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Uracil-DNA-glycosylase has been proposed to function as the first enzyme in strand-directed mismatch repair
in eukaryotic organisms, through removal of uracil from dUMP residues periodically inserted into the DNA
during DNA replication (Aprelikova, 0. N., V. M. Golubovskaya, T. A. Kusmin, and N. V. Tomilin, Mutat.
Res. 213:135-140, 1989). This hypothesis was investigated with Saccharomyces cerevisiae. Mutation frequencies
and spectra were determined for an ungi deletion strain in the target SUP4-o tRNA gene by using a forward
selection scheme. Mutation frequencies in the SUP4-o gene increased about 20-fold relative to an isogenic
wild-type S. cerevisiae strain, and the mutator effect was completely suppressed in the ungl deletion strain
carrying the wild-type UNGI gene on a multicopy plasmid. Sixty-nine independently derived mutations in the
SUP4-o gene were sequenced. All but five of these were due to GC->AT transitions. From this analysis, we
conclude that the mutator phenotype of the ungi deletion strain is the result of a failure to repair spontaneous
cytosine deamination events occurring frequently in S. cerevisiae and that the UNGI gene is not required for
strand-specific mismatch repair in S. cerevisiae.

Strand-directed mismatch repair depends on a mechanism
which allows the organism to distinguish between the paren-
tal and the newly replicated DNA strand during DNA
replication. This form of repair is best understood for
Escherichia coli (11, 23). In methyl-directed DNA mismatch
repair, the strand to be repaired is identified by its temporary
lack of methylation at GATC sites during DNA replication.
The strand specificity of this MutH,L,S-dependent repair
system is provided by the MutH protein, which introduces a
nick on the unmethylated strand of a hemimethylated GATC
site (11). Evidence that the nick itself provides the signal for
repair on that strand follows from in vitro studies and from
E. coli transfection experiments with persistently nicked
DNA containing mismatches (20, 21).

Strand-specific mismatch repair systems have also been
identified in vivo in Streptococcus pneumoniae and in ex-
tracts from human or Drosophila cells, and again there is
evidence indicating that the presence of a nick on one of the
strands suffices to guide the repair system to that strand (5,
13). Finally, mismatch repair dependent on the products of
the PMS genes has been shown to exist in the yeast
Saccharomyces cerevisiae, although strand specificity for
this repair has not yet been established (16, 24). Inasmuch
there is significant homology between the E. coli mutL, the
S. pneumoniae hexB, and the S. cerevisiae PMSJ mismatch
repair genes, it is likely that the repair pathways have been
conserved in these organisms (17).
Except in the case of methyl-directed mismatch repair in

E. coli, it is still unclear by which mechanism the breaks
necessary for strand-specific repair of the newly replicated
strand are generated in these other organisms. Because of
the nature of DNA replication, the lagging strand could in
principle provide the proper breaks for strand targeting, but
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this would not be so for the leading strand (12). For this
reason, it has been proposed that nicks in the newly repli-
cated DNA could be generated by the incorporation of
dUMP from dUTP into the DNA followed by the sequential
action of uracil-DNA-glycosylase and an apyrimidinic endo-
nuclease to form a small gap (1, 29).

Uracil is introduced into DNA by two distinct mechanisms
(for a review, see reference 29). DNA polymerases can
incorporate dUMP instead of dTMP into DNA during DNA
replication, resulting in a dU:dA base pair. In addition,
cytosine residues present in the genome can undergo spon-
taneous or induced deamination to uracil, producing a
dG:dU base pair, which is a mutagenic event. In either case,
repair is initiated by excision of uracil by the uracil-DNA-
glycosylase. Uracil-directed mismatch repair in eukaryotes
appears as a feasible model for the following reasons. First,
incorporation of dUMP into the DNA is nonmutagenic and
occurs, at least in mammalian cells, at levels high enough to
provide periodic nicks for strand targeting (10). Deoxyuri-
dine levels in DNA isolated from a yeast strain deficient for
uracil-DNA-glycosylase were only about 0.1% or less (3),
but such low levels are still consistent with a role for uracil
excision in targeting the mismatch repair system to the
newly replicated strand. Second, uracil-DNA-glycosylase
levels are increased in mammalian cells induced to undergo
proliferation (30). Similarly, expression of the UNG1 gene in
S. cerevisiae is regulated during the cell cycle in exactly the
same fashion as are yeast replication genes, with steady-
state mRNA levels rising manyfold in late G1 and early S and
decreasing again late in the S phase of the cell cycle (13a). In
agreement with this observation is the presence of an MluI
cell cycle element in the upstream regulatory region of this
gene (25).

Previously, we have isolated a yeast strain deficient for
uracil-DNA-glycosylase (3). This mutant, carrying the
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ungl-1 allele, showed a 5- to 100-fold increase of spontane-
ous mutations in selected markers (3). Because of the
proposed participation of uracil excision in strand-directed
mismatch repair and the unusually high spontaneous muta-
tion rates in the ungl-1 strain, we decided to determine the
rates and types of mutations for a yeast strain in which the
UNGJ gene had been deleted. As a target for the isolation of
spontaneous mutation events we used the SUP4-o tRNA
gene of S. cerevisiae. An efficient system has previously
been developed to select forward mutations in this gene (26).
Using this assay system, we have found no evidence impli-
cating uracil-DNA-glycosylase in strand-specific mismatch
repair.

MATERIALS AND METHODS

Strains and plasmids. The haploid, repair-proficient strain
MKP-o (MATot can1-100 ade2-J Iys2-J ura3-52 leu2-3,112
his3-A200 trpl-lA901) was obtained from C. N. Giroux (Na-
tional Institute of Environmental Health Sciences) (26). This
strain was transformed with the integrating plasmid pBA102,
which was constructed as follows. A 5.1-kb yeast genomic
BamHI fragment containing the UNGI gene was cloned into
the BamHI site of plasmid yIpS, which contains the URA3
gene for selection in S. cerevisiae (28); this was followed by
deletion of a 0.91-kb PvuI-SacII fragment internal to the
insert (25). This deletion removed 85% of the coding region
and all of the gene which showed homology with other
uracil-DNA-glycosylases (25). Transformants were selected
by plating on uracil omission media, and isolated colonies
were purified by replating. Integration at the chromosomal
UNGJ locus was verified by Southern analysis of the trans-
formants. The integrated plasmid was then evicted by plating
on 5-fluoroorotic acid medium (2) followed by Southern
analysis and uracil-DNA-glycosylase assays to identify the
deletion mutant PY32 (like strain MKP-o but ungl-A900).
Extracts from PY32 were completely deficient for uracil-
DNA-glycosylase activity (25). Strains MKP-o and PY32
were transformed with plasmid YCpMP2, giving MKP-op
and PY32-p, respectively. YCpMP2 is a centromer-contain-
ing shuttle plasmid carrying the URA3 gene for selection in
S. cerevisiae and the SUP4-o gene, an ochre suppressor
allele of a yeast tyrosine tRNA gene (26). Under selective
pressure, i.e., when growing in uracil omission media,
plasmid retention in both strains was 90%. In addition, these
YCpMP2-containing strains were transformed with pPY91, a
yEP-based plasmid carrying the TRPJ gene as a selectable
marker and the UNGI gene at a plasmid copy level of about
30 (25). Under selective growth conditions, over 99% of the
cells retained this plasmid.

Isolation and analysis of SUP4-o mutants. This was essen-
tially carried out as described previously (26). Briefly, strain
MKP-o and its Aung derivative PY32 carry three ochre-
suppressible mutations in chromosomal loci that confer
canavanine resistance (canl-100), are red because of adenine
auxotrophy (ade2-1), and are auxotrophic for lysine (lys2-1).
All of these phenotypes are suppressed by the SUP4-o gene
present on plasmid yCpMP2, i.e., plasmid-containing strains
are white, prototrophic for adenine and lysine, and sensitive
to canavanine. Selection for canavanine-resistant colonies
which are red, i.e., Ade-, followed by screening for those
colonies that are also Lys- almost exclusively produces
mutants with changes in the SUP4-o gene. Cells (MKP-op or
PY32-p) were grown to saturation on minimal medium with
amino acids and adenine but lacking uracil, diluted to about
100 ml in 50 separate cultures, and again grown to saturation.

TABLE 1. Spontaneous mutations in the SUP4-o gene

Mutation frequency (10`6)a in:
Expt no. pPY91

MKP-op PY32-p
1 1.2 22
2 - 1.4 28

+ 1.6 1.9

a Median spontaneous mutation frequencies were determined from 50
independent cultures each in experiment 1 and from 20 cultures each in
experiment 2. Red canavanine-resistant colonies were counted, and the
numbers were multiplied with the fraction of those colonies that were also
Lys- (see Materials and Methods for details). The frequencies were corrected
for residual growth of cells after plating (see Materials and Methods).

Cells were then diluted and plated on minimal medium
supplemented with adenine, all amino acids except arginine,
and canavanine. Canavanine was supplemented at 80 ,ug/ml
rather than 30 ,ug/ml (26) to limit outgrowth of cells after
plating. Red colonies (representing about 5% of the total
number of canavanine-resistant colonies for the wild type
and about 2% for the mutant strain) appearing after 4 days of
growth at 30°C (followed by 1 week of storage at 4°C to
enhance the appearance of the red pigment) were counted,
and a representative fraction was replated on appropriate
medium to score for lysine auxotrophy. About 80% of the
red canavanine-resistant colonies were also Lys- and were
considered to be mutants in the SUP4-o gene. Total DNA
was isolated from independently derived mutations in strain
PY32-p (i.e., one isolate per separate culture), and the
plasmid was recovered in E. coli DH5 (supE44 hsdRJ 7 recAl
gyrA96 thi-1 relAI). Double-stranded YCpMP2 plasmid was
isolated from this strain, and the SUP4-o gene was se-
quenced by the dideoxy-chain termination method.

RESULTS AND DISCUSSION

Selection of SUP4-o mutants. The SUP4-o tyrosine-insert-
ing ochre-suppressing tRNA gene is an excellent target for
mutational analysis (see Materials and Methods and refer-
ence 26). Forward mutations are easily detected and, be-
cause the gene (including a 14-nucleotide intron) is only 89
nucleotides long, mutations are easily determined by se-
quencing. Mutations in at least 69 of 75 exon sites in the
SUP4-o gene have been isolated by this selection procedure,
and for most sites all three possible substitution mutations
have been identified (9, 15, 19). This argues against a bias in
deriving a mutational spectrum when this gene is used as a
target.
The median frequency of spontaneous mutations at the

SUP4-o locus was 1.2 x 10-6 for the wild-type strain and 22
x 10-6 for the isogenic ungi deletion mutant, an 18-fold
increase in mutation frequency (Table 1). The corresponding
mutation rates were 3.8 x 10-7 and 4.1 x 10-6 mutation
events per generation, respectively (6). The mutator pheno-
type of the Aungi mutant was completely abolished when
the mutant strain was transformed with a multicopy plasmid
carrying the UNGI gene, whereas the spontaneous mutation
frequency of the wild-type strain remained unaffected by this
transformation (Table 1). These experiments confirm our
earlier results that the presence of the ungi mutation confers
a fairly strong mutator phenotype upon S. cerevisiae (3).

Analysis of SUP4-o mutations. A collection of 69 indepen-
dently derived SUP4-o mutants isolated in the ungi deletion
strain PY32-p were sequenced. The sequence changes are
given in Fig. 1, and these are compared with a subset (i.e., all
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FIG. 1. Distribution of spontaneous base pair substitutions in the SUP4-o gene. The coding strand is shown in the 5'-3' direction. The
14-bp intron extends from nucleotide 40 through nucleotide 53 (14). GC--AT transitions isolated in the wild-type strain MKP-op are from
Kunz et al. (19) and are shown above the tRNA gene. All of the mutations isolated in PY32-p (Aungl) are shown below the gene. One tandem
double substitution (GC-+AA) occurred at nucleotides 26 and 27.

GC->AT transitions) of spontaneous mutations previously
collected in wild-type strain MKP-op by Kunz et al. (19).
Because PY32-p and MKP-op are completely isogenic, the
mutation spectrum obtained for the mutant can be compared
directly with the considerable data base available for
MKP-op (19).
Except for one tandem double-base-pair substitution, all

spontaneous mutations which arose in the ungi deletion
strain were single-base-pair substitutions. GC->AT transi-
tions accounted for 65 (93%) of the 70 substitutions. In
comparison, in the wild-type strain, GC->AT transitions
accounted for 20.1% of the total number of spontaneous
mutants isolated (19). If we assume that the calculated
11-fold increase in mutation rate in the Aung strain is entirely
due to a 50-fold increase in GC->AT transitions, the percent-
age of these transitions should increase from 20.1 to 93% of
the total mutations. This is exactly what was observed.
Thus, within the quantitative limits of the experiment, mu-

tation events other than GC-AT were not increased in
frequency.
The increase in spontaneous mutations in methyl-directed

mismatch repair mutants in E. coli is predominantly the
result of an increase in transitions, with AT--GC occurring
twice as frequently as GC->AT (27). Because the mismatch
substrate specificity for PMS-dependent mismatch repair in
S. cerevisiae resembles that of the E. coli system (16), it is
likely that it functions in the avoidance of similar types of
mutations. Excluding the unlikely possibility that premuta-
tional replication errors by the polymerase are predomi-
nantly GC->AT (e.g., see reference 18), the specific large
increase in GC--AT transitions in the Aungl strain is incon-
sistent with a loss of strand-directed mismatch repair in the
mutant strain but is completely consistent with a repair
defect of cytosine deamination lesions.
Of the 65 GC->AT transitions, 26 were C->T changes on

the nontranscribed strand and 39 were C->T changes on the
transcribed strand. This is comparable to the strand distri-
bution of C-+T mutations in the wild-type strain and agrees
well with the number of genetically detectable C-*T muta-
tions on each strand (Fig. 1, Table 2). In contrast, in an E.
coli ung-1 strain the majority of C->T changes were ob-
served on the nontranscribed strand (7). Since deamination
of cytosines occurs predominantly when the DNA is in
single-stranded form (19, 22), Fix and Glickman concluded,
from results obtained with E. coli, that the nontranscribed

strand would have more of a single-stranded character
during transcription (7). The lack of strand bias in S.
cerevisiae may reflect the fact that both strands display a
similar single-stranded character during transcription. Alter-
natively, deamination may predominate during other pro-
cesses, e.g., replication, which involve single-stranded DNA
intermediates.

Finally, no specific context effect of neighboring se-
quences was detected in the mutations isolated in the ungi
deletion strain. GC--AT transitions occurred as frequently
in regions rich in G:C base pairs as they did in regions rich in
A:T base pairs (Fig. 1). For E. coli, it had been observed that
cytosine deamination was favored on the 3' side of three or
more A:T base pairs (7).

Cytosine deamination in S. cerevisiae. Spontaneous deam-
ination of cytosines, which causes mutations in strains
defective for uracil-DNA-glycosylase, is a much more fre-
quent event in S. cerevisiae than in E. coli. The increase in
frequency of GC--AT transitions measured in the lacI gene
in an E. coli ung-1 strain is 8 x 10', corresponding to an
increased mutation rate per generation of 1.8 x io-7 in this
gene (6, 7). Since the lacI gene has 68 sites in which a
GC->AT transition produces a selectable phenotype (7), the
average increased mutation rate per cytosine residue per cell
division in the ung-1 strain is 2.7 x 10`. In contrast, in S.
cerevisiae the increase in mutation rate in the ungi deletion
strain is 3.7 x 10-6, for a total of 33 scorable sites in the
SUP4-o gene, corresponding to an average mutation rate of
1.1 X 10-7 per cytosine residue per cell division. It is not
clear to what the 40-fold increase in the rate of deaminations
per cell division can be ascribed. The slower rate of tran-
scription in S. cerevisiae in comparison to that in E. coli may

TABLE 2. Strand distribution of GC-+AT transitions

No. of CG-T transitions inb:
Strand Detectable

C->T positionsa MKP-op PY32-p

Nontranscribed 13 25 (8) 26 (9)
Transcribed 20 42 (17) 39 (15)

a Number of positions at which a CG-T transition has been genetically
detected (15, 19).

b Numbers in parentheses are the numbers of positions at which C->T
transitions were found.

T CA A
T AA A
T A

VOL. 173, 1991



6810 IMPELLIZZERI ET AL. J. BACTERIOL.

keep the DNA in single-stranded form for extended periods,
increasing the chance for cytosine deamination (8, 22), but
the chemical environment in the nucleus of the yeast cell
may also be more conducive to cytosine deamination than
that in E. coli.

In conclusion, uracil excision of dUMP residues incorpo-
rated by the DNA polymerase during DNA replication has
been proposed to generate the nick on the newly replicated
strand which signals strand-specific mismatch repair in eu-
karyotic cells (1, 29). The analysis presented here shows that
uracil excision is not required to produce the strand speci-
ficity signal. The same conclusion was reached very recently
for strand-specific mismatch repair in S. pneumoniae (4).
Whether nicks on the newly replicated strand are produced
by another mechanism or by any of a number of mecha-
nisms, each of which is dispensable in the presence of the
other(s), remains unanswered. The answer to these type of
questions may come from the study of mismatch repair itself
and the PMS genes participating in mismatch repair in S.
cerevisiae.
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