis, which also
might provoke slippage. Examples include the IRs of bacterial
transposons Tn10 and Tn5 (12, 16, 20) and other IRs such as
palindromes and quasipalindromes (8, 9, 17, 23, 45). Further-
more, Trinh and Sinden (53) demonstrated that deletion of an
IR in E. coli which involved short direct repeats depended on
the direction of replication. They proposed that deletions oc-
curred primarily during lagging-strand synthesis. We demon-
strated that in S. cerevisiae, deletions occurred frequently be-
tween small repeats within IRs of Tn5 and that there was
polarity in the choice of small repeats (17). This observation
along with the involvement of replicative DNA polymerases
(17, 18) led us to propose that IR stimulated deletions oc-
curred during lagging-strand synthesis by replication slippage
between the small direct repeats.
There has been no direct evidence that extended (i.e., more

than 1-bp) deletions with breakpoints in small separated direct
repeats actually arise by replication slippage when there are no
IRs between the repeats. We describe here a system that was
developed to study the origin and genetic control of deletions
that do not involve IRs or simple repeats. With the sequences
studied, we were able to investigate extended deletions of up to
74 bp arising between separated small direct repeats, 1-base
frameshift mutations, and the role of replication slippage. Also
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examined were deletions between repeats separated by 74- and
147-bp quasipalindromes. On the basis of the presence of short
direct repeats at the breakpoints of all extended deletions and
dependence of the deletion spectrum on orientation relative to
the replication origin, replication slippage appears to be the
most likely source of deletions. We also show that the RAD50
and RAD52 genes, which are required for the recombinational
repair of several kinds of DNA double-strand breaks (DSBs),
affect deletion rates, suggesting a role for these genes in rep-
lication slippage.

MATERIALS AND METHODS

Strains and plasmids. All strains were isogenic and were derived from pol3-
t-DM (18). All strains were MATa leu2-2 trp1-D1 ura3-X, and they had various
combinations of mutant or wild-type alleles of pol3, RAD50, and RAD52 and
various inserts (Fig. 1) or a deletion in the LYS2 gene. The POL1 and pol3-t
strains with quasipalindrome inserts InsG and InsH and nonpalindrome inserts
InsD and InsE, and strain k31-pol3-t-DM with deletion DelC in LYS2, have been
described previously (17). All inserts are at the same site in the chromosomal
LYS2 gene (Fig. 1) as the previously studied insert Tn5-13 (20). Isogenic rad50
and rad52 deletion mutants containing these insertions were derived from POL1

and pol3-t strains by using previously described gene transplacement methods
and plasmids (18). Plasmids p92, p93, p94, and p95 (Fig. 2) were constructed as
follows. First, plasmids p90 and p91 were created to generate the LYS2::InsD and
LYS2::InsE mutations by gap filling as described below. These plasmids con-
tained a HindIII-PvuII fragment that included the automously replicating se-
quence (ARS)-centromere (CEN) cassette (ClaI-ClaI fragment) and bacterial
Ampr gene from pASZ11 (48), followed by a Pichia methanolica chromosomal
PvuII-PstI fragment to increase the asymmetry of the fragment (52), the URA3
gene contained in a HindIII-NsiI fragment derived from pFL34 (4) (the original
BglII URA3 fragment was recloned into pFL34 in the opposite orientation), and
the LYS2 gene lacking the BamHI-XhoI regions derived from pLL12-BX) (19) in

orientations A and B (plasmid p91 and plasmid p90, respectively). The InsD and
InsE mutations were transferred to the plasmids p90 and p91 by gap filling (i.e.,
the plasmids were cut with XhoI at the deletion site and transformed into strains
having these chromosomal mutations). The Ura1 transformants with putative
InsD inserts in the A and B orientations (plasmids p92 and p94, respectively) and
with InsE inserts in the A and B orientations (plasmids p93 and p95, respectively)
were confirmed by PCR and sequencing of the BamHI-XhoI region. The only
functional ARS on the plasmids was that contained in the ClaI-ClaI ARS-CEN
cassette; plasmids lacking this cassette did not yield yeast transformants. Thus,
we constructed two pairs of CEN plasmids containing LYS2::InsD or LYS2::InsE
in opposite orientations (Fig. 2) asymmetric with regard to the location of InsD
or InsE relative to the position of replication origin. As replication forks in yeast
plasmids move with the same speed in both directions from the origin (5), we
expect the replication fork to move through the corresponding insert from the
side of the XhoI site in orientation A and from the side of the BamHI site in
orientation B.
Genetic and molecular procedures. Genetic and molecular procedures were

previously described (17–19). Precise or in-frame imprecise deletions of the
insertion mutations were selected as Lys1 revertants. Reversion rates were
determined by fluctuation analysis using 12 to 24 independent cultures as pre-
viously described (17). The 95% confidence intervals for a median rate were
determined as described previously (10). Strains were grown at 20, 25, or 308C,
except for the rad50 pol3-t and rad52 pol3-t strains, which were unable to grow at
308C. High frequencies of deletions were previously observed in pol3-t strains
grown at 258C as well as at 308C (18). To examine reversion of the InsD and InsE
lys2 alleles residing on the plasmid, plasmids p92, p93, p94, and p95 were
transformed into strain k31-pol3-t-DM with the nonreverting deletion mutation
DelC. The DelC deletion encompasses the insertion site of Tn5-13 and the InsD
and InsE mutations (17) in the chromosomal LYS2 gene. Thus, Lys1 revertants
can arise only by changes in the plasmid alleles. Revertants of the plasmid InsD
and InsE were selected at 308C. The DNA fragments containing revertant sites
were amplified by using standard PCR procedures and oligonucleotide primers
(BioSynthesis Inc.) 25M (59-GAGACGCTACCAAGTTCG-39) and N5 (59-CG
GCTAAGCTCATAACAT-39), which are complementary to the sequences 185
bp 59 and 265 bp 39, respectively, from the ends of the inserts used in this study
(17). Amplification was for 35 cycles (1 min at 948C, 1 min at 508C, and 2 min at
728C), using Taq polymerase as instructed by the manufacturer (Perkin-Elmer
Cetus). The PCR products were sequenced by using the primer (ByoSynthesis
Inc.) N1 (59-AGAATATTTTGTTGAACC-39) for genomic DNA or G1 (59-
CTCCTACATCCTTGCAGA-39) for plasmid DNA with an ABI automated
sequencer (Applied Biosystems Inc.).
Replication direction. Yeast strain Tn5(URA3)-pol3-t-DM, containing Tn5

(URA3) in the chromosomal LYS2 gene at the same position as the inserts Tn5-
13, InsD, InsE, InsH, and InsG in this study (17), was grown in YPD medium to
3 3 107 cells per ml at 308C, and the chromosomal DNA was isolated as
described previously (59). The direction of replication through the chromosomal
LYS2 gene was determined by using two-dimensional neutral/alkaline gel elec-
trophoresis (24; also see the review in reference 6).

FIG. 1. Inserts in the yeast LYS2 gene. All inserts are located at the same site
as the previously described for Tn5-13 (17, 20). The site is marked by a filled
triangle on the line representing a 4,795-bp EcoRI-HindIII fragment of chromo-
somal DNA containing LYS2. The distances of the other sites from EcoRI are as
follows: XhoI, 3,104 bp; BamHI, 3,486 bp. The horizontal arrow shows the
direction of the LYS2 transcription. For each of the inserts, the lengths of
flanking short direct repeats and of inserted regions are shown. For the IR inserts
Tn5-13, InsG, and InsH, the lengths of the IR and of spacer between the IRs is
shown separately. nt, nucleotides.

FIG. 2. Plasmids carrying the InsD and InsE inserts. Construction of plas-
mids with InsD (p92 and p94) and InsE (p93 and p95) in opposite orientations
is described in the text. The site where InsD and InsE are located is marked by
the filled triangle. Solid arrows show the directions of LYS2 and URA3 tran-
scription. Restriction sites: Pv, PvuII; P, PstI; N, NsiI; H, HindIII; B, BamHI; X,
XhoI; R, EcoRI; C, ClaI.
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RESULTS

Reversion of small nonpalindromic insertion mutations in
POL1 and pol3 strains. To investigate genetic controls and
mechanisms of extended deletion and small (21-bp) frame-
shift mutations, we used the previously described InsD (31-bp)
and InsE (61-bp) insertion mutations in the chromosomal
LYS2 gene (Fig. 1) (17). These insertions at a common position
in LYS2 are bounded by 7- and 6-bp direct repeats, respec-
tively; the repeats correspond to duplicated LYS2 sequence.
Both inserts shift the reading frame and generate a TGA stop
codon adjacent to the 39 end of the insert (Fig. 3). Reversions
can arise by either extended (.1-bp) or small (21- or 12-bp)
deletion or insertion that restores the original LYS2 reading
frame.
Reversion rates were comparable (;1028) for both inserts

in POL1 RAD1 strains. (Table 1) over the 20 to 308C range.
As previously reported (17), the reversion rates were 30- to
100-fold higher in the temperature-sensitive polymerase d
pol3-t mutant. There was an approximate eightfold increase in
mutation rate in the pol3-t strain at 308C over that at 208C,
consistent with a proposed role of this replicative DNA poly-
merase in mutation production. However, the effect of tem-
perature was not as great as the 50- to 100-fold increase in Tn5
deletion rates observed in the isogenic background for the
same temperature range (17, 18).
The revertants were analyzed by PCR to determine the

extent to which reversions arose by deletion (see Materials and
Methods). The revertants were classified as complete deletions
if they appeared to have lost the entire 31-bp (InsD) or 61-bp
(InsE) insert, incomplete if they appeared to have lost only a
portion of InsD or InsE, and no detectable loss (NDL) if there
was no apparent change in size of the PCR product compared
with the original insert. Among 885 revertants of the chromo-
somal alleles, none yielded a PCR product shorter (in the
limits of resolution with PCR) than that obtained with the
wild-type LYS2 gene. The PCR analysis enabled us to detect
PCR fragments that were as little as 15 bp shorter than ex-
pected for LYS2 (for example, the e1 class of plasmid rever-
tants described in Fig. 3 gave a PCR product with a mobility
clearly different from that for LYS2).
The reversion mutations of 245 revertants representing the

various groups initially identified by PCR obtained in the
strains of five different genotypes were sequenced (Table 2 and
Fig. 3). The 18 InsE (class e2) and 86 InsD (classes d1 and d2)
revertants identified by PCR as being complete deletions were
found to be due to deletions removing the entire InsE se-
quence between the flanking small repeats. All of the 24 InsE
incomplete deletions examined had breakpoints associated
with another 5- to 7-bp direct repeat inside or adjacent to InsE.
The deletions were either 31 bp (e3 and e4) or 16 bp (e5 and
e6). Thus, of the revertants categorized as complete or incom-
plete deletions, all had breakpoints in small direct repeats.
Consistent with the PCR results, sequencing revealed that

the NDL reversion category was due to small additions and
deletions inside or in the vicinity of the original insert. Among
44 NDL revertants of the InsD and InsE mutations in the
POL1 (POL1RAD1 and POL1 rad52) strains, 41 were due to
1-bp deletions and only 3 appeared to be due to 2-bp additions.
Of nine independent InsD NDL revertants isolated from the
pol3-t strains (pol3-t RAD1, pol3-t rad50, and pol3-t rad52), all
arose by 1-bp deletions. However, for InsE, many (21 of 64) of
the NDL revertants in the pol3-t strains arose by 7-bp deletions
between small repeats, and the rest were due to 1-bp deletions.
Most of the 1-bp deletions occurred in runs of two or more
identical bases.

In summary, complete and incomplete deletions can be re-
liably identified by PCR. In the POL1 strain, the NDL class
contained almost exclusively 1-bp deletions, whereas in the
pol3 strains, it also contained 7-bp deletions. Results of PCR
and sequence analyses indicated that reversions in the POL1

strains were due primarily to complete deletions and 1-bp
deletions for InsD and to 1-bp deletions for InsE. There was a
large increase in reversions for both these inserts in the pol3-t
RAD1 strains, and these were primarily due to either com-
plete or incomplete deletions involving small repeats separated
by as much as 61 bp. All extended deletions appeared to be
through mechanisms involving direct repeats, regardless of the
genetic background. We note that there is no evidence for
extended deletions with breakpoints in random DNA se-
quences.
Deletions of InsD and InsE in the pol3-t mutant can involve

nonidentical repeats. Among the chromosomal InsD and InsE
revertants, 10 types of deletions were identified (Table 2 and
Fig. 3). The breakpoints were in identical repeats or repeats
that differed by one base. For imperfect pairs of repeats, it was
possible to identify the breakpoint relative to the position of
the nonidentical bases (for example, the repeats involved in the
d2 deletion; Fig. 3A). In this and similar cases, breakpoints
were to the right of the nonidentical base (a or g) and therefore
outside the stretch of seven identical bases (CTGCAGG)
(BOR [breakpoint outside repeats]). For perfect repeats, the
breakpoints were apparently in the stretch of seven precisely
matched bases (BIR [breakpoints in repeats]; for example, d1
in Fig. 3A). While the positions of d1 and d2 breakpoints differ,
the deletions are of the same size.
There were four sets of deletions in which one deletion was

BIR and the other(s) was BOR (d1-d2, e3-e4, e5-e6, and e7-
e8-e9) (Fig. 3). Among InsD revertants in the pol3-t RAD1

strain, approximately half (18 of 39) of the deletions were of
the BOR type, while there were no BOR deletions in the
POL1 RAD1 strain (0 of 18). (All revertants grew well on
lysineless medium, excluding the possibility of revertant selec-
tion due to growth differences.) For the InsE revertants, dele-
tions were observed only in the pol3-t strain. Of 13 revertants
that were due to 31-bp deletions, all were in the BOR (e4)
category. (Since there were no apparent differences in the
BIR/BOR ratio between the sets of revertants obtained at
different temperatures, the revertants originating at 20, 25, and
308C were combined for these analyses.)
There may be an effect of size of repeats or number of

matched bases on the observed incidence of BOR or BIR
deletions. Although the d1-d2 and e3-e4 pairs of repeats are
separated by the same distance (31 bp) and share identical
sequence in a common downstream repeat (Fig. 3), the BIR/
BOR ratios in the pol3-t RAD1 strain were quite different:
21/18 for the d1-d2 pairs and 0/13 for the e3-e4 pairs. There are
seven identical bases (or 9 bp with one mismatch) in the d1-d2
pair, while the e3-e4 pair has only five identical bases (or 7 bp
with one mismatch). Consistent with this finding, the BIR/
BOR ratio was 1/7 for deletions associated with the e7-e8
repeats. This pair of repeats share three identical bases (or 5
bp with one mismatch) (Fig. 3 and Table 2).
Deletions of InsD and InsE depend on orientation with

respect to replication origin. Deletions involving nonidentical
repeats provided a unique opportunity to address both mech-
anisms of replication slippage and the role of replication di-
rection. If slippage occurs during semiconservative replication,
then the deletion spectrum might be expected to change when
the replication direction is reversed (i.e., the leading and lag-
ging strands are switched). The LYS2 gene containing either
InsE or InsD was therefore inserted into a plasmid in opposite
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FIG. 3. Sequences of the InsD and InsE revertants. (A) Possible locations of the
breakpoints for d1 (BIR) and d2 (BOR) deletions. Deletion borders are shown by
vertical arrows. Horizontal lines show possible regions where the deletion break-
points could be located. (B) InsD revertants. (C) InsE revertants. Nucleotide num-
bers in the nontranscribed strand of LYS2 are according to reference 38. For InsD
and InsE, representing the terminal part of Tn5-13 (17), nucleotide numbers are
according to reference 3. ‡‡‡, position of the TGA stop codon in theLYS2 reading
frame generated by inserts InsD and InsE. p, runs $2 of identical single bases or
dinucleotide repeats in the sites where 1-bp deletions or 2-bp additions occurred.
Deleted or added nucleotides of the 1-bp deletions and 2-bp additions are indicated
beneath the sequences of InsD and InsE. If more than one mutation was obtained
in a particular site, the number of mutations obtained independently is shown in
parentheses. Short direct repeats flanking InsD and InsE and deleted regions of
extended deletions are underlined. Deleted nucleotides of the extended deletions
are shown by lowercase letters. For BOR deletions, the mismatches that could form
during slippage between nonidentical repeats are shown.
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orientations, A and B (Fig. 2), near the origin of replication
(see Materials and Methods and Table 3, footnote b). The
EcoRI site was nearest the plasmid replication origin in the A
orientation (Fig. 2). Using two-dimensional electrophoresis
analysis (see Materials and Methods), we determined the di-
rection of replication fork movement through the LYS2 gene in
the chromosome. The replication fork moves in a direction
going from the EcoRI site toward the HindIII site (i.e., in the
same direction as LYS2 transcription; Fig. 1) (data not shown),
resulting in the same direction of replication across the chro-
mosomal LYS2 gene as for orientation A in the plasmids.
The Lys1 plasmid revertants were isolated at 308C in a pol3-t

mutant. The reversion rates (;80 3 1028) for both orienta-
tions of InsE in the plasmid were comparable to those for InsE

when it was in the chromosomal LYS2 gene. The Lys1 rever-
sion rates for the two orientations of InsD in the plasmid were
similar; however, they were four- to sevenfold greater than for
InsD in the chromosome (data not shown).
All of the InsD revertants (54 for orientation A and 48 for

orientation B) were complete deletions, as judged from PCR
analysis. Many of the deletion revertants were sequenced to
determine the breakpoints (Table 3). Among 15 of the InsD
deletions that arose for the A orientation, 10 were in the d1
class (BIR) and 5 were d2 (BOR). When the orientation was
reversed, only the BIR category (d1) was retained among 23
deletions sequenced, whereas the BOR (d2) category disap-
peared. d1/d2 ratios were significantly different (P , 0.01) for
the two orientations of InsD. The ratio obtained with orienta-

TABLE 1. Reversion of the nonpalindromic insertion mutations InsD (31 bp) and InsE (61 bp)

Genotype Temp
(8C)

Rate of reversion (1028)a

InsD InsE

Total rate Complete
deletions NDL Total rate Complete

deletions
Incomplete
deletions NDL

POL1 RAD1 20 0.3 (0.2–0.4b) 0.10 (10c) 0.20b (23c) 0.4 (0.3–0.5) 0b (0) 0b (0c) 0.40b (20)
25d 0.7 (0.5–0.8) 0.22 (8) 0.48 (17) 0.4 (0.3–0.5) 0.02 (1) 0 (0) 0.38 (18)
30 0.6 (0.5–0.7) 0.33 (12) 0.27 (10) 0.5 (0.4–0.6) 0 (0) 0 (0) 0.50 (15)

POL1 rad50 25 0.6 (0.4–0.8) 0.03 (1) 0.57 (18) 0.7 (0.5–0.9) 0 (0) 0 (0) 0.70 (20)
30 0.6 (0.4–0.8) 0 (0) 0.60 (9) 0.8 (0.6–1.0) 0 (0) 0 (0) 0.80 (7)

POL1 rad52 25 4.1 (2.7–6.1) 0 (0) 4.1 (10) 2.0 (1.1–3.3) 0 (0) 0 (0) 2.0 (16)
30 5.9 (5.0–6.8) 0 (0) 5.9 (20) 3.3 (2.9–3.7) 0 (0) 0 (0) 3.3 (20)

pol3 RAD1 20 10 (7.2–13) 9.8 (48) 0.2 (1) 8.7 (5.8–11) 4.7 (28) 1.5 (9) 2.5 (15)
25 3.4 (27–71) 34.0 (60) 0 (0) 14 (4.7–28) 9.2 (88) 4.2 (40) 0.6 (6)
30 77 (18–210) 69.0 (26) 8.0 (3) 72 (40–85) 32 (17) 27 (14) 13 (7)

pol3 rad50 20 7.8 (1.4–13) 6.2 (24) 1.6 (6) 4.5 (2.7–7.9) 0.55 (4) 0.68 (5) 3.3 (24)
25 11 (5.1–19) 10.3 (29) 0.37 (1) 4.0 (2.3–16) 1.4 (14) 0.7 (7) 1.9 (19)

pol3 rad52 20 6.1 (2.9–11) 3.3 (13) 2.8 (11) 11 (7.2–15) 0.5 (2) 0.8 (3) 9.7 (36)
25 15 (6.9–27) 11.0 (22) 4.0 (8) 14 (7.9–34) 1.1 (3) 2.2 (6) 10.7 (31)

a The types of events leading to a reversion were classified on the basis of the structure of revertant LYS2 alleles, as determined by PCR (see text), as complete,
incomplete, or NDL. The rate for each type of event (Re) was calculated as follows: Re 5 Rt z (Ne/Nt), where Rt is the total rate of reversions, Re is the rate of a particular
event, Nt is the total number of revertants analyzed by PCR, and Ne is the number of revertants with a particular structure.
b 95% confidence intervals for the median value of the rates of InsD and InsE reversion, determined by fluctuation analysis (see Materials and Methods).
c Number of revertants.
d The results obtained at 258C are in boldface, since this was the only temperature at which every strain was tested.

TABLE 2. Revertants of the InsD (31-bp) and InsE (61-bp) inserts in the chromosomal LYS2 genea

Genotype

InsD InsE

Complete dele-
tions, 231 bp

NDL
Deletions

NDL

Complete,
261 bp,
BIR e2

Incomplete

21 bp 12 bp
231 bp 216 bp 27 bp

21 bp
BIR d1 BOR d2 BIR e3 BOR e4 BIR e5 BOR e6 BIR e7 BOR e8 BOR e9

POL1 RAD1 18 0 16 3 NAb NA NA NA NA 0 0 0 20
POL1 rad52 NA NA 3 0 NA NA NA NA NA 0 0 0 2
pol3 RAD1 21 18 1 0 14 0 13 0 0 1 8 3 13
pol3 rad50 9 5 4 0 3 0 6 1 1 0 2 1 14
pol3 rad52 10 5 4 0 1 1 2 0 0 0 6 0 16

a Revertants were isolated in the POL1 RAD1 and pol3 RAD1 strains at 20, 25, and 308C, in the pol3 rad50 and pol3 rad52 strains at 20 and 258C, and in the POL1

rad52 strain at 308C. Since there were no significant differences between distributions of revertants obtained at different temperatures, only the total numbers of
revertants are shown. d1, d2, and e2 to e9 are various classes of deletions identified by sequencing (see Fig. 3). See the footnotes to Table 1 and text for a description
of the terms (i.e., complete, incomplete, and NDL) corresponding to the structures identified by PCR.
b NA, not analyzed (appropriate PCR class did not occur or was a minor category).

VOL. 15, 1995 REPLICATION SLIPPAGE IN S. CEREVISIAE 5611



tion A was comparable to that obtained with the chromosomal
allele (Table 2).
Nearly all the InsE revertants (Table 3) could be grouped as

e2 (61-bp deletion), e3 or e4 (31-bp deletion), and NDL (1- or
7-bp deletion). (The e2 category was identified on the basis of
PCR analysis and then confirmed by sequencing five isolates
for each orientation.) Among 121 revertants of InsE in the A
orientation, 96 were in the e2 category and 22 were in the e3
and e4 categories. In the e3 and e4 categories, 17 of 22 were e4
BOR-type deletions. The distribution of 85 revertants exam-
ined was quite different (P , 0.001) for the B orientation
mainly because of the complete absence of e4 (BOR) dele-
tions. As for InsD, the spectrum of revertants obtained with
orientation A was most similar to that observed when InsE was
present in the LYS2 chromosomal gene.
Thus, the BOR types of InsD (d2) and InsE (e4) deletions

that were frequent among chromosomal revertants were fre-
quent only for the similar orientation A in the plasmid. Re-
versal of the orientation of the LYS2 gene relative to the
plasmid origin of replication resulted in loss of the BOR de-
letions. On the basis of these results, we suggest (i) that dele-
tions between short direct repeats occur during semiconserva-
tive replication and (ii) that they occur preferentially in either
the leading or lagging strand (see Discussion).
Excision of quasipalindrome inserts. Although deletions

between small, separated direct repeats are infrequent, the
frequency is greatly enhanced if the intervening region con-
tains an IR. This was shown with the 6-kb Tn5, which contains
long (1.5-kb) IRs (18), and with InsG and InsH quasipalin-
dromes (i.e., 33- and 69-bp IRs separated by an 8- or 9-bp
spacer): the rates were increased 10- to 100-fold in a pol3-ts
mutant (Fig. 1, Table 4, and reference 17). Reversion of the
quasipalindrome insertions occurred by deletion, as judged
from on PCR analysis of 120 independent revertants (5 re-
vertants arising at 20 or 258C were examined for each strain
in Table 4). To further establish the nature of the revertants,
the region flanking the original insert was sequenced for nine

InsG and nine InsH revertants isolated from among the
various strains and conditions described in Table 4. Only pre-
cise deletions between the 9-bp flanking repeats were ob-
served. These results are consistent with our previous propo-
sal based on genetic evidence in which we suggested that
most revertants of InsG and InsH arose by complete deletions
and that these deletions are stimulated by the pol3-t mutation
(17).
Role of RAD50 and RAD52 genes in reversion of the InsD,

InsE, and quasipalindrome insertion mutations. Previously we
demonstrated that deletions of long IRs (Tn5) involving small
direct repeats in a pol3-ts mutant required the RAD50 and
RAD52 genes (18). We therefore examined the possible role of
these genes in reversion of InsD, InsE (Table 1), and quasi-
palindrome insertions (Table 4). The only effect that was ob-
served in a POL1 background was an increase in reversion
rates for InsD and InsE due to frameshift mutator activity of
rad52. This frameshift mutator activity of rad52 was also ob-
served in the pol3-t mutant. Previously only base substitution
mutator activity had been ascribed to a rad52 mutation (32). A
rad50 mutation had no significant effect on the overall rever-
sion rate in a POL1 background.
The increased frequency of deletions observed in the pol3-t

mutant was generally reduced in the rad52 or rad50 mutants
although not to the same extent as previously reported for
deletions involving Tn5 (18). For InsD, the complete deletions
were decreased approximately two- to threefold in the rad50
and rad52 mutants. While similar reductions were found for
the shorter, incomplete deletions of InsE, there was as much as
a 10-fold reduction for the larger InsE complete deletions (61
bp) (Table 1). For the short quasipalindrome InsG, there was
no significant effect of the rad50 and rad52 mutations (Table
4); however, there was as much as a 10-fold reduction of the
InsH quasipalindrome deletions (156 bp) in the rad50 or rad52
strains. These results may indicate that the effect of rad50 and
rad52 is greater as the distance between repeats is increased.
While the rad50 and rad52 mutations were antimutators for

TABLE 3. Revertants of InsD and InsE insertions in the LYS2 gene in two different orientations relative to
the replication origin of the CEN plasmida

LYS2 orientation relative
to replication originb

InsD InsE

231 bp 276 bp,
BIR e1

261 bp,
BIR e2

231 bp NDL

BIR d1 BOR d2 BIR e3 BOR e4 BOR e9 21 bp

A 10 5 0 96 5 17 0 3
B 23 0 3 75 1 0 2 4

a See also Fig. 2 and footnotes to Table 2.
b LYS2 InsE and LYS2 InsD in the plasmids: p92 and p93, orientation A; p94 and p95, orientation B.

TABLE 4. Reversion rates of quasipalindrome insert mutations

Genotype

Reversion rate (1026)

InsG InsH

208C 258C 208C 258C

POL1 RAD1 0.5 (0.3–0.6a) 0.4 (0.2–0.8) 0.2 (0.1–0.4) 0.3 (0.1–0.6)
POL1 rad50 0.5 (0.2–0.9) 1.0 (0.2–1.5) 0.3 (0.02–0.5) 0.6 (0.2–0.8)
POL1 rad52 0.3 (0.1–0.4) 0.9 (0.5–1.6) 0.6 (0.5–0.8) 0.2 (0.16–0.34)
pol3-t RAD1 1.6 (1.2–2.4) 3.7 (1.6–5.1) 3.5 (2.1–9.4) 11 (9.4–14)
pol3-t rad50 0.4 (0.3–1.7) 2.5 (1.8–5.8) 0.8 (0.5–2.3) 2.6 (0.8–6.0)
pol3-t rad52 1.1 (0.3–3.0) 1.5 (0.8–5.4) 1.6 (1.3–3.5) 1.6 (1.3–3.5)

a 95% confidence interval.
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extended deletions in the pol3-t background, the rad52mutator
phenotype for 1-bp deletions was still retained.

DISCUSSION

Replication slippage as a mechanism for deletion between
direct repeats. We have demonstrated with our model system
that deletions involving many bases occur exclusively between
small direct repeats. Two mechanisms are usually invoked to
explain deletions in apparently random DNA sequences:
breakage, followed by possible degradation and joining of non-
homologous double-stranded ends or replication slippage be-
tween short direct repeats that are common in all genomes (see
reviews in references 13 and 36). End joining of DSBs, as an
alternative to recombinational repair, has been demonstrated
in various systems, including S. cerevisiae (see reference 28 and
references therein). The replication slippage hypothesis (50)
was developed to explain frameshift mutations clustering in
homonucleotide runs. For both prokaryotes and eukaryotes,
this hypothesis has been expanded to include slippage between
separated small direct repeats stimulated by intervening long
or short IRs (8, 9, 12, 16, 18) as well as deletions in apparently
random DNA sequences (11, 14). On the basis of the results
presented above, we suggest that replication slippage is the
primary source of spontaneous extended deletions in S. cerevi-
siae that lead to loss of many bases (7 bp or more in these
experiments).
Evidence that deletions arise by replication slippage includes

short direct repeats at the deletion breakpoints and orientation
dependence (or polarity) of deletions. All precise and impre-
cise deletions of the InsD and InsE inserts identified in this
study involved 3- to 9-bp repeats at the breakpoints. This was
not due to functional constraints on the mutations, since
21-bp and 12-bp frameshift mutations that restore reading
frame were found at several sites in these inserts (Fig. 3). The
stimulation of deletions in the polymerase d mutant (discussed
below) further implicates replication in the deletion process.
The incidence of various types of deletions depended on

orientation relative to replication direction, suggesting not only
that there is a role for replication in deletion formation but
that there might be strand preference. Similar observations led
to the proposal that point mutations induced by 2-acetylamino-
fluorene (55) and deletions of short palindromic sequences
(53) arose during replication of the lagging strand in E. coli.
Previously, we demonstrated that imprecise excision of the Tn5
IR from the chromosomal LYS2 gene in the pol3-t mutant
involved small direct repeats and that there was polarity to the
breakpoints (17).
In this study, we found orientation dependence for deletions

in pol3 strains, even in the absence of IRs. While all deletions
had breakpoints in short direct repeats, the repeats need not
be identical, as found for many of the revertants in the pol3
mutant. Thus, it was possible to identify sets of deletions (d1-
d2, e3-e4, e5-e6, and e7-e8-e9) in which repeat sequence was
retained and the breakpoint was either within (BIR) or exter-
nal to (BOR) the run of exactly matched bases (Fig. 3). The
frequencies of the different BOR and BIR deletions depended
on the orientation of the gene relative to the replication origin
(Tables 2 and 3 and Results). The BOR types d2 (for InsD)
and e4 (for InsE) were observed only for orientation A. The
distribution of BIR- and BOR-type deletions among InsD and
InsE revertants in the plasmid LYS2 orientation A was similar
to that for the chromosomal LYS2 gene (the direction of rep-
lication through the LYS2 gene is the same as for orientation
A). The distribution of deletions was significantly different

when the gene on the plasmid was in the opposite orientation
relative to the origin of replication.
We propose that not only are the deletions due to replica-

tion slippage but that the orientation dependence for the spec-
trum of deletions is due to strand specificity (i.e., lagging or
leading strand). Three mechanisms of replication slippage be-
tween repeats that can account for the change in BOR-type
deletions when orientation relative to the origin of replication
is changed are presented in Fig. 4. Figures 4B and C describe
the consequences of slippage during the replication of either
strand, with no assumptions about initiating events. A third
mechanism (Fig. 4D) assumes that an initiating event—incor-
poration of an incorrect base—stimulates the slippage. (Pre-
sented in Fig. 4 are d2 deletions; the models also apply to the
e4 deletions.) Figure 4C differs from Fig. 4B in that a mismatch
correction is additionally required for the generation of a
BOR-type deletion. (However, we note that the correction
might destabilize the slippage intermediate, thereby preventing
formation of a deletion.) In Fig. 4D, deletions are proposed to
be initiated by misincorporation during replication, resulting in
a mismatch in the nascent strand. After slippage, the repeats
would be precisely matched, resulting in an increased length of
paired region (i.e., there are no mismatches). In support of this
latter mechanism, a mismatch at or near a 39 end of a primer
has been shown to block or slow nascent-strand extension in
vitro (57; K. A. Johnson, unpublished observation cited in
reference 26). This inhibition of strand extension might lead to
subsequent slippage in a manner similar to that proposed for
1-bp deletions arising by misalignment following misincorpo-
ration (31).
In the present experiments, the d2 and e4 BOR categories of

deletions were orientation dependent. They were observed
only when the origin of replication was to the left of the repeats
described in Fig. 4, corresponding to plasmid orientation A
and to the chromosomal orientation of the LYS2 gene. Thus,
slippage during replication of the lower strand, as described in
Fig. 4B, corresponds to slippage in the leading strand, while
slippage during replication of the upper strand, as described in
Fig. 4C and D, corresponds to events in the lagging strand.
While the mechanisms described in Fig. 4C and D require at

least one more step in addition to replication slippage, there is
insufficient information to conclude which of them is more
likely. Assuming that replication slippage is responsible for the
deletions, the orientation dependence leads us to conclude
that deletions occur during semiconservative replication from
an origin in a strand-specific manner.
The consequences of a defect in DNA polymerase d on de-

letions. In agreement with our previous results for deletions of
the Tn5 long IR (17, 18) and with results of vonBorstel et al.
for spontaneous ura3 mutations (56), a temperature-sensitive
mutation in the POL3 gene increased the frequency and
changed the spectrum of extended deletions. The effects of the
pol3 mutation on the rates of appearance of the various kinds
of mutations are summarized in Table 5, and these rates are
compared with rates in the POL1 background. To simplify the
table, only results obtained at 258C were included. (As shown
in Tables 1 and 4, observed effects are comparable to effects at
the other two temperatures examined.)
The effect of the pol3-t mutation on deletions was smallest

for those stimulated by the InsG and InsH quasipalindromes.
The small increase over the wild-type level may be due to the
already high deletion rates in the POL1 strain. The high rates
in the POL1 strain, which were 100-fold higher than for dele-
tions involving Tn5 or the nonpalindromic InsE and InsD
inserts, may be due to a greater likelihood for secondary struc-
ture in the short quasipalindrome IRs during replication. For
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example, if Okazaki-size single-stranded DNA regions compa-
rable in size to the short quasipalindromes arise during repli-
cation, stem-like structures could form even if replication is
normal. While this would also explain why pol3-t and pol1
(cdc17-1) had no effect on rates of deletion of a 160-bp perfect
palindrome, two other pol1 mutants exhibited 3- to 14-fold
increases in deletion rates of this perfect palindrome (45).
The pol3-t mutation increased considerably the deletion

rates of all types of extended deletions: 61, 31, 16, and 7 bp
(observed only in the NDL class for the pol3-t strains). The
rates of the 61-bp (InsE) and 31-bp (InsD) deletions were
elevated more than 100-fold in pol3 strains.
The increase in extended deletions contrasts with the lack of

a statistically significant effect of pol3-t on the incidence of
21-bp frameshift mutations. The most likely mechanism for
the 1-bp deletions is simple replication slippage between ad-
jacent identical bases (50) or replication slippage combined
with misincorporation (31). We found that most deletions oc-
curred in or adjacent to 2- to 4-bp homopolymeric runs, with
the strongest hot spot residing in a run of four adenines (Fig.
3). If both long deletions and 1-bp deletions occur via replica-
tion slippage, the pol3-t mutator effect observed only for ex-
tended deletions could reflect different capabilities of the mu-
tant DNA polymerase d for slippage over long and short
distances. For example, T7 DNA polymerase in the absence of
the processivity cofactor thioredoxin exhibits in vitro mutator
activity for addition mutations in homopolimeric runs and an-
timutator activity for deletion mutations (30). Another possi-
bility is that the 1-bp loops that lead to single-base deletions
are recognized much more efficiently by the exonuclease proof-

reading activity of the yeast DNA polymerase d and/or by the
mismatch repair system than bigger loops formed as a result of
slippage between more distant repeats. In support of this view,
a pol3-exo mutation is reported to increase frameshifts along
with base substitutions in the yeast URA3 gene (39), and pms1
is a mutator increasing reversions of a single-base hom3 frame-
shift mutation (28). The smaller effect of PMS1 on deletions of
the unstable 94-bp palindrome in S. cerevisiae (23) compared
with the dramatic increase of 2-bp additions and deletions in
poly(GT) runs caused by a mismatch correction defect (49)
supports the idea of efficient removal of only small loops by
mismatch correction in S. cerevisiae.
Role of the RAD50 and RAD52 genes in the deletion process.

Genes involved in recombination and repair have been shown
to play a role in the generation of large deletions in bacteria
and S. cerevisiae. For E. coli, various mutations increase dele-
tion rates, and these rates may be reduced by a RecA mutation
in the case of Tn10 and Tn5 excision (34, 35) and for some
deletions not associated with IRs (58).
In S. cerevisiae, the genes RAD50 and RAD52, which are

involved in DSB repair and in many other aspects of chromo-
some metabolism, including recombination, were shown to be
required for the high level of Tn5 excision in a pol3 mutant
(18). The possibility that rad50 and rad52 mutations decrease
Tn5 excision in a POL1 strain could not be examined because
of the low level of excision in POL1 cells. However, the effects
of rad52 and rad50 mutations in a POL1 strain could be ex-
amined in the present experiments because of the higher de-
letion rates of quasipalindromes and InsD. As summarized in
Table 5, these repair genes appeared to play no role in quasi-



palindrome excision. The rate of InsD deletions was reduced in
the rad50 mutant. However, no conclusion could be drawn
about RAD52 involvement in InsD deletion because the high
rate of reversion in the rad52 strain, due predominantly to
frameshift mutations, precluded identification of deletions.
The rad50 and rad52mutations reduced the high levels of all

deletions between separated repeats observed in pol3 mutants
except the InsG category (Table 5). For both the rad50 and
rad52 mutations, the decrease generally varied 3- to 8-fold,
although there was a 15-fold decrease in Tn5 excision in the
rad52 mutant (Table 5 and reference 18). The suppressing
effect of the rad50 and rad52 mutations appeared greater with
increase in deletion length between small repeats for both IRs
and non-IR deletions.
While loss of either RAD50 or RAD52 function results in

antimutator effects on deletions between separated repeats,
there are quite different effects on base pair substitutions and
on 21-bp frameshift mutations. We have demonstrated that a
rad52 mutant, but not a rad50 mutant, is a frameshift (21-bp)
mutator in both pol3-t and POL1 backgrounds; previously
rad52 was shown to be a mutator for base substitutions (21, 22,
32). Although the 21-bp frameshifts occurred predominantly

in runs of two to four identical bases (Fig. 3), the observation
that there is a rad52 mutator effect on both frameshifts and
base substitutions suggests that the underlying mechanism dif-
fers from that responsible for the rad52 and rad50 antimutator
effects on extended deletions that presumably arise by slippage
between short repeats. Channeling of premutational lesions
has been invoked to explain the mutator activity of rad52
mutants (21); however, this hypothesis does not appear to
apply directly to the deletion mutations described in this study.
To explain the possible functions of RAD50 and RAD52 in

deletions of the long (1.5-kb) IRs of the Tn5, we had proposed
(18) that RAD50 and RAD52 either directly affect slippage or
stabilize interaction of single-stranded IRs, bringing small re-
peats close together. Mutants with defects in these genes were
originally isolated on the basis of sensitivity to ionizing radia-
tion, and it was proposed that sensitivity was due to an inability
to repair DSBs via recombination (42). Since the reduction of
deletion rates in rad50 and rad52 mutants does not relate
directly to the effects that these mutations have on spontane-
ous recombination, which is strongly reduced in a rad52mutant
but is only slightly reduced or even increased in a rad50mutant
(22), it is unlikely that their effect on deletion is through re-

TABLE 5. Summary of the relative effects of the pol3 rad50 and rad52 mutations on the incidence of various types of deletion revertants

Genotype

Relative rate of mutationa

Simple inserts IR inserts

InsD InsE

InsG
complete,
83 bp

InsH,
complete,
156 bp

Tn5
complete,
25827 bp

Complete,
231 bp

NDL,
21 bpb

Complete,
261 bp

Incomplete, 231
and 216 bp

NDL, 21 bp
(POL1), 21
and 27 bp
(pol3)

POL1 RAD1 1.0 1.0 1.0 NDc 1.0 1.0 1.0 1.0

POL1 rad50 0.14 1.2 ND 1.9 2.5 2.0 ND
,POL1 RAD1 NCd NC NC NSD NSD NSD NC

POL1 rad52 0 8.5 0 5.3 2.3 0.7 ND
NC .POL1 RAD1 NC NC .POL1 RAD1 NSD NSD NC

pol3 RAD1 155 ND 460 1.6 9.3 37 800
.POL1 RAD1 NC .POL1 RAD1 .POL1 RAD1 NC .POL1 RAD1 .POL1 RAD1 .POL1 RAD1

pol3 rad50 47 0.8 70 5.0 6.3 8.7 155
.POL1 RAD1 NC .POL1 RAD1 .POL1 RAD1 NC .POL1 RAD1 .POL1 RAD1 .POL1 RAD1

,pol3 RAD1 NC ,pol3 RAD1 NC NC .pol3 RAD1 ,pol3 RAD1 ,pol3 RAD1

pol3 rad52 50 8.3 55 28 3.8 5.3 50
.POL1 RAD1 .POL1 RAD1 .POL1 RAD1 .POL1 RAD1 .POL1 RAD1 .POL1 RAD1 .POL1 RAD1 .POL1 RAD1

,pol3 RAD1 NC ,pol3 RAD1 NC .pol3 RAD1 .pol3 RAD1 ,pol3 RAD1 ,pol3 RAD1

a Rates for reversion events of different insertion mutations (Fig. 1 and 3) relative to the corresponding rate in the POL1 RAD1 strain. Except for the rates of Tn5
excision, values given are based on the rates presented in Table 1 and 4. The rates of Tn5 excision were as follows: POL1 RAD1, 0.02 3 1028; pol3 RAD1, 16 3 1028;
pol3 rad50, 3.1 3 1028; and pol3 rad52, 1.0 3 1028. These rates were determined by fluctuation tests and are comparable to those previously reported (18). All rates
were determined at 258C. The 1-bp deletions and extended deletions were classified by using PCR analyses and sequencing (see Tables 2 and 4, Fig. 3, and text). The
InsE NDL revertants obtained in pol3 background were a mix of 1- and 7-bp deletions. Too few NDL revertants were sequenced to allow us to draw conclusions about
relative rates of 1- and 7-bp deletions. Therefore, all conclusions about21-bp frameshift mutations in pol3 background are based primarily on results obtained for InsD
reversions. This calculation of a relative mutation rate was not possible for the InsE incomplete deletions, as no revertants of this category were found in the POL1

RAD1 strain. Statistical comparisons were made between pairs (A and B) of rates for various genotypes. Nearly all of the InsG, InsH, and Tn5 Lys1 reversions were
due to precise excision (reference 17 and this paper), and all InsE reversions in a POL1 background were due to NDL events (Tables 1 and 4). Therefore, the conclusion
that A . B could be made if the 95% confidence intervals of the corresponding total rates did not overlap. The conclusion that A did not differ from B (i.e., no
statistically significant differences [NSD or.]) was made if the 95% confidence limits were overlapping. For the InsD and InsE reversions (except for InsE in the POL1

background), revertants were generated by more than one category of event. Therefore, comparisons could not be based on total rates (TR). To compare rates for a
given category, the fraction F of the given category among the total revertants was determined. The conclusion that A . B was made if TRA $ TRB and FA . FB or
TRA . TRB and FA . FB. The TR values were compared on the basis of the confidence limits given in Table 1. Comparisons of F values were based on either x2 for
contingency tables or Fisher’s exact test.
b There was also a small fraction of 12-bp revertants (3 of 18) in the POL1 background.
c ND, not determined, because no revertants were detected.
d NC, no conclusion could be made when the rate and/or F was too low to allow us to draw a statistically meaningful conclusion.
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combination. Nonhomologous recombinational DSB repair
observed in the rad52 mutants seems unlikely, since it often
involves two or fewer base pairs of matching sequences at the
breakpoints (28), which is smaller than the shortest direct
repeats associated with the presently described deletions.
While the RAD52 and RAD50 genes have not been shown to

be involved directly in replication, this possibility could also
explain their role in the production of extended deletions. Both
rad50 and rad52 reduce the permissible growth temperature of
a pol3-t mutant (18), and rad52 has been shown genetically to
interact with a gene involved in DNA replication, CHL15 (27).
Possibly the stimulated slippage in the pol3-t mutant is en-
hanced by the RAD50 and RAD52 gene products. They could
also facilitate the subsequent DNA synthesis which would sta-
bilize the slippage event. For example, in the case of recom-
binational repair between diverged DNAs, synthesis following
strand invasion of multiply mismatched DNA was proposed to
stabilize the recombinants (41). The novel feature of these
explanations is that they propose interactions between RAD50
or RAD52 and the DNA replication machinery without in-
volvement of DSBs.
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