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We examined the effects of mutations in the Saccharomyces cerevisiae RAD27 (encoding a nuclease involved
in the processing of Okazaki fragments) and POL3 (encoding DNA polymerase d) genes on the stability of a
minisatellite sequence (20-bp repeats) and microsatellites (1- to 8-bp repeat units). Both the rad27 and pol3-t
mutations destabilized both classes of repeats, although the types of tract alterations observed in the two
mutant strains were different. The tract alterations observed in rad27 strains were primarily additions, and
those observed in pol3-t strains were primarily deletions. Measurements of the rates of repetitive tract
alterations in strains with both rad27 and pol3-t indicated that the stimulation of microsatellite instability by
rad27 was reduced by the effects of the pol3-t mutation. We also found that rad27 and pol3-01 (an allele carrying
a mutation in the “proofreading” exonuclease domain of DNA polymerase d) mutations were synthetically
lethal.

All eukaryotic genomes thus far examined contain many
simple repetitive DNA sequences, tracts of DNA with one or a
small number of bases repeated multiple times (48). These
repetitive regions can be classified as microsatellites (small re-
peat units in tandem arrays 10 to 60 bp in length) and mini-
satellites (larger repeat units in tandem arrays several hundred
base pairs to several kilobase pairs in length). In this paper,
arrays with repeat units 14 bp or less will be considered mic-
rosatellites and arrays with longer repeat units will be consid-
ered minisatellites.

Previous studies show that simple repetitive sequences are
unstable relative to “normal” DNA sequences, frequently un-
dergoing additions or deletions of repeat units, in Escherichia
coli (24), Saccharomyces cerevisiae (12), and mammals (59).
This mutability has two important consequences. First, it re-
sults in polymorphic loci that are useful in genetic mapping and
forensic studies (15, 59). Second, although these repetitive
tracts are usually located outside of coding sequences, alter-
ations in the lengths of microsatellites or minisatellites located
within coding sequences can produce frameshift mutations or
novel protein variants (20, 22, 26).

From studies of the effects of various mutations on micro-
satellite stability in yeast and E. coli (40) and the analysis of
mutational changes caused by DNA polymerase in vitro (21), it
is likely that most alterations reflect DNA polymerase slippage
events (47). These events involve the transient dissociation of
the primer and template strands during the replication of a
microsatellite (Fig. 1). If the strands reassociate to yield an
unpaired repeat on the primer strand, the net result is an

addition of repeats (following a second round of DNA repli-
cation). Unpaired repeats on the template strand would result
in a deletion by the same mechanism.

A number of mutations have been shown to elevate micro-
satellite instability. In E. coli (24, 46), yeast (44, 45), and mam-
malian cells (27), mutations in genes affecting DNA mismatch
repair dramatically elevate the instability of a dinucleotide
microsatellite. The most likely explanation of this result is that
the DNA mismatches (unpaired repeats) resulting from DNA
polymerase slippage events are efficiently removed from the
newly synthesized strand by the DNA mismatch repair system.
Thus, in the absence of mismatch repair, tract instability is
elevated. From genetic studies, it has been found that mis-
match repair in yeast efficiently corrects DNA mismatches
involving 1- to 14-base loops (the size of the repeat units in
microsatellites) but fails to correct mismatches involving loops
larger than 16 bases (the size of the repeat units in minisatel-
lites) (3, 41, 53). An inefficient mechanism, not involving the
classical DNA mismatch repair system, is capable of correcting
large DNA loops formed during meiotic recombination (19).

In addition to mutations affecting DNA mismatch repair,
some mutations affecting DNA replication in yeast destabilize
microsatellites. Yeast strains bearing a null mutation in the
RAD27 (RTH1) gene have high levels of instability of the
dinucleotide poly(GT) and the trinucleotide CAG, specifically
elevating single-repeat insertions (18, 39). RAD27 encodes the
homolog of the mammalian FEN-1 protein, a 59-to-39 exonu-
clease (10, 11, 33). This nuclease activity is required for re-
moving the terminal ribonucleotide residue from the 59 end of
the Okazaki fragment (9, 14, 35, 54, 55, 57); this step is nec-
essary for the two adjoining fragments to be ligated together.
FEN-1 appears to be active as either an exonuclease in the
presence of a single-stranded gap upstream of the 59 terminus
or an endonuclease on a 59 flap structure (13, 34). Since yeast
strains that contain a null mutation in RAD27 grow poorly but
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are viable (38, 43), it is likely that less efficient nuclease activ-
ities that are also capable of 59 Okazaki fragment processing
are present in yeast. In addition to destabilizing dinucleotide
microsatellites, rad27 strains have high levels of spontaneous
mitotic recombination, elevated rates of forward mutation, and
increased sensitivity to the alkylating agent methyl methane-
sulfonate (MMS) (18, 38, 43). In contrast to the mutations
normally seen in mismatch repair mutants, i.e., point mutations
or small frameshifts, the types of mutations observed in the
absence of Rad27p are duplications of sequences flanked by
short direct repeats (4 to 7 bp in length) (49). These duplica-
tions were not affected by the DNA mismatch repair system.

The same class of sequences that are duplicated in the rad27
strains show an elevated rate (up to 1,000-fold) of deletion in
strains containing a temperature-sensitive allele (pol3-t) of the
yeast gene encoding DNA polymerase d (52, 53). This mutant
(initially named tex1) was isolated in a strain that exhibited an
increased excision rate of a bacterial transposon with long
terminal repeats inserted within a yeast gene (7). The pol3-t
allele, which encodes a mutation (Gly641 to Ala641) (51) lo-
cated near the putative nucleotide binding and active-site do-
mains of the enzyme (58), is thought to diminish the rate of
lagging-strand synthesis resulting in long stretches of single-
stranded DNA on the lagging-strand template (8). This single-
stranded DNA may have the potential to form intrastrand
base-paired structures, creating interactions between short di-
rect repeats. These interactions would result in an increased
frequency of deletions caused by DNA polymerase slippage.

Since rad27 and pol3-t mutations elevate the rates of dupli-
cations and deletions associated with short separated repeats
in nonrepetitive DNA sequences, Kunkel et al. (22) suggested
that these mutations could also destabilize minisatellites. In
this paper, we examine the effects of rad27 and pol3-t muta-
tions on the stability of simple repeats in which the repeat unit
length varies between 1 and 20 bp. Our results show that both
mutations destabilize both microsatellites and minisatellites,
but that the mechanisms involved in the destabilization are
different for the two mutations.

MATERIALS AND METHODS

Yeast strains and plasmids. All yeast strains used in this study were derived
from S. cerevisiae AMY125 (a ade5-1 leu2-3 trp1-289 ura3-52 his7-2; obtained
from A. Morrison and A. Sugino, Osaka University, Osaka, Japan). MS71 (a
LEU2 derivative of AMY125, other markers identical) has been described pre-
viously (44). YRTH29 (MS71 rad27D [rho2]) was provided by S. Prakash (Uni-
versity of Texas Medical Branch, Galveston, Tex.) (18). RJK56, a [rho1] deriv-
ative of YRTH29, was isolated by dissection of a diploid obtained by mating
YRTH29 with EAS18 (an a mating type derivative of MS71). Spores were
screened for growth on medium containing glycerol, and the presence of rad27D
was confirmed by Southern hybridization. RJK88 is isogenic with RJK56, except
that it has the opposite mating type. MS72 (MS71 pol2-4) and MS73 (MS71
pol3-01) have been described previously (45). In spores derived from diploids
obtained by crossing rad27D strain RJK88 to pol2-4 (MS72) or pol3-01 (MS73)
strains, the presence of pol2-4 and pol3-01 was diagnosed in the spore colonies by
PCR and/or restriction analysis (30, 32). rad27D was detected in the spore
colonies by their failure to grow on plates containing 0.025% MMS (43).

As described in detail in the Results section, when diploid strain RJK54
(heterozygous for rad27 and pol3-01) was sporulated and the resulting spores
were analyzed, we found no viable spores with the double-mutant phenotype. To
determine whether this property was haploid specific, we attempted to construct
a diploid strain homozygous for rad27 and pol3-01. The RJK54 strain was trans-
formed with plasmid pBL304 (YCp50 POL3; provided by P. Burgers, Washing-
ton University School of Medicine), and the resulting transformant was sporu-
lated. Two haploid segregants of opposite mating type (RJK138 and RJK139
with a and a mating types, respectively) and the rad27 pol3-01 genotype con-
taining the plasmid were identified. These strains were mated to form a diploid
(RJK140-2) that also contained pBL304. Another diploid (RJK153) heterozy-
gous for the rad27 and pol3-01 mutations (otherwise isogenic to RJK140-2) and
containing the pBL304 plasmid was also constructed.

Strains with the pol3-t mutation were constructed by using plasmid p171.
Plasmid p171 was derived from plasmid p170. The p170 plasmid was constructed
by the insertion of a 2.2-kb EcoRV-HindIII fragment (derived from YIpAM26)
(30) into PvuII- and HindIII-treated pFL34 (5); this 2.2-kb fragment contains a
portion of the wild-type POL3 gene that includes the region of the pol3-t muta-
tion. The region of POL3 with the mutant pol3-t substitution was obtained by
PCR amplification from a yeast strain (pol3-t DM) (8) that contained the mutant
allele. Amplification was performed with primers from positions 1757 to 1774 (59
CTAATGGCGTTAGTTAAC 39) and 2314 to 2297 (59 ACCCACCGTCGCTC
CTGT 39) in POL3. An HpaI-BamHI fragment of this PCR product was used to
replace the HpaI-BamHI fragment of p170 to create plasmid p171. The HpaI-
BamHI region of p171 was sequenced to verify that there were no additional
mutations. MS71 and RJK56 were transformed with HpaI-linearized p171. Tem-
perature-sensitive Ura1 transformants contained the full length pol3-t allele and
a truncated POL3 flanking the URA3 gene. Ura2 temperature-sensitive clones
were selected on medium containing 5-fluoro-orotate (5-FOA). The presence of
the pol3-t mutation was verified by PCR of genomic DNA with subsequent
digestion with MboII, since the pol3-t mutation results in the loss of an MboII
site. The resulting strains with the pol3-t substitution were MS71-pol3-t and
RJK56-pol3-t.

To assess the effect of rad27 and pol3-t on simple-repeat instability, we trans-
formed strains RJK56, MS71-pol3-t, and RJK56-pol3-t with plasmids pMD28,
pSH44, pBK10, and pEAS20 (12, 41). In addition, strain RJK56 was transformed
with plasmids pBK1 and pBK3 (41). These plasmids contain repetitive DNA
tracts inserted in frame within the URA3 gene. The sequences of the repetitive
tracts contained within each of these plasmids are as follows: pMD28, (G)18;
pSH44, (GT)16; pBK1, (CAGT)16; pBK3, (CAACG)15; pBK10, (CAATCG
GT)10; pEAS20, (CAACGCAATGCGTTGGATCT)3.

To examine the effects of rad27 and pol3-t on deletion formation, we used two
mutant lys2 genes with insertions of different sizes: lys2-InsLD (31-bp insert
flanked by 7-bp direct repeats) and lys2-InsLE (61-bp insert flanked by 6-bp
repeats). These alleles are the same as the lys2::InsD and lys2::InsE alleles
described previously (52, 53) except that the sequences of the insertions were
modified to contain stop codons in all three reading frames. As a result, strains
carrying these inserts can revert to Lys1 only by precise deletions between the
flanking short direct repeats. Plasmids pLD-Int and pLE-Int were used to insert
the lys2-InsLD and lys2-InsLE sequences into strains MS71, RJK56, MS71-pol3-t,
and RJK56-pol3-t by the two-step transplacement procedure. These plasmids
were provided by N. Degtyareva (St. Petersburg State University, St. Petersburg,
Russia) and are identical to p92(InsD) and p93(InsE) described previously (52)
except for the nonsense codons in the insertions.

Analysis of repeat instability in plasmids. The mutant strains transformed
with plasmids pMD28, pSH44, pBK10, pEAS20, pBK1, and pBK3 were pheno-
typically Ura1 because the simple repetitive DNA sequences within the coding
sequence of the plasmid-borne URA3 gene are in frame. Alterations in tract
length that result in an out-of-frame insertion can be selected on medium con-
taining 5-FOA (12). Instability rates for each strain were determined by mea-
suring the frequency at which 5-FOA-resistant (5-FOAR) colonies appeared in
multiple independent cultures and converting these frequencies into a rate esti-
mate by the method of the median (23), as described previously (12). Ninety-five

FIG. 1. “Classical” model for the generation of microsatellite alterations by
DNA polymerase slippage. Two single strands of a replicating DNA molecule are
shown, with each repeat unit indicated by a rectangle. Arrows indicate the 39
ends of the strand, and the top and bottom strands represent the elongating
primer strand and the template strand, respectively. Step 1, the primer and
template strand dissociate; step 2, the primer and template strands reassociate in
a misaligned configuration, resulting in an unpaired repeat on either the tem-
plate strand (left side) or primer strand (right side); step 3, DNA synthesis is
completed. If the unpaired repeats are not excised by the DNA mismatch repair
system, after the next round of DNA synthesis one DNA molecule will be
shortened by one repeat (left side) or lengthened by one repeat (right side).
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percent confidence intervals for the rate measurements were calculated as de-
scribed previously (61).

Since strains carrying the rad27D and pol3-t mutations are temperature sen-
sitive, cells were preincubated on synthetic dextrose (SD) medium at 30°C, a
temperature that is permissive for growth for all the mutant strains tested. Cells
plated on medium containing 5-FOA were then incubated at 22°C for 4 days
(pol3-t and rad27 pol3-t strains) or at 30°C for 3 days (rad27 and wild-type
strains); the lower temperature was used for the pol3-t strains because of their
more temperature-sensitive phenotype. In an experiment in which we compared
the rates of minisatellite instability of two sets of cultures of a rad27 strain
(containing pEAS20) incubated on 5-FOA plates, one set at 22°C for 4 days and
one set at 30°C for 3 days, no significant difference was found (data not shown).
A total of 12 to 20 cultures were examined for each of at least two independent
transformants of each strain. The rates for independent transformants were
averaged. For all of the transformants tested, the measured rates from the
independent transformants of the same genotype were within 2.5-fold of each
other. The types of alterations generated within independent 5-FOAR colonies
were determined by PCR amplification of the region containing the repeat tract
and analysis by gel electrophoresis or by direct sequencing of this region as
described previously (41).

Analysis of rates of reversion of insertion mutations in the LYS2 locus. Re-
version rates and 95% confidence intervals for the reversion rates of the lys2-
InsLD and lys2-InsLE alleles were determined as described previously (52). Rate
determinations were based on 12 independent cultures for each genotype. For all
strains tested, cells were pregrown on enriched media at 30°C. For measurement
of the Lys1 reversion rate, cultures were then plated on synthetic media lacking
lysine at 22°C. Deletion of the inserts in Lys1 revertants was verified by PCR and
sequence analysis.

RESULTS

Minisatellite and microsatellite instability in rad27 and
pol3-t strains. It has been previously demonstrated that a null
mutation of the yeast RAD27 (RTH1) gene results in an ;100-
fold increase in the instability of poly(GT) tracts (18). It was
suggested that Rad27p might have a role in DNA mismatch
repair, although this interpretation was subsequently ques-
tioned (49). In this study, we examine the effects of a null mu-
tation of RAD27 (rad27D mutation) on the instability of a
variety of microsatellites with repeat units varying between
1 and 8 bp and a minisatellite sequence with a 20-bp repeat
length. To measure the stability of these repetitive tracts, we
employed a plasmid-based frameshift assay described previ-
ously (12). In this assay, each of the repetitive tracts is inserted
in frame within the coding sequence of a plasmid-borne URA3
gene. Cells transformed with these plasmids are Ura1. Dele-
tions or additions of one or more repeat units in the repeat
tract resulting in an out-of-frame insertion are detected by
plating the cells on medium containing 5-FOA, which selects
for ura3 mutant cells (4). The reporter plasmids used for this
study were previously employed to measure the effects of DNA
mismatch repair mutations on simple-repeat instability (41, 44,
45).

The rates of alterations for tracts with different repeat units
in the rad27D strains are shown in Table 1. All the repetitive
tracts were destabilized by the rad27 mutation. The effect was
strongest on mononucleotide or dinucleotide repeats, i.e., 100-
to 200-fold destabilization. Our measurement of the effects of
rad27 on dinucleotide microsatellites agrees well with that re-
ported previously (18). In general, the smaller the repeat unit
length, the greater the effect of a loss of Rad27p activity. A
similar trend was also observed for strains bearing mutations in
msh2 (41). The minisatellite containing three 20-bp tandem
repeats was destabilized about 10-fold by the rad27 mutation.
No other yeast mutation has been reported to affect minisat-
ellite stability. Null mutations in a number of yeast genes
affecting DNA mismatch repair (msh2, msh3, msh6, mlh1, and
pms1) do not destabilize this minisatellite (41).

Since Rad27p is a component of the DNA replication
system, it is possible that other mutations affecting DNA rep-
lication would lead to minisatellite and/or microsatellite insta-

bility. Consequently, we examined the effects of the pol3-t
mutation, a mutation in the catalytic subunit of DNA polymer-
ase d (described in the Introduction). As shown in Table 1,
pol3-t, like rad27, destabilizes both micro- and minisatellites,
but the effects of pol3-t on the mononucleotide and dinucle-

TABLE 1. Rates of alterations of repetitive DNA sequences in
wild-type yeast strains and strains with mutations in genes

encoding components of the DNA replication system

Size of
repeat

unit
(bp)a

Relevant
genotype

Rate of
5-FOAR cells in

independent
expts (1025)b

Avg rate of
tract altera-
tions (1025)c

Fold increase
vs wild type

1 (18) Wild type 0.59 (0.36–1.3) 0.67 1
0.80 (0.70–1.1)
0.61 (0.40–0.68)

rad27 89 (53–140) 92 140
120 (89–150)
68 (52–99)

pol3-t 5.4 (3.4–6.5) 4.0 6
7.6 (3.7–21)

rad27 pol3-t 9.0 (6.9–12) 10 15
32 (14–46)
11 (8.8–21)

2 (16.5) Wild type 0.49 (0.37–0.97) 0.48 1
0.51 (0.36–0.76)

rad27 99 (79–110) 78 165
58 (36–80)

pol3-t 1.4 (1.1–2.2) 1.7 4
3.0 (2.2–4.6)

rad27 pol3-t 28 (13–89) 40 80
53 (28–92)

4 (16) Wild type 0.87 (0.63–1.4) 0.84 1
0.90 (0.80–1.5)

rad27 24 (14–35) 20 24
17 (13–18)

5 (15) Wild type 3.4 (2.9–7.7) 3.0 1
2.8 (2.4–5.5)

rad27 52 (45–72) 46 15
41 (31–61)

8 (10) Wild type 0.96 (0.72–1.2) 0.94 1
1.1 (0.74–2.0)

rad27 20 (14–30) 19 20
22 (20–29)

pol3-t 11 (8.6–14) 9.0 10
8.0 (5.2–8.7)

rad27 pol3-t 7.9 (3.5–11) 5.3 6
4.0 (2.8–5.1)

20 (3) Wild type 6.9 (5.4–11) 7.4 1
7.8 (6.5–10)

rad27 96 (61–120) 83 11
70 (64–120)

pol3-t 95 (58–140) 96 13
98 (75–120)

rad27 pol3-t 130 (110–140) 150 20
180 (140–270)

a The number in parentheses is the number of tandem repeats in the repetitive
tract.

b In each experiment, the rate of formation of 5-FOAR derivatives was deter-
mined by measuring the frequency of 5-FOAR cells in about 20 independent
cultures and converting these frequency measurements into a rate by the method
of the median (23). Numbers in parentheses indicate 95% confidence intervals
calculated as described previously (61). Each independent rate measurement was
obtained from an independent transformant. Rates for wild-type strains were
derived from values reported previously (41).

c The rate of tract alteration from each frequency measurement was obtained
by multiplying the rate of formation of 5-FOAR derivatives by the fraction of the
5-FOAR cells that had tract alterations. Rates for wild-type strains were derived
from values reported previously (41).
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otide repeats are much smaller than those observed with rad27
strains. The effects of pol3-t on the 8- and 20-bp repeats are
roughly the same as those observed for rad27. Overall, these
data suggest that the larger the size of the repeat unit, the
greater the effect of the pol3-t mutation on repeat instability.
The different relationships between repeat unit length and the
magnitude of destabilization observed for rad27 and pol3-t
argue that these effects involve different mechanisms.

Types of tract alterations accumulated in rad27D and pol3-t
strains. The types of changes observed for each simple repeat
in the two mutant strains are presented in Table 2. It has been
previously shown that a strain containing the rad27 mutation
accumulates almost exclusively 2-bp insertions within the poly
(GT) tract (18). Our results indicate that all of the alterations
examined in the rad27 strain for both the mononucleotide and
dinucleotide tracts were insertions and, with only one excep-
tion, were single-unit insertions. Compared to the mononucle-
otide and dinucleotide microsatellites, the repeat tracts con-
taining 4- or 5-bp repeat units exhibited a significantly greater
number of deletions in the rad27 strain (by the Fisher exact
test; P , 0.01 for all comparisons). A 2- to 3-fold bias and a
10-fold bias for insertions over deletions were observed for the
tetranucleotide and the octanucleotide tracts, respectively. The
minisatellite containing 20-bp repeats also exhibited a twofold
bias for insertions in the rad27 mutant. Although nineteen
deletions were observed in rad27 strains with the microsatellite
assay plasmids, it is interesting that no single-repeat deletions
were seen. In contrast, about one-half of the deletions within
the minisatellite were 20-bp single-unit deletions.

Although the bias for insertions over deletions in the rad27
strains varies considerably for the different repeat units, we
observed that the destabilizing effect of rad27 on insertions is

at least 4- to 10-fold greater than the enhancement of deletions
for all repeat unit sizes tested (Table 3). The rates for inser-
tions in rad27 strains were 30- to 200-fold greater than those
observed in wild-type strains, while the deletion rates were
never more than 10-fold greater than those observed in the
wild type. Therefore, while the absence of Rad27p can lead to
an elevated rate of deletions within repetitive DNA, the pre-
dominant effect of this loss is an accumulation of insertions.

In contrast to the bias in favor of insertion formation ob-
served in rad27 strains, microsatellites (with the exception of
the mononucleotide tract) and the minisatellite sequences usu-
ally underwent deletions in pol3-t strains (Tables 2 and 3).
Many of these deletions were large, over 14 bp. The rates with
which deletions occurred in pol3-t strains for the repetitive
tracts containing 2-, 8-, and 20-bp repeat units were 11- to
15-fold greater than the rates observed for a wild-type strain,
while the enhancement of insertions was much smaller (Table
3). For the mononucleotide microsatellite, the enhancement
for insertions due to the pol3-t mutation was about the same as
the enhancement for deletions (Table 3). In summary, the
different types of tract alterations observed in rad27 and pol3-t
strains confirm our conclusion that the associated mutations
destabilize repetitive DNA sequences by different mechanisms.

Micro- and minisatellite instability in rad27 pol3-t strains.
One method of determining whether two gene products are
involved in the same pathway is to determine whether the
phenotype of the double-mutant strain is the same as observed
for either of the single-mutant strains. Consequently, we mea-
sured the stability of the repetitive tracts in double-mutant
rad27 pol3-t strains. For the mono- and dinucleotide repeats,
the rates observed in the double mutant were intermediate
between those observed in the two single-mutant strains (Table

TABLE 2. Types of alterations within repetitive tracts in wild-type and mutant strains

Relevant
genotype

No. of bases in
repeat unit

No. of tracts containing indicated no. of additions (1) or deletions (2) of repeat units

22 21 0 11 12 Othera Total

Wild typeb 1 2 3 0 24 1 30
rad27 1 0 0 0 20 0 20
pol3-t 1 0 2 8 10 0 20
rad27 pol3-t 1 0 0 9 14 0 1 (25) 24

Wild typeb 2 0 3 1 12 0 2 (27), 1 (14) 19
rad27 2 0 0 0 21 0 1 (17) 22
pol3-t 2 3 5 5d 3 0 1 (27), 5 (28), 2 (210), 1 (211) 25
rad27 pol3-t 2 0 0 0 16 3 1 (14) 20

Wild typeb 4 2 2 1 5 1 1 (25), 4 (27), 3 (28) 19
rad27 4 2 0 0 9 2 3 (14), 2 (18), 1 (110), 1 (24), 2 (25),

1 (27), 1 (28)
24

Wild typeb 5 14 0 1 4 1 5 (24), 2 (27) 27
rad27 5 7 0 0 1 8 3 (24), 2 (14) 21

Wild typeb 8 1 1 2 6 5 7 (24), 2 (25) 24
rad27 8 1 0 2 14 6 1 (24) 24
pol3-t 8 2 6 1 3 2 7 (24), 2 (25) 23
rad27 pol3-t 8 4 1 2 2 0 8 (24), 2 (25) 19

Wild typec 20 12 24 0 5 1 42
rad27 20 6 7 0 17 10 40
pol3-t 20 11 9 0 1 0 21
rad27 pol3-t 20 6 14 0 3 0 23

a The numbers of independent isolates with tracts of a particular size; the numbers of additions (1) or deletions (2) of repeat units are shown in parentheses.
b Data were reported previously (41).
c Data were combined from this work and research reported previously (41).
d Two of the five isolates with no alterations in their poly(GT) tracts had 19-bp deletions (flanked by 6-bp direct repeats) of URA3 sequences near the tracts.
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1). The rate of instability for the mononucleotide tract in the
double mutant was an order of magnitude lower than the rate
seen in the rad27 single mutant and only about two times
greater than the rate observed for the pol3-t mutant. The rate
of dinucleotide instability in the strain bearing both mutations
was approximately half the rate observed in the rad27 strain.

The types of alterations observed in the rad27 pol3-t strain
were also examined (Table 2). For the mononucleotide repeat,
as observed for the wild-type, rad27, and pol3-t strains, almost
all tract changes involved the addition of a single repeat. In the
rad27 pol3-t strain, as found for the pol3-t strain, a substantial
fraction of the plasmids analyzed did not have an alteration in
the tract. The types of alterations of the dinucleotide tracts in
the double mutant were similar to those observed in the rad27
mutant, almost exclusively small insertions. From the types of
alterations and the rate measurements, we conclude that wild-
type DNA polymerase d is required for most of the destabiliz-
ing effects of the rad27 mutation on mononucleotides but is not
required for most of the destabilization observed with the di-
nucleotide tracts. This conclusion will be discussed further below.

The octameric-repeat tract, which was destabilized 10- to 20-
fold by the rad27 and pol3-t single mutants, was destabilized
only 6-fold in the double mutant (Table 1). In contrast to what
was seen for the microsatellites containing shorter repeat unit
lengths, the changes seen within the octanucleotide repeat
were primarily deletions (Table 2). The alterations resembled
those seen in the pol3-t mutant rather than those found for the

rad27 mutant. Therefore, the pol3-t mutation eliminates the
moderate effect of rad27 on octanucleotide repeat instability.

The rate of minisatellite instability (20-bp repeats) in the
double mutant was somewhat greater than for either single
mutant, suggesting the possibility of an additive interaction
(Table 1). Since the confidence limits for the rate estimates for
all three strains overlap, however, an epistatic interaction is
also possible. In support of this possibility, the alterations
found in the double mutant were very similar to those observed
in the pol3-t strain. In summary, for all classes of repetitive
DNA sequences except the dinucleotide repeats, the rates of
alterations and the types of alterations in the double-mutant
strain resemble those found in the pol3-t strain rather than
those found in the rad27 strain.

Reversion rates of insertion mutations in the LYS2 gene in
rad27, pol3-t, and rad27 pol3-t strains. It has been previously
demonstrated that the pol3-t mutation increased the deletion
rate of large insertions flanked by 4- to 7-bp direct repeats (8,
52, 53). We examined the reversion rates of two insertions
closely related to those used in previous studies: lys2-InsLD, a
31-bp sequence flanked by 7-bp direct repeats, and lys2-InsLE,
a 61-bp sequence flanked by 6-bp repeats. Precise deletion of
the insertion and one of the direct repeats restores the original
reading frame, resulting in a Lys1 phenotype.

A comparison of the effects of rad27 and pol3-t on the re-
version rates for lys2-InsLD and lys2-InsLE is shown in Table 4.
While the pol3-t mutation increased the reversion rates of both
mutations more than 100-fold, the effect of rad27 on the rever-
sion rate of lys2-InsLD was more modest (4-fold). The ten-
dency for the rad27 mutation to cause additions rather than de-
letions, which was observed with the micro- and minisatellites
(Table 2), is consistent with the small effect of the mutation on
the lys2 insertions. Based on the observation of a single dele-
tion at the CAN1 locus in a rad27 strain, it was proposed that
rad27 enhances the rate of deletions of unique sequences flanked
by direct repeats, but to a lesser extent than it enhances duplica-
tions (49). The data presented in Table 4 support this proposal.

The reversion rate in the rad27 pol3-t double mutant was
approximately the same as that observed in the pol3-t single
mutant. Since the rad27 effect is much less than that observed
for pol3-t, however, we cannot rule out an additive effect of the
two mutations.

Synthetic lethality of rad27D and pol3-01 (an allele carrying
a mutation in the proofreading exonuclease domain of DNA
polymerase d) mutations. Since the rad27 pol3-t mutant had an
unexpected effect (a reduction in the rate of microsatellite
instability relative to the rad27 single mutant), we decided to
examine microsatellite instability in a strain with rad27 and
pol3-01 mutations. The pol3-01 mutation results in a loss in the
proofreading exonuclease activity of DNA polymerase d (42)

TABLE 3. Comparison of rates of insertions and deletions
in wild-type and mutant yeast strains

Size of repeat
unit (bp)

Relevant
genotype

Rate of a:

Insertions/division
(1025)

Deletions/division
(1025)

1 Wild type 0.56 (1) 0.11 (1)
rad27 92 (165) ,4.6 (,42)
pol3-t 3.3 (6) 0.67 (6)
rad27 pol3-t 9.3 (17) 0.67 (6)

2 Wild type 0.35 (1) 0.13 (1)
rad27 78 (220) ,3.5 (,27)
pol3-t 0.26 (0.7) 1.4 (11)
rad27 pol3-t 40 (110) ,2.0 (,15)

4 Wild type 0.28 (1) 0.56 (1)
rad27 14 (50) 5.8 (10)

5 Wild type 0.58 (1) 2.4 (1)
rad27 24 (41) 22 (9)

8 Wild type 0.47 (1) 0.47 (1)
rad27 17 (37) 1.7 (4)
pol3-t 2.0 (4) 7.0 (15)
rad27 pol3-t 0.62 (1.3) 4.7 (10)

20 Wild type 1.1 (1) 6.3 (1)
rad27 56 (51) 27 (4)
pol3-t 4.6 (4) 91 (14)
rad27 pol3-t 20 (18) 130 (21)

a Rates of insertion and deletion were calculated by multiplying the rate of
tract alteration of all types (data from Table 1) by the fractions of alterations
observed as insertions or deletions (data from Table 2). Numbers in parentheses
indicate fold increases in the rates for the mutant strains relative to the rates
determined for the wild-type strains for each repeat size. For the rad27 strains
with the mono- and dinucleotide tracts and for the rad27 pol3-t strain with the
dinucleotide tract, no deletions were observed. The minimal values shown were
calculated by multiplying the total rate of tract alterations by the fractions
obtained by dividing 1 by the total numbers of tracts analyzed.

TABLE 4. Reversion rates in wild-type and mutant strains with
lys2 mutations caused by 31- (lys2-InsLD) or

61-bp (lys2-InsLE) insertions

Relevant
genotype

Rate of reversion (1028)a for insertion:

lys2-InsLD lys2-InsLE

Wild type 0.32 (1.0) [0.17–0.55] ,0.02 (1.0)
rad27 1.2 (4) [0.5–3.3] 0.13 (.7.0) [0.05–0.3]
pol3-t 49 (150) [32–177] 15 (.750) [12–27]
rad27 pol3-t 48 (150) [39–66] 8.4 (.400) [2.6–17]

a Numbers in parentheses indicate the fold increases in the rates for the
mutant strains relative to the rates determined for the wild-type strains. Numbers
in brackets represent 95% confidence intervals on the unnormalized rates.
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without affecting DNA elongation (29). Strains with this mu-
tation exhibit about a 10-fold destabilization of a dinucleotide
microsatellite (45). We attempted the construction of a rad27
pol3-01 double mutant by sporulation of a diploid that was
heterozygous for both mutations. We found that spore viability
was low. Of 40 tetrads, the numbers of tetrads with two, three,
and four viable spores were 11, 22, and 7, respectively; in other
sporulated diploids involving the same genetic background
without these mutations, about two-thirds of the tetrads have
four viable spores. We found that none of the spore colonies
derived from 17 tetrads containing three or four viable spores
had the double-mutant combination; the presence of the mu-
tations in spores was scored by sensitivity to MMS (rad27
mutation) or by PCR analysis (pol3-01 mutation), as described
in Materials and Methods. For 10 tetrads with three viable
spores, the ratio of spores scored as wild type/rad27/pol3-01/
rad27 pol3-01 was 9:10:11:0. For seven tetrads containing four
viable spores, two of the spores were pol3-01 RAD27 and two
of the spores were POL3 rad27 in all tetrads. The synthetic
lethality of these two mutations suggests that the proofreading
activity of DNA polymerase d may be involved, directly or
indirectly, in the processing of DNA lesions resulting from a
loss of Rad27p activity.

Previously, it was shown that haploids with the genotype
pms1 pol3-01 were inviable, although diploids homozygous for
these mutations were viable (31). It was suggested that the
mutation rate in the double-mutant strains was too high to be
tolerated in a strain with only one copy of essential genes but
low enough to allow a diploid strain to survive. Consequently,
we attempted to construct a diploid with the rad27 pol3-01
genotype. As outlined in Materials and Methods, we generated
a diploid (RJK140-2) that was homozygous for the rad27 and
pol3-01 mutations and that contained a plasmid-borne copy of
the POL3 gene; the plasmid in this strain (pBL304) had URA3
as the selectable marker. In addition, we constructed an iso-
genic diploid (RJK153) with the same plasmid but heterozy-
gous for the rad27 and pol3-01 mutations. When these diploids
were plated on medium containing 5-FOA to select for the loss
of pBL304, although the RJK153 strain produced 5-FOAR

derivatives at a very high rate (.1023/division), the RJK140-2
strain had a very low rate of 5-FOAR colonies (,1026/divi-
sion). When 10 independent cultures of RJK140-2 were exam-
ined on medium containing 5-FOA, only one culture yielded
any 5-FOAR colonies. When one of these 5-FOAR colonies
was examined by PCR analysis, we found that it had retained
both POL3 and pol3-01 alleles, indicating that the 5FOAR

strain had not lost the complementing POL3 gene. In sum-
mary, these results indicate that diploid cells homozygous for
the rad27 and pol3-01 mutations are inviable.

We also examined the viability of spores derived from a
diploid heterozygous for rad27 and pol2-4. The pol2-4 muta-
tion eliminates the proofreading exonuclease activity of DNA
polymerase ε (28), an essential enzyme required for the repli-
cation of chromosomal DNA. This mutant allele has no effect
on the stability of a dinucleotide microsatellite (45). Of nine
tetrads dissected, eight contained four viable spores, while the
remaining tetrad had three viable spores. From four of these
tetrads with four viable spores, the observed ratio of wild type/
pol2-4/rad27/pol2-4 rad27 spores was 5:3:3:5. Thus, the require-
ment for the proofreading exonuclease for the viability of
rad27 strains is specific to DNA polymerase d.

DISCUSSION

Our results can be summarized by the following statements:
(i) the rad27 mutation increases the frequency of additions

more than that of deletions for all simple repetitive DNA
sequences examined; (ii) the pol3-t mutation increases the fre-
quency of deletions more than that of insertions for all repet-
itive DNA sequences examined except the mononucleotide
microsatellite; (iii) for all simple repetitive DNA sequences
examined, except the dinucleotide repeat, the rad27 pol3-t dou-
ble mutant had approximately the same rate of instability as
the pol3-t single mutant; (iv) the combination of rad27 and
pol3-01 was synthetically lethal, although the rad27 pol2-4 com-
bination was not; and (v) both rad27 and pol3-t destabilize a
minisatellite as well as the microsatellites. Each of these con-
clusions will be discussed further below.

Microsatellite instability in rad27 strains. Two previous
studies reported that rad27 stimulates insertion mutations.
Johnson et al. (18) showed that rad27 destabilized poly(GT)
microsatellites about 100-fold and that the altered tracts had
one-repeat unit insertions. Since strains with both the rad27
mutation and mutations affecting DNA mismatch repair had
approximately the same microsatellite instability as the single-
mutant strains, Johnson et al. suggested that the Rad27p nu-
clease had a role in DNA mismatch repair. Tishkoff et al. (49)
found that forward mutations at the CAN1 locus in rad27
strains almost always represented duplications. The mutational
spectrum observed for rad27 strains was different from that
observed for msh2 strains (strains defective in DNA mismatch
repair), indicating that Rad27p and Msh2p function in differ-
ent pathways. In addition, they demonstrated that rad27 strains
had elevated levels of mitotic recombination and that the rad27
mutation was synthetically lethal in combination with muta-
tions affecting double-strand break repair. They suggested that
replication errors in rad27 strains are repaired primarily by a
nonmutagenic double-strand break repair pathway. The dupli-
cation mutations represented a fraction of replication errors
corrected by a mutagenic recombination pathway or by DNA
polymerase slippage events.

We suggest that the microsatellite instability observed in
our experiments is likely to reflect DNA polymerase slippage
errors rather than a mutagenic recombination pathway. As
shown on the left side of Fig. 2, failure to remove the terminal
ribonucleotide from the Okazaki fragment in a rad27 strain
would be expected to cause a delay in the ligation of adjacent
Okazaki fragments. Displacement of the end of the Okazaki
fragment by continued synthesis from an adjacent primer
would result in the formation of a DNA flap. We suggest that
the displacement synthesis associated with flap formation ac-
tivates the 39-to-59 exonuclease of DNA polymerase, producing
a single-stranded gap adjacent to the flap. Reassociation of the
flap DNA with this region could produce a DNA molecule with
one or more unpaired repeats. Such displaced repeats on the
primer strand, if unrepaired, would lead to additions. As shown
on the right side of Fig. 2, the terminal nucleotide on the
Okazaki fragment could also lead to a block of DNA synthesis
and activation of the proofreading exonuclease without flap
formation. If a secondary structure is formed on the resulting
single-stranded region, subsequent synthesis across the gap
would lead to a mismatched repeat on the template strand.
This mismatch, if uncorrected, would result in a deletion. Thus,
the model shown in Fig. 2 explains the increased frequencies
of microsatellite additions and deletions observed in rad27
strains. This model is also consistent with the relatively small
effect of rad27 on the rate of reversion of the lys2-InsLD and
lys2-InsLE insertions (Table 4). Since additions are more fre-
quent than deletions, we argue that the pathway indicated on
the left side of the figure is preferred.

There are a number of additional features that must be
added to the model to explain all of the results. First, rad27 has
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its strongest destabilizing effects on repetitive DNA sequences
that have small repeat units. This result could indicate that flap
formation only involves a small number of base pairs or that
the reassociation following dissociation of primer and template
strands involved unpaired repeats more often when the repeat
units were small than when they were large. Second, microsat-
ellites are greatly destabilized by the msh2 mutation and other
mutations affecting DNA mismatch repair (41, 45). If rad27
results in an increased frequency of displaced repeats, one
might expect that rad27 msh2 double-mutant strains would
have a greatly elevated level of microsatellite instability anal-
ogous to the synergistic effect of the pol3-t and mismatch repair
mutations on the rate of frameshifts in short homonucleotide
tracts (53). Instead, the double-mutant strains have a level of
instability that is only slightly greater than those of the single
mutants (18). We suggest that the displaced repeats formed in
the rad27 strains are not efficiently recognized by the DNA
mismatch repair system. One possibility is that the DNA mis-
match repair system only functions efficiently during elonga-
tion of its associated primer. If the displaced repeat shown in
Fig. 2 results from a postreplication slippage event, it could not
be repaired. Third, we assume that, in the absence of Rad27p,
the terminal ribonucleotide is removed by an inefficient pro-
cessing system.

Although alterations in the lengths of microsatellites in

rad27 strains are likely to reflect DNA slippage events, rad27
mutants also have elevated levels of mitotic recombination (49,
56). This elevation could reflect the processing of the DNA
flap structure or gap structure shown in Fig. 2 into a recom-
binogenic double-strand break (as suggested in reference 49)
or the formation of a double-strand break by replication of
DNA with an unligated nick. Many yeast mutants that produce
elevated levels of DNA lesions, such as cdc9 strains (deficient
in DNA ligase) have high levels of mitotic recombination (37).
The large insertions detected at the CAN1 locus by Tishkoff et
al. (49) could represent either mutagenic processing of double-
strand DNA breaks during recombination or long-range DNA
polymerase slippage events. Recombination is unlikely to ex-
plain the microsatellite alterations observed in rad27 strains for
two reasons. First, the rates of alterations for the mono- and
dinucleotide microsatellites are about 50-fold higher than those
observed for the large duplications seen at the CAN1 locus.
Second, if the alterations were a consequence of recombina-
tion, one would expect a broad range of types of additions. For
the mono- and dinucleotide repeats, we observe almost exclu-
sively single-repeat additions.

Microsatellite instability in pol3-t strains. In contrast to the
microsatellite insertions observed in rad27 strains, the micro-
satellite alterations observed in pol3-t strains were usually de-
letions rather than additions (Table 3). An exception to this
generalization is that approximately equal numbers of addi-
tions and deletions were found in the pol3-t strain with the
mononucleotide assay plasmid. Although the different behav-
ior of the mononucleotide may be significant, it should be
pointed out that a substantial fraction (40%) of the 5-FOAR

derivatives in the pol3-t strain with the mononucleotide assay
plasmid did not have a sequence alteration in the tract. Thus,
the estimate of the rate of tract instability for this strain would
be expected to be less accurate than for strains in which almost
all 5-FOAR derivatives have altered tracts.

Many of the deletions observed in pol3-t strains were greater
than 14 bp. In addition, as observed in this study (Table 4) and
other studies (8, 52, 53), the pol3-t mutation elevates the fre-
quency of reversion of insertion mutations at the LYS2 locus.
If the mutant DNA polymerase encoded by pol3-t substantially
slowed the rate of DNA elongation on the lagging strand, then
pol3-t strains would be expected to have longer single-stranded
gaps (8). Such gaps would result in an increased probability of
the types of DNA polymerase slippage events that lead to
deletions caused by a mechanism related to that shown in Fig.
2 (right side of diagram).

One other feature of the data deserves further comment.
The pol3-t mutation had a small (3- to 13-fold) destabilizing
effect on the microsatellites and minisatellites compared to its
effect on the reversion of the lys2-InsLD and lys2-InsLE inser-
tions (150- to more than 750-fold). For microsatellites with
small repeat units, we suggest that even the relatively small
single-stranded regions on the template strand between neigh-
boring Okazaki fragments are sufficient to generate deletions
by DNA polymerase slippage. Thus, the difference in micro-
satellite instability between wild-type and pol3-t strains is ex-
pected to be small. In contrast, with the lys2 insertion muta-
tions, large single-stranded regions (at least 38 bp for lys2-
InsLD and 67 bp for lys2-InsLE) are necessary to allow the
pairing of direct repeats necessary for the slippage event. Since
these large single-stranded regions will be very rare in wild-
type cells, but perhaps common in pol3-t strains, one will ob-
serve a very large effect of pol3-t. In addition, DNA mismatch
repair is expected to have a different influence on the observed
frequencies of addition and deletion for different types of re-
peats. Small unpaired loops resulting from DNA polymerase

FIG. 2. Generation of microsatellite insertions and deletions in rad27 strains.
In this diagram, as in Fig. 1, individual lines depict single strands and rectangles
represent single repeat units. The large arrow indicates the 39 end of an elon-
gating Okazaki fragment primer, and small arrows represent the 39 termini of the
DNA molecule. The asterisk shows an unexcised ribonucleotide at the 59 end of
an Okazaki fragment. The left and right sides of the figure show insertion and
deletion pathways, respectively. From our analysis of microsatellite alterations in
rad27 strains, we suggest that the left pathway is more frequently used than the
right pathway. Insertion pathway: step 1, the elongating primer displaces the 59
end of the adjacent Okazaki fragment; step 2, the 39-to-59 proofreading exonu-
clease of DNA polymerase d is activated, resulting in a small gap; step 3, the
displaced flap of the Okazaki fragment reanneals, leaving one displaced repeat;
step 4, the ribonucleotide at the end of the Okazaki fragment is removed by an
inefficient Rad27p-independent mechanism, and DNA synthesis is completed.
Deletion pathway: step 1, Ligation of one Okazaki fragment to an adjacent
fragment is blocked by the unprocessed ribonucleotide; step 2, the 39-to-59
exonuclease is activated, leading to a gap, and the 39 end of the primer unpairs
one or two repeats from the template strand; step 3, The primer strand reanneals
to the template strand displaced by a single repeat unit; step 4, as in the insertion
pathway, the ribonucleotide at the end of the Okazaki fragment is removed by an
inefficient Rad27p-independent mechanism and DNA synthesis is completed.
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slippage in microsatellites are efficiently corrected by the DNA
mismatch repair system (45), whereas large loops (expected in
slippage events involving lys2-InsLD and lys2-InsLE) are not
(53).

Microsatellite and minisatellite instability in rad27 pol3-t
strains. As discussed above, although rad27 and pol3-t muta-
tions both destabilize simple repetitive DNA sequences, the
rad27 mutation primarily increases insertion frequency and the
pol3-t mutation primarily increases deletion frequency. If these
two effects represent independent mechanisms, one would ex-
pect strains with both mutations to show additive effects on the
rates of mutations and the types of changes. For the strains
with 1-, 8-, or 20-bp repeats, the rates of instability and the
types of changes approximate those found in pol3-t strains
rather than those seen in rad27 strains (Tables 1 to 3). Thus,
for repetitive DNA sequences with 1-, 8-, or 20-bp repeats, the
increase in the rate of insertions caused by the rad27 mutation
requires a wild-type DNA polymerase d. In the context of the
model shown in Fig. 2 (left side), one interpretation of this
result is that the DNA polymerase slippage events leading to
additions require the displacement of one Okazaki fragment
by DNA synthesis from a neighboring DNA fragment. If DNA
elongation is slowed as a consequence of the pol3-t mutation,
one should see a reduced rate of rad27-induced insertion mu-
tations.

Unlike the other repeats examined, the dinucleotide repeat
in the double-mutant strain had about the same rate and types
of alterations as those observed in the rad27 strain. To ensure
that this result was not an artifact due to an additional muta-
tion in the rad27 pol3-t strain, we retransformed an indepen-
dently-derived rad27 pol3-t strain with the dinucleotide assay
plasmid. No significant differences from our original results
were found. Although the explanation of the different behavior
of the dinucleotide repeat is not clear, one possibility is that the
unusual Z-DNA structure of poly(GT) tracts (62) allows slip-
page of the ends of the Okazaki fragment without displace-
ment by DNA polymerase. Alternatively, the reduction in the
rate of DNA elongation by the pol3-t mutation could be se-
quence specific. Thus, if the rate of replication of poly(GT)
tracts was only slightly reduced by this mutation, pol3-t would
have little effect on dinucleotide stability (as observed; Table 1)
and on the rate of insertions caused by rad27.

In summary, our results are best explained by the model in
which the rad27 mutation increases the rate of insertions by
slippage events that produce unpaired repeats on the primer
strand and that the pol3-t mutation increases the rate of dele-
tions by slippage events that produce unpaired repeats on the
template strand. These same processes may be responsible for
the microsatellite insertions and deletions that occur in wild-
type cells. One difference between the models shown in Fig. 1
and 2 is that microsatellite additions and deletions occur by
quite different mechanisms in the Fig. 2 model.

We previously reported that the instability of poly(GT)
tracts increases exponentially with tract length and that the
ratio of additions to deletions in microsatellites increases as
a function of tract length (60). When poly(GT) tracts are 51 bp
or smaller, both additions and deletions of single repeats are
common; when tracts are 99 bp or larger, only additions of
single repeats are observed. This altered ratio of additions to
deletions is difficult to explain by the model shown in Fig. 1. If
the probability of ending or starting an Okazaki fragment
within a poly(GT) tract is much greater for long tracts than for
short tracts, then one might observe enhanced levels of micro-
satellite additions relative to deletions by the model shown in
Fig. 2. Finally, it should be pointed out that although some
observations are most easily interpretable as reflecting slippage

events as diagrammed in Fig. 2, slippage events as shown in
Fig. 1 may also occur.

Synthetic lethality of rad27 and pol3-01 mutations. The
rad27 mutation was lethal in combination with a proofreading
exonuclease mutant of DNA polymerase d (pol3-01 mutant)
but not in combination with a proofreading exonuclease mu-
tant of DNA polymerase ε (pol2-4 mutant). We suggest three
possible explanations of this result. First, the mutational load
in the rad27 pol3-01 strain may be too high for viability. This
possibility is unlikely because the homozygous diploid strain,
which would be expected to be much more resistant to the
effects of a high mutation rate, was also inviable. A second
possibility is that DNA polymerase d proofreading activity is
required for the processing of Okazaki fragments in the
absence of Rad27p. The most direct involvement (although
perhaps the least likely) is that the proofreading exonuclease
activity (a 39-to-59 DNA exonuclease) can remove the 59 ribo-
nucleotide from the Okazaki fragment. Alternatively, the in-
volvement may be less direct. For example, as shown in Fig. 2
(right side), the failure to remove the 59 ribonucleotide would
result in a block to further DNA synthesis. This block could
activate the 39-to-59 exonuclease, generating a short single-
stranded gap. This structure could then act as a substrate for
nucleases to excise the remaining 59 ribonucleotide. It is inter-
esting to note that a null mutation of the EXO1 gene, which
encodes a double-strand-specific 59-to-39 exonuclease, is also
synthetically lethal with rad27 (50), as is a temperature-sensi-
tive allele of DNA2, which encodes a helicase (6). These pro-
teins could be involved in the Rad27p-independent excision of
the terminal ribonucleotide.

A final possibility to explain the rad27 pol3-01 synthetic
lethality is that death results from aberrant processing of the
rad27-caused DNA lesion. For example, in rad27 POL3 cells,
activation of the proofreading exonuclease may prevent exten-
sive flap formation. Extensive flaps formed in the double-mu-
tant strain could be detected by checkpoint proteins, resulting
in cell cycle arrest.

Strains with both rad27 and pol2-4, i.e., with the mutation
eliminating the exonuclease domain of DNA polymerase ε, are
viable. If DNA polymerase ε primarily functions on the leading
strand during DNA replication (28), this result is consistent
with the conclusion that POL3 may be involved with the pro-
cessing of Okazaki fragments in rad27 strains, since Okazaki
fragments are much more common on the lagging strand than
on the leading strand.

Minisatellite instability in rad27 and pol3-t strains. Minisat-
ellite sequences in mammalian cells often represent tandem
arrays between 0.5 and 30 kb in length in which each repeat
unit is greater than 20 bp; sequence variation between repeat
units within a single array is common (1). In general, these ar-
rays exhibit high levels of meiotic instability and low levels of
somatic instability. The patterns of alterations detected in the
germ cells suggest that meiotic instability is primarily a conse-
quence of meiotic recombination (17), whereas mitotic instabil-
ity is likely to reflect either DNA replication slippage or un-
equal intragenic sister strand crossover (16). Although there
are no previous studies linking minisatellite instability to spe-
cific mutations, enhanced somatic instability of minisatellites is
found in some human tumor cell lines (2, 36). Our findings
suggest the possibility that these lines might have mutations in
genes encoding DNA polymerase or polymerase cofactors.
Since our assay plasmid for minisatellite instability in yeast has
only three repeats, it should be pointed out that the effects of
rad27- or pol3-t-like mutations could be qualitatively or quan-
titatively different for longer minisatellites such as those com-
monly found in the human genome.
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Since the types and rate of alterations observed for the mini-
satellite sequence are similar to those observed for the micro-
satellite, we suggest that the length alterations of the minisat-
ellite also reflect DNA polymerase slippage events. We cannot
rule out, however, the possibility that the length alterations
reflect aberrant end joining of a double-strand DNA break
(48) and/or unequal recombination events.

Patterns of microsatellite and minisatellite changes in mu-
tant yeast strains. Yeast strains with mutations in genes af-
fecting DNA mismatch repair (MSH2, MLH1, PMS1, MSH3,
and MSH6) and DNA replication (RAD27, POL30, and POL3)
have altered microsatellite stability. For many of these genes,
the effects on the stability of repetitive DNA tracts with dif-
ferent repeat unit lengths have been examined. A summary of
some of these data is shown in Fig. 3. The effects of the mu-
tations on the rates of additions (Fig. 3A) and deletions (Fig.
3B) are given. It is clear that different mutants generate dif-
ferent spectra of changes. The only exception to this general-
ization is that the effects of msh2, mlh1, and pms1 on the rates
of instability of all repeats were the same (41).

A substantial fraction of familial colorectal cancers are as-
sociated with microsatellite instability and mutations in human
homologs of yeast mismatch repair genes MSH2, MLH1, and
PMS1 (20). In contrast, about half of the sporadic cancers
exhibiting microsatellite instability do not have a mutation in a
known DNA mismatch repair gene (25). It would be useful
to examine the stabilities of microsatellites of different re-
peat lengths in individual sporadic tumors in order to look
for patterns matching those observed in yeast mutant strains.
A match of patterns could help guide the search for the human
genes mutated in the sporadic tumor. For example, if one
found a cancer cell line that had a pattern of instability that
mimicked the pol3-t pattern shown in Fig. 3, one could examine
the cancer cell line for mutations in the human DNA polymer-
ase d gene.
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