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DNA lesions that block replication can be bypassed by error-prone
or error-free mechanisms. Error-prone mechanisms rely on special-
ized translesion synthesis (TLS) DNA polymerases that directly
replicate over the lesion, whereas error-free pathways use an
undamaged duplex as a template for lesion bypass. In the yeast
Saccharomyces cerevisiae, most mutagenic TLS of spontaneous and
induced DNA damage relies on DNA polymerase � (Pol�) activity.
Here, we use a distinct mutational signature produced by Pol� in a
frameshift-reversion assay to examine the role of the yeast mis-
match repair (MMR) system in regulating Pol�-dependent mu-
tagenesis. Whereas MMR normally reduces mutagenesis by remov-
ing errors introduced by replicative DNA polymerases, we find that
the MMR system is required for Pol�-dependent mutagenesis. In
the absence of homologous recombination, however, the error-
prone Pol� pathway is not affected by MMR status. These results
demonstrate that MMR promotes Pol�-dependent mutagenesis by
inhibiting an alternative, error-free pathway that depends on
homologous recombination. Finally, in contrast to its ability to
remove mistakes made by replicative DNA polymerases, we show
that MMR fails to efficiently correct errors introduced by Pol�.

DNA damage � mutagenesis � recombination � replication

Mutations generally impair fitness and are important con-
tributors to genome instability and disease, but a low level

of mutagenesis is required to provide raw material for evolution.
Spontaneous mutations result from endogenous metabolic pro-
cesses and can be attributed either to errors made when copying
an undamaged DNA template or to errors introduced when
replicating over a DNA lesion. Mistakes of the first type are
corrected by the proofreading activity of the replicative DNA
polymerases or by the postreplicative mismatch repair (MMR)
machinery (1, 2). In addition to monitoring replication fidelity
(spellchecker function), the MMR system also monitors the
fidelity of homologous recombination (3). By reducing interac-
tions between sequences that are not identical, MMR-associated
antirecombination activity limits genomic rearrangements be-
tween dispersed repeats. Finally, because of its ability to recog-
nize helical distortions, the MMR machinery also binds to
damage-containing DNA, specifically triggering checkpoint sig-
naling in higher eukaryotes (4).

In terms of the contribution of DNA damage to mutagenesis,
some lesions are miscoding and promote the insertion of an
incorrect nucleotide (5). Other lesions such as abasic sites and
bulky covalent attachments, however, completely block the
progress of replicative DNA polymerases in vitro. Such poly-
merase-blocking lesions must be bypassed in vivo to avoid cell
cycle arrest and possible apoptosis. One type of bypass involves
insertion of a nucleotide opposite the blocking lesion by a
specialized translesion synthesis (TLS) DNA polymerase. Such
bypass can be error-free or error-prone depending on the
specific TLS polymerase recruited and/or the nature of the lesion
(6, 7). The second type of tolerance mechanism is strictly
error-free and involves the use of an undamaged DNA strand,
typically from the sister chromatid, as a template to extend the
blocked 3� end past the lesion. Such bypass can occur through
homologous recombination, which involves the invasion of an

intact duplex, or through a template-switching mechanism that
likely involves replication fork regression (8).

The yeast Saccharomyces cerevisiae possesses three TLS poly-
merases: Pol� (zeta), Pol� (eta), and Rev1. Pol� is generally
considered to be a highly error-prone polymerase; it is required
not only for most induced mutagenesis but also for a substantial
proportion of spontaneous mutations (9). Although Pol� alone
can perform lesion bypass in vitro, its unusual ability to extend
mispaired 3� ends suggests that it cooperates with other DNA
polymerases to complete lesion bypass in vivo (10). Most Pol�-
dependent mutagenesis requires the Rev1 protein, which acts
either as a deoxycytidyltransferase to specifically insert cytosine
opposite lesions (11, 12) or as a structural protein to aid in
Pol�-dependent bypass (13). In contrast to the mutagenesis
associated with Pol� and Rev1, Pol� is best known for its ability
to bypass thymine-thymine dimers (14) and 7,8-dihydro-8-
oxoguanine (15) in an error-free manner. In addition to lesion
bypass activity, TLS polymerases share 2 additional properties:
(i) they are much more error-prone than the replicative DNA
polymerases on undamaged DNA templates and (ii) they lack the
3�-to-5� exonucleolytic proofreading activity of replicative DNA
polymerases. Whether errors introduced by TLS polymerases
can be removed by the MMR machinery has not been previously
examined.

The studies presented here were designed to determine
whether Pol�-dependent mutational intermediates are edited by
the MMR machinery in yeast. For these analyses, we took
advantage of the distinct mutational signature produced by Pol�
in the lys2�A746 frameshift-reversion assay. Our previous stud-
ies demonstrated that Pol� is specifically required for the pro-
duction of ‘‘complex’’ mutations in which the selected frameshift
is accompanied by 1 or more nearby base substitutions (16).
Here we find that TLS by Pol� is greatly reduced upon loss of
functional MMR. The requirement of MMR for TLS depends on
homologous recombination, indicating a previously unrecog-
nized role for MMR in determining the mechanism of lesion
tolerance in yeast.

Results
The lys2�A746 allele reverts to lysine prototrophy via com-
pensatory net �1 frameshifts that occur within an �150-bp
reversion window defined by stop codons in alternative reading
frames. In a wild-type (WT) background, 83% of reversion
events are simple �1 insertions and of these, 90% are asso-
ciated with homopolymer runs �3N. In an MMR-deficient
background, the reversion rate is elevated several hundredfold
and the distribution of revertants is even more skewed, with
99% being �1 events associated with runs �3N (17). In
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contrast to the strong mutator phenotype of MMR-defective
strains, the reversion rate of the lys2�A746 allele is elevated
only 2-fold in a nucleotide excision repair (NER)-deficient
background. There is a very striking increase in complex
insertions (from 6% to �25% of total mutations) upon NER
loss, however, with all of the increase occurring at 2 discrete
hotspots referred to as HS1 and HS2 (16, 18). Because the
HS1/HS2 events are completely dependent on the presence of
Pol� and are specifically enhanced when NER is defective (16,
19), they can be attributed to the error-prone bypass of
unrepaired DNA damage. The HS1/HS2 events are the focus
of the studies reported here.

The specific question we wanted to ask is whether the
HS1/HS2 events in an NER-defective rad14� mutant are
subject to correction by the MMR machinery. If so, then their
rate should increase further in a rad14� msh2� double mutant
that is devoid of mismatch-recognition activity. The problem
with this general approach is that the strong mutator pheno-
type associated with Msh2 loss would be expected to com-
pletely obscure complex mutations at HS1/HS2. To reduce the
msh2� mutator phenotype, we constructed the ‘‘No Run’’
lys2�A746-NR allele, which is missing homopolymer runs of
�3N within the reversion window, and hence the positions
where most reversion events occur in MMR-deficient strains
(see previous discussion). As predicted, there was a much
smaller increase in Lys� rate in the lys2�A746-NR msh2�
mutant (7.3-fold relative to WT; Table 1) than in the original
lys2�A746 msh2� mutant (190-fold relative to WT) (17). In the
lys2�A746-NR msh2� mutant, 82% of the revertants had a
simple �1 mutation and 95% of these were in 3N runs (Fig. 1).
As observed with the lys2�A746 allele upon NER elimination,
there was a small, 1.8-fold, increase in the rate of Lys� prototrophs
in the lys2�A746-NR rad14� mutant (Table 1). As expected, there
was a strong accumulation of complex insertions at HS1 and
HS2, with these constituting 32% of the total revertants (Fig. 1).
We chose to use a rad14� mutant in these analyses because, in
contrast to NER proteins such as Rad1 and Rad10, the only
known function of Rad14 is in NER. In the WT parent strain, 6%
of the reversion events were complex insertions, and only half of
these were at HS1/HS2 (Table 1).

Pol�-Dependent Lesion Bypass at HS1/HS2 Depends on MMR. We
predicted that loss of Msh2 in a rad14� background would have
1 of 2 effects on the rate of HS1/HS2 complex events. If MMR
edits Pol� errors, then the rate of complex insertions at HS1/HS2
should be greatly elevated in the rad14� msh2� double mutant

relative to the rad14� single mutant. If, on the other hand,
Pol�-dependent mutational intermediates are not subject to
MMR, then the rate of HS1/HS2 complex events should not be
affected by Msh2 loss. Given the 4-fold increase in Lys� rate in
the rad14� msh2� double mutant relative to the rad14� single
mutant, we predicted that at least 8% of revertants should be
HS1/HS2 complex events in the double mutant. Unexpectedly,
only a single complex mutation at HS1/HS2 was found among
136 revertants sequenced from the double mutant background
(Fig. 1), which translates into an �10-fold reduction in the rate
of HS1/HS2 complex events upon Msh2 loss (Table 1). These
data suggest that Msh2, and presumably MMR, either promotes
or is required for Pol�-dependent bypass of the relevant lesion(s)
at HS1 and HS2.

The Role of Msh2 in Promoting Error-Prone TLS Is Recombination-
Dependent. One can imagine a scenario in which it is either the
antirecombination or the spellchecker activity of the yeast MMR
machinery that is relevant to Pol�-dependent lesion bypass. As
shown in Fig. 2, replication blockage and subsequent reinitiation
downstream would create a lesion-containing gap that could be
filled by either TLS or homologous recombination. Recombi-
nation-mediated gap filling using the sister chromatid as a
template would displace a D-loop from the invaded duplex,
which could then pair with the lesion-containing strand. If the
resulting distortion triggers MMR-associated antirecombination
activity, the intermediate would be reversed and recombination
effectively blocked. Lesion bypass via homologous recombina-
tion thus would be very inefficient in the presence of MMR, and
the alternative TLS pathway would be favored. In the absence of
MMR, recombinational bypass would be favored over mutagenic
TLS. In the alternative spellchecker-related scenario, replication
past a lesion would trigger MMR-directed removal of the
newly-synthesized strand to create a gap behind the fork. Al-
though gap filling by a replicative DNA polymerase would likely
initiate another round of MMR (analogous to the ‘‘futile repair’’
proposed to occur with methylated bases) (4), Pol�-mediated gap
filling might be refractory to further repair cycles. In the absence
of the spellchecker-generated gaps, TLS would thus be greatly
reduced.

The relevance of the antirecombination versus spellchecker
activity of MMR to Pol�-dependent mutagenesis can be dis-
tinguished by disabling homologous recombination. If MMR
promotes TLS by preventing recombination, then the require-
ment of MMR for TLS should disappear in a rad52� back-
ground where recombination is no longer possible. If the role

Table 1. Reversion of the lys2� A746-NR allele in repair-deficient strains

Genotype
Lys� rate � 10�9

(95% CI)
Lys� rate

relative to WT

HS1/HS2 complex insertions*

Non-HS1/HS2 complex
insertions

Number Rate � 10�10 Number Rate � 10�10

WT 4.6 (3.1–6.6) 1.0 4/128 1.4 (0.97–2.1) 4/128 1.4 (0.97–2.1)
msh2� 34 (27–40) 7.3 0/175 �1.9† 3/175 5.8 (4.6–6.9)
rad14� 8.4 (6.1–11) 1.8 37/114 27 (20–36) 12/114 8.8 (6.4–12)
rad14� msh2� 31 (25–37) 6.6 1/136 2.3 (1.8–2.7) 3/136 6.8 (5.5–8.2)
rad14� rad52� 41 (33–49) 8.8 39/228 69 (56–84) 65/228 120 (94–140)
rad14� rad52� msh2� 77 (64–90) 17 21/219 73 (61–86) 48/219 170 (140–200)
rad14� pms1� 29 (23–36) 6.3 1/123 2.4 (1.9–2.9) 7/123 17 (13–20)
rad14�

pms1-G128A,I854M
9.8 (7.3–13) 2.1 9/135 6.5 (4.9–8.7) 29/135 21 (16–28)

rad52� 15 (9.1–22) 3.2 23/173 20 (12–29) 63/173 54 (33–80)
rad52� msh2� 49 (37–63) 11 7/189 18 (14–23) 38/189 99 (74–130)

CI, confidence interval.
*Compilations of the HS1 and HS2 complex event types identified in each strain are presented in Tables S2 and S3, respectively.
†Rate calculated assuming the presence of one event.
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Fig. 1. lys2�A746-NR reversion spectra in repair-defective backgrounds. The sequence of the �150-bp reversion window is shown. The site of the 1-nt deletion
that defines the allele is indicated by a dash and additional changes from the WT sequence are in lowercase. The original positions of runs �3N are boxed in
the msh2� sequence. Simple insertions are indicated by ‘‘�’’ below the sequence and other mutation types are indicated above the sequence. The positions of
HS1 and HS2 are indicated by light gray shading; complex insertions (‘‘cins’’) at these positions are shaded dark gray. ‘‘Large DEL’’ refers to 95-nt deletions with
endpoints in 10-nt direct repeats; ‘‘cdel’’ corresponds to �2 events associated with nearby base substitutions. The number (‘‘n’’) of independent revertants
sequenced from each background is indicated.
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of MMR in TLS is simply to generate gaps, then TLS should
not be inf luenced by the presence/absence of the Rad52
recombination protein. We previously demonstrated a Rev3-
dependent accumulation of complex events in the lys2�A746
system upon loss of the Rad52 recombination protein (16).
Similarly, deletion of RAD52 elevated the lys2�A746-NR
reversion rate 3.2-fold and the proportion of events that were
complex insertions increased from 6% to 50% (Table 1 and
Fig. S1). In the rad14� rad52� double mutant, the increase in
the Lys� rate, the total rate of complex events, and the rate of
HS1/HS2 complex events were slightly more than additive
(Table 1 and Fig. 1). Of particular significance, there was no
decrease in HS1/HS2 events in the rad14� rad52� msh2� triple
mutant relative to the rad14� rad52� double mutant. Thus, in
contrast to the striking MMR dependence of TLS at these positions
when recombination was functional, Msh2 was not important in
promoting Pol�-dependent TLS when Rad52 was absent. We
conclude that MMR promotes TLS at HS1/HS2 by preventing the
efficient use of homologous recombination as an alternative bypass
mechanism.

Pol�-Dependent TLS in a Separation-of-Function MMR Mutant. The
MMR protein Pms1 forms a heterodimer with Mlh1 to coor-
dinate the downstream processing steps that occur after
Msh2-dependent mismatch recognition (20). We previously
described pms1 separation-of-function alleles that retain the
spellchecker but eliminate the antirecombination activity of
the encoded proteins (21). To confirm the role of MMR-
mediated antirecombination in regulating lesion bypass, we
introduced either a pms1� allele or the pms1-G128A,I854M
separation-of-function allele into the lys2�A746-NR rad14�
strain. Consistent with previous results, there was a 27-fold
increase in the CAN1 forward mutation rate in the rad14�
pms1� double mutant relative to the rad14� single mutant, but
only a 2-fold increase in rate in the rad14� pms1-G128A,I854M
double mutant (3.2 � 10�7, 86 � 10�7, and 6.1 � 10�7,
respectively). In terms of lys2�A746-NR reversion, the rad14�
pms1� mutant was indistinguishable from the rad14� msh2�
mutant, with the HS1/HS2 complex insertions decreasing
�10-fold (Table 1 and Fig. S1). Significantly, in the rad14�
pms1-G128A,I854M mutant, there also was a strong (4-fold)
reduction in complex events at HS1/HS2 (Table 1 and Fig. 1).
Thus, when the antirecombination activity of Pms1 is specif-
ically impaired, TLS by Pol� becomes less frequent. These data
provide additional support for a model in which MMR pro-

motes TLS at HS1/HS2 by specifically inhibiting recombina-
tion-mediated lesion bypass.

MMR Does Not Edit Pol�-Dependent Errors. In a rad52� back-
ground, where homologous recombination does not occur, the
MMR machinery functions only in the removal of DNA
synthesis errors. Thus, in the absence of recombination, one
can address whether Pol�-dependent mutations are edited by
the MMR machinery. In the rad52� background, complex
insertions composed 50% of the spectrum but less than 30%
of these occurred at the HS1/HS2 hotspots that predominate
in NER-defective strains (Table 1 and Fig. S1). The HS1/HS2
events are believed to occur by a mechanism of misincorpo-
ration slippage that is triggered by a common, discrete lesion
(16, 22). Because there is no similar unifying mechanism for
the non-HS1/HS2 events, we consider these to be a separate
class of event. In contrast to the striking reduction in HS1/HS2
events when MSH2 was deleted in the rad14� background, the
rate of neither the non-HS1/HS2 nor the HS1/HS2 mutations
changed significantly when Msh2 was eliminated in the rad52�
background (Table 1 and Fig. S1). The lack of an increase in
complex insertions indicates that if there is any removal of
Pol�-dependent errors by MMR, it is likely to be very ineffi-
cient. With regard to errors introduced by the replicative DNA
polymerases, base substitution and frameshift intermediates at
CAN1 are edited with greater than 90% and 95% efficiency,
respectively (23). Finally, the lack of a positive effect of Msh2 on
complex mutations in the rad52� single mutant provides additional
evidence that, at least in the system used here, the MMR machinery
is not required to generate lesion-containing gaps that are subse-
quently filled in by Pol�.

Discussion
Pol� generates distinctive ‘‘complex’’ mutations in the lys2�A746
frameshift reversion assay (16), consistent with its propensity to
introduce multiple, clustered mutations in vitro (24). We have
previously used this signature to examine the genetic require-
ments for Pol�-dependent mutagenesis (18, 25), and the goal of
the current study was to specifically address whether the MMR
system affects this process. There are 2 major findings reported
here: (i) the antirecombination activity of the MMR system can
regulate the mechanism of lesion bypass and (ii) mutational
intermediates introduced by Pol� are edited little, if any, by the
spellchecker activity of the MMR system.

Spontaneous, Pol�-dependent complex mutations accumu-
late at 2 discrete hotspots (HS1 and HS2) in an NER-defective
(rad14�) background, and these events can be attributed to the
bypass of endogenous DNA damage. The production of HS1/
HS2 complex insertions required the presence of a functional
MMR system, with the rate of these events decreasing 10-fold
in either a rad14� msh2� or rad14� pms1� double mutant. The
indistinguishable effects of Msh2 and Pms1 loss is important,
as it indicates that it is the MMR system, rather than the
Pms1-independent role of Msh2 in processing recombination
intermediates (26, 27), that is relevant. The MMR system
recognizes base– base mismatches and insertion/deletion
loops, as well as some types of DNA damage (2). In the context
of DNA replication, the spellchecker activity of the MMR
system removes polymerization errors by specifically excising
the newly synthesized DNA strand. In the context of recom-
bination, MMR either repairs mismatches/loops to generate
gene conversion events or exerts antirecombination activity to
reverse/eliminate recombination intermediates (3). Two lines
of evidence indicate that it is specifically the antirecombina-
tion activity of the MMR system that promotes lesion bypass
in the lys2�A746-NR system. First, MMR was not required for
lesion bypass in a recombination-defective (rad52� or rad14�
rad52�) background and second, a pms1 separation-of-

TLS

MMR

Homologous
recombination

Replication-
blocking
Lesion

Pol -dependent
mutagenesis

Fig. 2. The MMR system regulates TLS through its antirecombination activ-
ity. See text for explanation.
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function allele that eliminated only the antirecombination
activity of the encoded protein had the same effect on complex
insertions as the pms1� allele.

Homologous recombination and translesion synthesis are al-
ternative modes of lesion bypass, with the former being error
free and the latter generally considered to be error prone. A
major question concerns the mechanism of pathway choice—
what factor(s) determine whether a lesion is bypassed in an
error-free versus error-prone manner. The studies reported here
demonstrate that the antirecombination activity of an MMR
system can regulate this choice. As illustrated in Fig. 2, invasion
of the sister chromatid by the lesion-blocked 3� end would
displace a D-loop that pairs with the lesion-containing strand. It
is the resulting ‘‘mispaired’’ structure that presumably is detected
by the MMR machinery and reverses the recombination process.
The feasibility of this model is supported by our earlier work
demonstrating that a single potential mismatch is sufficient to
block most mitotic recombination between inverted repeat sub-
strates (28). In addition, in vitro work with the bacterial MutS
protein has shown that DNA damage, in a manner similar to
sequence divergence, impedes the basic RecA-mediated strand
exchange reaction (29, 30).

Because the bypass examined here using the lys2�A746-NR
allele occurs in the absence of exogenous DNA damage, the
precise nature of the underlying lesion(s) at HS1/HS2 is not
known. We do know, however, that its accumulation requires
oxidative metabolism (22), that it is normally a substrate for
the NER machinery, and that it likely forms on the lagging-
strand template (16). An interesting possibility is that lesions
might be bypassed differently when encountered during lead-
ing- versus lagging-strand synthesis. At least with regard to
recombination and Pol�-dependent TLS in the system used
here, however, the interplay between these 2 bypass pathways
was not inf luenced by the direction of DNA replication.
Whether Pol�-dependent bypass of lesions at non-HS1/HS2
positions in a rad14� mutant is regulated similarly to that at
HS1/HS2 could not be determined, as these other complex
events occurred too infrequently in the lys2�A746-NR assay.
The generality of an effect of MMR on TLS, however, is
supported by a previous study showing that a functional MMR
system enhances sensitivity of yeast to chemotherapeutic drugs
in a recombination-dependent manner (31). It was suggested
that MMR reduces the efficiency of recombination-mediated
bypass when damage is present, and the studies presented here
provide a concrete model for how the MMR system modulates
pathway choice. Finally, our results may provide an explana-
tion for the very low frequency (1–5%) of Pol�-dependent
lesion bypass observed in some plasmid-based yeast transfor-
mation studies (32, 33), which contrasts with the high fre-
quency (�60%) obtained when using lesion-containing single-
stranded oligonucleotides (34, 35). Based on the clear MMR
dependence of TLS observed in the lys2�A746-NR system, we
suggest that the specific use of MMR-defective host strains in
the plasmid-based studies could account for the low TLS
frequency.

In the polymerase-switch model of lesion bypass, bypass is
accomplished directly at a stalled fork by sequential proliferating
cell nuclear antigen (PCNA)-mediated access of replicative and
TLS DNA polymerases to the nascent 3� end (36). Such poly-

merase switching might be particularly relevant during leading-
strand synthesis, which, in contrast to lagging-strand synthesis,
has long been assumed to be continuous. The demonstration in
yeast that reinitiation of DNA synthesis can occur during
leading- as well as lagging-strand synthesis (37) suggests that TLS
may be primarily a gap-filling process to deal with discontinuities
that accumulate on both strands behind the fork. The finding
that yeast Rev1 is most abundant in G2/M would be consistent
with a gap-filling mechanism that functions largely outside of S
phase (38). Although the results reported here do not directly
address the polymerase-switch versus gap-filling models of TLS,
we suggest they are more consistent with the latter model.

The results described here clearly demonstrate that the yeast
MMR machinery can play a role in determining whether a lesion
is bypassed by error-free recombination or by error-prone TLS.
Our experiments cannot address how widespread the involve-
ment of MMR in bypass-pathway choice might be, although it
seems unlikely that it would be uniquely limited to the lys2�A746
reversion assay. We suggest that the mechanism of lesion bypass
will depend on the nature of the underlying lesion, the local
sequence context within which the lesion is located (39), and the
time during the cell cycle when the bypass occurs. The involve-
ment of MMR in this process reveals a novel way that a system
best known for preventing mutagenesis can also promote TLS-
dependent genome instability.

Materials and Methods
Plasmids and Strains. pSR700 contains the lys2�A746-NR allele and was con-
structed by using the Quikchange Site-Directed Mutagenesis Kit (Stratagene)
to introduce multiple point mutations into a lys2�A746-containing plasmid
(pSR585) (17). Primers 5�-gctagctgaaTCaattcaaag, 5�-cgtttggcctGtCtggaTaTc-
caagatttc, and 5�-ggaaaggaGGcctcagttg (changes are in uppercase and run
positions are in italics) were used to interrupt the 6A, 5T and 4A, and 4C runs,
respectively.

All strains were derived from SJR195 (MAT� ade2–101oc his3�200
ura3�Nco) by lithium acetate transformation. SJR1467 contains the
lys2�A746-NR allele and was constructed by a 2-step allele replacement using
EcoRV-digested pSR700, first selecting His� transformants and then selecting
Lys� segregants. A complete list of the repair-defective derivatives of SJR1467
is provided in Table S1.

Mutation Rates and Spectra. Yeast strains were grown nonselectively in YEP
(1% yeast extract and 2% Bacto-peptone; 2.5% agar for plates) supplemented
with 2% dextrose (YEPD) or 2% glycerol and 2% ethanol (YEPGE). Selective
growth was on synthetic complete (SC) medium supplemented with 2%
dextrose and missing the appropriate nutrient. For determining
lys2�A746-NR reversion rates and spectra, cells from YEPGE-grown cultures
were plated on SC-Lys medium. Data from at least 40 independent cultures
were used for each rate determination, and mutation spectra were derived
from independent Lys� revertants as described previously (16). Forward mu-
tation at CAN1 was determined by individually resuspending at least 20
colonies excised from YEPGE plates in H2O and then plating appropriate
dilutions on SC � arginine medium supplemented with 60 �g/mL L-canavanine
sulfate. Mutation rates and 95% confidence intervals were determined by the
maximum likelihood method using Salvador 2.0 software (40). The mutation
rate (and corresponding confidence interval) for a given type of mutation was
calculated by multiplying the total Lys� rate by the proportion of the relevant
mutation type in the corresponding spectrum.
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