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Abasic (AP) sites arise in DNA through spontaneous base loss and enzymatic removal of damaged bases. APN1
encodes the major AP-endonuclease of Saccharomyces cerevisiae. Human HAP1 (REF1) encodes the major AP
endonuclease which, in addition to its role in DNA repair, functions as a redox regulatory protein. We identify
APN2, the yeast homolog of HAP1 and provide evidence that Apn1 and Apn2 represent alternate pathways for
repairing AP sites. The apn1D apn2D strain displays a highly elevated level of MMS-induced mutagenesis,
which is dependent on the REV3, REV7, and REV1 genes. Our findings indicate that AP sites are highly
cytotoxic and mutagenic in eukaryotes, and that the REV3, REV7-encoded DNA polymerase z mediates the
mutagenic bypass of AP sites.
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Abasic (AP) sites arise in DNA at a significant rate by
spontaneous hydrolysis of the N-glycosylic bond. Ex-
trapolating from the rate of depurination occurring in
vitro under physiological conditions, it has been esti-
mated that as many as 104 purines are lost spontane-
ously in a human cell per day (Lindahl and Nyberg 1972).
AP sites are also formed in DNA as intermediates in base
excision repair (BER).

Two major class II AP Endos have been identified in
Escherichia coli. exonuclease III, the product of the xth
gene, is a constitutive and abundant enzyme represent-
ing ∼90% of the total AP activity, and endonuclease IV,
encoded by the nfo gene, is an inducible activity repre-
senting 10%–50% of the activity in uninduced or in-
duced cells, respectively. Both enzymes also possess a
38-phosphatase, and a 38-phosphodiesterase activity that
can remove 38-terminal groups formed in DNA by free
radical attack or by the action of b-lyase activity associ-
ated with some of the DNA glycosylases (Demple and
Harrison 1994; Seeberg et al. 1995; Wallace 1997).

Homologs of E. coli exonuclease III and endonuclease
IV (Exo III, Endo IV) have been identified in eukaryotes.

In Saccharomyces cerevisiae, APN1 encodes the major
AP Endo, and it shares extensive homology with Endo IV
(Popoff et al. 1990). Like its E. coli counterpart, Apn1 is
a class II AP endonuclease, and it has 38-diesterase, and
38-phosphatase activities (Johnson and Demple 1988a,b).
A homolog of E. coli Exo III has not yet been identified in
yeast. In contrast to yeast, Exo III homologs have been
identified from mammalian and other sources. The en-
zyme from humans, variously known as HAP1, APE,
Ref-1, or Apex, has a robust class II AP endonuclease
activity, but its 38-phosphodiesterase and 38-phosphatase
activities are relatively weak (Chen et al. 1991; Winters
et al. 1994). Interestingly, HAP1 also functions as a regu-
latory protein, stimulating the DNA-binding activity of
AP-1 proteins, such as c-Jun and c-Fos, by a redox-depen-
dent mechanism (Xanthoudakis and Curran 1992). The
stimulatory effect of HAP1 on Jun and Fos is mediated
through reduction of a conserved cysteine residue pres-
ent in the DNA-binding domain of each protein (Abate et
al. 1990; Xanthoudakis et al. 1992). HAP1 also stimu-
lates the DNA-binding activity of other redox regulated
transcription factors, including p53 (Xanthoudakis et al.
1992; Jayaraman et al. 1997). The DNA repair and redox
activities of HAP1 reside in distinct regions of the pro-
tein and can function independently of one another
(Walker et al. 1993; Xanthoudakis et al. 1994). HAP1 is
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essential for the early embryonic development of mice,
as mice lacking a functional HAP1 gene die shortly after
implantation (Xanthoudakis et al. 1996). Because se-
quences containing both the DNA repair and redox regu-
latory activities have been disrupted in these mutant
mice, it is not known whether one or both of these ac-
tivities are necessary for embryonic development.

Here we identify a homolog of Exo III/HAP1 in S. cer-
evisiae, which we have named APN2, and examine the
effects of apn1D and apn2D mutations on viability, mu-
tagenesis, and the repair of AP sites.

Results

APN2 is a member of the Exo III family
of AP endonucleases

The S. cerevisiae APN2-encoded protein is homologous
to E. coli Exo III (Xth), human HAP1, and to the other
related enzymes from Drosophila, Arabidopsis, and
other bacterial species (Fig. 1). The HAP1 protein from
residues 62–318 retains all of the DNA repair activities
(Walker et al. 1993; Xanthoudakis et al. 1994; Izumi and
Mitra 1998). This region of ∼250 residues is highly con-

served among HAP1, Apn2, Exo III, and other members
of the family (Fig. 1A,B). In this region, Apn2 shares 33%
similar and 21% identical residues with HAP1, and 26%
similar and 19% identical residues with the E. coli Xth
protein.

From the x-ray crystal structure of Exo III, residues
Asp-229 and His-259 have been proposed to mediate ca-
talysis, and Glu-34 to bind a metal ion and to facilitate
catalysis (Mol et al. 1995). HAP1 shares considerable
structural similarity to Exo III (Gorman et al. 1997). Mu-
tational inactivation of the corresponding HAP1 active
site residues Asp-283, His-309, and Glu-96 to alanine has
indicated a critical role of these residues in catalysis (Bar-
zilay et al. 1995). These residues and the sequences
flanking them have been very highly conserved in Apn2
and in the other members of this nuclease family (Fig.
1A,B). Apn2 and its counterpart from Schizosaccharo-
myces pombe have a carboxy-terminal domain that is
absent in the other homologs (Fig. 1B). This region of the
protein may be involved in species-specific protein–pro-
tein interactions.

The amino-terminal 61 residues of HAP1 are absent in
Exo III, and this region is not conserved in Apn2 (Fig. 1A).
This amino-terminal region of HAP1 is important for
redox activity but not for DNA repair functions. The

Figure 1. Apn2 is a member of the Exo III/HAP1
family of proteins. (A) Alignment of human
HAP1, S. cerevisiae Apn2, and E. coli Exo III (Xth)
proteins. Identical and highly conserved residues
are highlighted. Amino acid positions are indi-
cated by numbers in parentheses. The conserved
residues thought to be involved in catalytic ac-
tivity (Glu-96, Asp-283, and His-309 in HAP1
protein) are indicated by arrows. The Cys-65 resi-
due in HAP1 essential for the redox activity is
circled and indicated by an asterisk. (B) Sche-
matic alignment of Exo III-type nucleases from
various organisms. Boxes represent primary
amino acid sequence. Narrow regions indicate
unique sequences, whereas larger, shaded, or
stippled regions indicate regions of homology
among the proteins. The different shades within
the boxes indicate independent domains; spaces
indicate gaps that were introduced to optimize
alignment of the proteins. Protein lengths are in-
dicated by numbers at right. Positions of the
highly conserved amino acid sequences QE(T/L/
I)K, R(L/I)D, and SDH(C/A)P are indicated. Posi-
tions of the redox cysteine residue in human
HAP1, and of cysteine residues present at the cor-
responding position in Drosophila RRP and Ara-
bidopsis thaliana ARP proteins are indicated by
the letter C within the alignments.
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Cys-65 residue present in HAP1 is essential for redox
activity, as replacement of this residue with alanine in-
hibits the ability of HAP1 to stimulate Jun DNA binding
(Walker et al. 1993; Xanthoudakis et al. 1994). This cys-
teine residue is not conserved in Exo III or Apn2. Exo III
has no redox activity (Walker et al. 1993), and Apn2 is
likely to be devoid of this activity.

APN2 is not essential for growth or survival

As previously reported (Ramotar et al. 1991), deletion of
APN1 has no effect on the growth or viability of yeast
cells. We have observed no effect of the apn2D mutation
on viability or growth, and the apn1D apn2D double mu-
tant also grows normally (data not shown). Because AP
sites are noncoding, we determined whether spontane-
ous mutations arise at a much higher rate in the strains
deleted for both of the APN genes. Deletion of APN1
increased the rate of can1r mutations 3.5-fold, a result
similar to that reported previously (Ramotar et al. 1991).
The rate of spontaneous can1r mutations in the apn2D
strain was the same as in the wild-type strain, and the
apn1D apn2D strain exhibited the same level of sponta-
neous mutability as the apn1D strain (data not shown).

The apn2D mutation enhances the sensitivity
of the apn1D strain to alkylation damage

To determine the relative contribution of the APN1 and
APN2 genes to the repair of AP sites, we tested the sen-
sitivity of the apn1D, apn2D, and apn1D apn2D mutant
strains to the alkylating agent MMS. MMS alkylates the
bases in DNA, particularly adenine at the N3 position
(3MeA) and guanine at the N7 position (7MeG). The al-
kylated bases are removed by the action of N-methylpu-
rine DNA glycosylases (MPG), which act on 3MeA and
7MeG and also on a variety of other alkylated bases (Roy
et al. 1994; Bjoras et al. 1995). The AP sites resulting
from DNA glycosylase action would be acted on by the
Apn1 or Apn2 proteins. As shown in Figure 2A, and as
reported previously (Ramotar et al. 1991), the apn1D mu-
tant strain exhibits moderate sensitivity to MMS. The
MMS sensitivity of the apn2D strain is similar to that of
the wild-type strain. The apn1D apn2D strain, however,
displays an extremely enhanced MMS sensitivity, sug-
gesting that Apn1 and Apn2 compete for the repair of AP
sites, and in the absence of both AP endonucleases, AP
sites remain in DNA and result in cell lethality.

To confirm that the extreme MMS-sensitive pheno-
type of the apn1D apn2D strain was, in fact, attributable
to deletions of these two genes, we constructed low copy
CEN vectors carrying the wild-type APN1 or the APN2
gene, and transformed these plasmids into the apn1D
apn2D strain to test for complementation. As expected,
introduction of the APN1 plasmid into the apn1D apn2D
strain restored MMS survival to wild-type levels,
whereas introduction of the APN2 plasmid conferred
MMS resistance to the level equivalent to that seen in
the apn1D mutant strain (data not shown).

Enhanced MMS-induced mutagenesis in the apn1D
apn2D strain

Because AP sites are noncoding, they would present a
block to the DNA replicational machinery. Replication
through such sites could occur by a mutagenic process in
which DNA polymerase misincorporates a nucleotide
opposite such a lesion, or these sites may be bypassed by
error-free postreplicative repair processes in which the
gap left opposite the AP site is filled in either by a ‘copy
choice’ type of DNA synthesis in which the undamaged
sister duplex is used as the template for copying the
missing information (Higgins et al. 1976) or by a recom-
binational mechanism. To evaluate the extent to which
AP sites are mutagenic in eukaryotes, we determined the
rate of CAN1S to can1r mutations in MMS-treated wild-
type, apn1D, apn2D, and apn1D apn2D strains (Fig. 2B).
The incidence of MMS-induced can1r mutations was the
same in the wild-type and apn2D strains, and was el-
evated only slightly in the apn1D strain. In contrast, the
frequency of MMS-induced can1r mutations rose sharply
in the apn1D apn2D strain. For instance, whereas treat-
ment with 0.1% MMS produced 250–500 can1r mutants
per 107 viable cells in the wild-type, apn1D, and apn2D
strains, the can1r mutation frequency rose to 19,000 per

Figure 2. Enhanced MMS sensitivity and MMS mutagenesis in
the apn1D apn2D strain. (A) MMS sensitivity of various yeast
strains. Cells grown overnight in YPD medium were treated
with MMS at the concentrations indicated for a 20-min period.
Appropriate dilutions were spread onto YPD plates. Each curve
represents the average of two to three experiments for each
strain. (d) EMY74.7, wild type (APN1 APN2); (h) YRP190,
apn1D; (n) YRP263, apn2D; (s) YRP269, apn1D apn2D. (B)
MMS-induced mutations at the CAN1 locus. Cells grown over-
night in YPD medium were treated with MMS at the concen-
trations indicated for a 20-min period. Appropriate dilutions
were spread onto YPD plates for viability determinations and
onto synthetic complete medium lacking arginine and contain-
ing canavanine for the determination of CAN1S to can1r muta-
genesis. Each curve represents the average of two to three ex-
periments for each strain. (d) EMY74.7, wild type (APN1
APN2); (h) YRP190, apn1D; (n) YRP263, apn2D; (V) YRP269,
apn1D apn2D.
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107 cells in the apn1D apn2D strain (Fig. 2B). Introduc-
tion of the APN1 or the APN2 gene carried on a CEN
plasmid into the apn1D apn2D strain lowered MMS mu-
tagenesis to levels seen in the wild-type and the apn1D
strain, respectively (data not shown). These findings pro-
vide the first clear evidence of the high mutagenic po-
tential of unrepaired AP sites in eukaryotes.

Defective repair of MMS-induced DNA damage
in the apn1D apn2D mutant strain

The greatly enhanced MMS sensitivity of the apn1D
apn2D mutant strain suggested that both Apn1 and Apn2
function in the removal of AP sites from DNA. To di-
rectly assess the role of these nucleases in the repair of
AP sites, we examined the level of AP sites in MMS-
treated wild-type, apn1D, apn2D, and apn1D apn2D mu-
tant strains by sedimentation of DNA in alkaline su-
crose gradients. Because NaOH hydrolyzes the phospho-
diester bond near each AP site, the size reduction in
DNA observed on sedimentation in alkaline sucrose gra-
dients is a good measure of the AP sites present. Yeast
cells were treated with 0.1% MMS for 20 min, and the
sedimentation profile of DNA was evaluated immedi-
ately following this treatment, and following incubation
of these cells for an additional 1 or 2 hr to allow time for
DNA repair to occur (Fig. 3). In all of the strains, DNA
from MMS-treated cells sediments toward the top of the
gradient, indicating the presence of AP sites. The sedi-
mentation pattern of DNA obtained from wild-type or
apn2D cells that had been incubated for 1 hr following
MMS treatment was the same as that of DNA from un-
treated control cells, indicating proficient repair of AP
sites in both these strains during the 1-hr period (Fig.
3A,C). As previously reported (Ramotar et al. 1991), re-
moval of AP sites was less efficient in the apn1D strain.
DNA obtained from MMS-treated apn1D cells that were
allowed a 1-hr repair period sedimented at a slower rate
than DNA from untreated cells. The size of DNA in-
creased in cells that had been incubated for 2 hr after
MMS treatment, but even after this longer repair period,
DNA was not fully restored to normal size (Fig. 3B). The
removal of AP sites was severely impaired in the apn1D
apn2D mutant strain, as DNA from MMS-treated apn1D
apn2D cells allowed a 2-hr repair period sedimented only
slightly faster than DNA from cells that were treated
with MMS but allowed no repair period (Fig. 3D).

Requirement of REV genes in mutagenic bypass
of AP sites

Recent in-vitro studies with mammalian DNA polymer-
ase d (Pol d) and proliferating cell nuclear antigen
(PCNA) have indicated that PCNA allows Pol d to rep-
licate past an AP site present in the template strand,
resulting in the formation of full-length product
(Mozzherin et al. 1997). As expected from the A-rule
(Strauss 1991), fully extended primers incorporated pre-
dominantly dAMP opposite the template lesion. Exten-

sive genetic studies in yeast, however, have provided evi-
dence for the involvement of REV3, REV7, and REV1
genes in mutagenesis induced by UV light (Lawrence and
Hinkle 1996). More recent biochemical studies have in-
dicated that Rev3 and Rev7 consitute two subunits of
DNA Pol z, which has the ability to replicate past a thy-
mine cis–syn cyclobutane dimer (Nelson et al. 1996b).
Rev1 has a deoxycytidyl transferase activity, and it trans-
fers a dCMP residue to the 38 end of a primer in a tem-
plate-dependent reaction. Interestingly, the enzyme effi-
ciently inserts dCMP opposite an AP site, producing a
terminus that can be extended by Pol z (Nelson et al.
1996a).

The availablity of the apn1D apn2D strain has provided
us the opportunity to test whether mutagenic bypass of
AP sites is mediated by the Rev proteins. To examine
this, we incorporated the rev3D, rev7D, and rev1D muta-
tions in the apn1D apn2D strain, and examined the inci-
dence of MMS-induced mutations. As shown in Figure 4,
the rev3D, rev7D, or rev1D mutations did not enhance
the MMS sensitivity of apn1D apn2D strain, but, inter-
estingly, no MMS-induced can1r mutations were recov-
ered in any of these apn1D apn2D revD mutant strains.

Figure 3. Alkaline sucrose gradient analysis of DNA from cells
treated with 0.1% MMS for 20 min. (A) YRP276, wild type
(APN1 APN2). (B) YRP210, apn1D. (C) YRP291, apn2D. (D)
YRP292, apn1D apn2D. (s) Untreated cells; (d) cells treated
with MMS for 20 min; (m) cells treated with MMS for 20 min,
and then given a 1-hr repair period; (n) cells treated with MMS
for 20 min, and then given a 2-hr repair period.
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These results indicate that mutagenic bypass of AP sites
is controlled by Pol z and its accessory factors.

Discussion

AP sites are one of the most common lesions in DNA.
To define the pathways for the repair of AP sites in eu-
karyotes, here we identify yeast APN2, a homolog of E.
coli Exo III and human HAP1. Deletion of APN2 has no
effect on cell viability or growth, and the apn1D apn2D
mutant also grows normally. Sensitivity to MMS is not
affected by the apn2D mutation, but the apn1D apn2D
strain displays a much higher level of sensitivity to MMS
than the apn1D strain, which is only moderately sensi-
tive to this DNA-damaging agent. Consistent with this
observation, the apn1D apn2D mutant is highly deficient
in the removal of AP sites, as determined by alkaline
sucrose gradient sedimentation of DNA obtained from
MMS-treated cells. These results provide strong evi-
dence for a role of Apn2 in the removal of AP sites, and
they indicate that Apn1 and Apn2 represent alternate
ways of removing AP sites.

The identification of Apn2 and the demonstration of
its involvement in the repair of AP sites in yeast attests
to the high degree of conservation of pathways for repair-
ing AP sites among prokaryotes and eukaryotes. There-
fore, Exo III in E. coli, Apn2 in S. cerevisiae, and HAP1 in
humans, all function in the removal of AP sites. Even
though no Endo IV/Apn1 homolog has yet been inden-
tified in humans and higher eukaryotes, such an activity
is likely to be present in there as well. It is of some
interest to note that although the enzymes for removing

AP sites, as well as many of the DNA N-glycosylases,
have been conserved between prokaryotes and eukary-
otes, no such conservation exists among the components
of the nucleotide excision repair machinery.

Apn1 accounts for >90% of the class II AP endonucle-
ase/38-diesterase activity in wild-type yeast cell extracts,
suggesting that the activity encoded by APN2 is rela-
tively minor. This is consistent with the observation
that deletion of APN1 increases the rate of spontaneous
mutations as well as MMS sensitivity, but deletion of
APN2 has no effect on these phenotypes. In the absence
of Apn1, however, cells rely on the repair function of
Apn2, as deletion of both the APN1 and APN2 genes
elicits a large increase in MMS sensitivity and confers a
severe reduction in the ability to remove AP sites. A
class II AP endonuclease and 38-phosphodiesterase activ-
ity has been recently partially purified from apn1D S.
cerevisiae cells. Unlike Apn1, but similar to Exo III, this
activity is strongly dependent on Mg2+ (Sander and Ra-
motar 1997). APN2 may encode this activity.

The high level of deficiency in the removal of AP sites
in the apn1D apn2D strain would predict that spontane-
ously arising AP sites would accumulate in this strain. It
is therefore somewhat surprising that simultaneous in-
activation of the APN1 and APN2 genes has no effect on
cell viability or growth, and spontaneous mutability is
increased only a few fold in the apn1D apn2D strain. On
infliction of additional DNA damage, however, as on
treatment with MMS, apn1D apn2D cells suffer a drastic
reduction in survival, and they display a sharp rise in
mutagenesis. We interpret these observations as follows.
In normally growing apn1D apn2D cells, the AP sites
resulting from spontaneous base loss can be efficiently
handled by postreplicative bypass processes, and a ma-
jority of these act in an error-free manner. In MMS-
treated cells, however, the rising level of AP sites is
handled by error-free as well as mutagenic bypass pro-
cesses, resulting in a steep rise in the incidence of mu-
tations in the surviving apn1D apn2D cells and cell death
occurs if all the bypass processes are saturated.

Even though in vitro studies have indicated that mam-
malian DNA Pol d, in concert with PCNA, can effi-
ciently bypass AP sites (Mozzherin et al. 1997), our ge-
netic studies provide evidence for the requirement of
REV3 and REV7 encoded DNA Pol z and of Rev1 protein
in mutagenic bypass of AP sites. Deletion of any of these
REV genes in the apn1D apn2D strain, however, causes
no significant enhancement of MMS sensitivity, suggest-
ing that mutgenic bypass by the REV3 system makes
only a minor contribution to cell survival and that a
majority of AP sites are bypassed in an error-free manner.
Because AP sites would represent one of the most fre-
quently formed DNA lesions in mammalian cells (Lin-
dahl and Nyberg 1972), however, DNA Pol z-mediated
mutagenic bypass of AP sites may make a significant
contribution to mutagenesis, and to tumorigenesis and
carcinogenesis. The identification of REV3 and REV7
counterparts in humans (Lawrence and Hinkle 1996;
Gibbs et al. 1998) supports such a possiblity.

In contrast to the absence of any effect on cell viability

Figure 4. Requirement of REV genes for MMS-induced muta-
genesis in the apn1D apn2D strains. Methods are as described in
the legend to Fig. 2. (A) MMS sensitivity of yeast strains. (d)
EMY74.7, wild type (APN1 APN2); (s) YRP269, apn1D apn2D;
(n) YREV1.15, rev1D; (j) YREV3.15, rev3D; (.) YREV7.1, rev7D;
(m) YREV1.13, apn1D apn2D rev1D; (h) YREV3.40, apn1D

apn2D rev3D; (,) YREV7.4, apn1D apn2D rev7D. (B) MMS-in-
duced mutations of CAN1S to can1r. (s) YRP269, apn1D apn2D;
(m) YREV1.13, apn1D apn2D rev1D; (h) YREV3.40, apn1D

apn2D rev3D; (,) YREV7.4, apn1D apn2D rev7D.
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of the apn2D mutation either alone or when combined
with the apn1D mutation, mice lacking a functional
HAP1 (REF1) gene die during embryonic development,
following blastocyst formation (Xanthoudakis et al.
1996). This lethality may arise from a deficiency in the
repair of AP sites or of oxidative damage, or from the
inactivation of the redox regulatory function, or from the
combined effects of these deficiencies. The redox activ-
ity of HAP1 protein resides in the amino-terminal do-
main, and cysteine 65 is essential for this function. Be-
cause neither the amino-terminal sequence nor the cys-
teine 65 residue have been conserved in Apn2, this
protein may have no role in redox regulation. Our obser-
vations with the yeast apn1D apn2D mutant may suggest
that embryonic lethality of hap1 −/− mice results from a
deficiency in the redox regulatory function and not from
the inactivation of the DNA repair function of HAP1.

Materials and methods

Identification of APN2

To identify the yeast homolog of the human AP endonuclease
HAP1, the HAP1 protein sequence (GenBank accession no.
M92444) was used to search for homologs in the S. cerevisiae
nonredundant protein data set at the Saccharomyces Genome
Database using the BLAST program (Altschul et al. 1990). The S.
cerevisiae open reading frame (ORF) designated YBL019W (ac-
cession no. Z35780) showed homology to HAP1-encoded pro-
tein, and we have named this gene APN2.

Generation of yeast null mutations

Deletion mutations were generated in yeast by the gene replac-
ment method (Rothstein 1991) using the URA3 geneblaster. To
construct a genomic deletion mutation of APN1, a 1.9-kb PCR
product containing the APN1 gene was cloned into pUC19, gen-
erating the plasmid pPM750. The region of APN1 from the BglII
site at nucleotide position +25 to the EcoRV site at postion
+1057 within the APN1 ORF was replaced with the URA3 ge-
neblaster fragment. The resulting plasmid, pPM753, when cut
with PvuII results in a linear DNA fragment, incorporation of
which in the yeast genome deletes APN1 from nucleotide +30 to
+1060 of the 1104-bp APN1 ORF. To construct the apn2 dele-
tion generating plasmid, a 2.54-kb PCR product encompassing
the APN2 gene was generated and cloned into pUC19. The 1.37-
kb BglII fragment within the APN2 ORF was excised and re-
placed with the URA3 geneblaster fragment. The apn2D-gener-
ating plasmid pPM838, when digested with BamHI and SalI,
releases a linear DNA fragment, incorporation of which in the
yeast genome deletes APN2 from nucleotide +135 to +1505 of
the 1563-bp APN2 ORF. Linear deletion generating DNA was
introduced into yeast strains by the lithium acetate method (Ito
et al. 1983). Generation of genomic deletions was confirmed by
PCR of genomic DNA. The URA3 geneblaster fragment con-
tains the URA3 gene flanked by two direct repeats of the Sal-
monella HisG sequence. These repeats allow for recombination
in yeast to excise the URA3 gene (Alani et al. 1987). Loss of the
URA3 gene was selected for by plating cells on medium con-
taining 5-fluoro-orotic acid (5-FOA).

Spontaneous forward mutation of CAN1S

To measure the rates of spontaneous foward mutation at the
CAN1S locus, for each strain, 11 independent cultures were

grown in 500 µl of YPD, each starting from ∼10 canavanine-
sensitive cells. Cells were grown for 3 days at 30°C and subse-
quently plated onto synthetic complete (SC) medium lacking
arginine but containing canavanine. Plates were incubated for
4–5 days before counting canavanine-resistant colonies. Rates of
spontaneous forward mutation were determined by the method
of the median (Lea and Coulson 1949). Each experiment was
performed in duplicate.

MMS sensitivity and mutagenesis

All of the strains used for these experiments were derived from
DBY747 that had been made trp1D, resulting in the strain
EMY74.7 (MATa his3-D1 leu2-3,-112 trp1D ura3-52). For deter-
mining sensitivity to MMS and for measuring the rate of MMS-
induced forward mutations at the CAN1S locus, cells were
grown overnight in YPD medium, sonicated to disperse clumps,
washed, and resuspended in 0.05 M KPO4 buffer at pH 7.0. Ap-
propriate dilutions of MMS were added to 1-ml suspensions of
cells adjusted to 1.5 × 108 cells per ml. Samples were incubated
in the presence of MMS with vigorous shaking at 30°C for 20
min. The reaction was terminated by the addition of 1 ml of
10% sodium thiosulfate. Appropriate dilutions of cells were
plated on YPD for viability determinations and on synthetic
complete medium lacking arginine but containing canavanine
for determining the frequency of can1r mutations. Plates were
incubated at 30°C and counted after 3 and 4–5 days for viability
and mutagenesis determinations, respectively.

Alkaline sucrose gradients

All strains for alkaline sucrose gradient sedimentation were de-
rived from EMY74.7. r0 derivatives lacking mitochondrial DNA
were obtained by ethidium bromide mutagenesis, resulting in
the following isogenic strains used in these experiments:
YRP276, his3-D1 leu2-3,-112 trp1D ura3-52 r0; YRP210, his3-D1
leu2-3,-112 trp1D ura3-52 r0 apn1D; YRP291, his3-D1 leu2-3,-
112 trp1D ura3-52 r0 apn2D; YRP292, his3-D1 leu2-3,-112 trp1D

ura3-52 r0 apn1D apn2D. Strains grown overnight at 30°C in SC
medium containing 10 µg/ml of uracil and 10 µCi/ml [3H]uracil
were collected by filtration, washed, and suspended in the same
volume of SC containing 30 µg/ml of uracil. Cells were then
incubated for 1 hr at 30°C to allow for depletion of the intra-
cellular pool of [3H]uracil to occur. Cells were collected by fil-
tration, washed, and suspended in 0.05 M KPO4 buffer at pH 7.0,
and incubated for 20 min with MMS at a final concentration of
0.1%. Cells were collected by filtration, washed, and resus-
pended in 3 ml of water. One milliliter of cells was used for the
0-hr sample and the other 2 ml of cells was diluted to 20 ml with
YPD medium and incubated for an additional 1 or 2 hr to allow
for repair to occur. Conversion of cells to spheroplasts, alkaline
sucrose gradient sedimentation, and processing of samples were
performed as described (Torres-Ramos et al. 1996), except that
acid precipitation of alkali-hydrolyzed samples was carried out
with 1 N HCl and 0.1 M sodium pyrophosphate rather than TCA.
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