
A mutation in EXO1 defines separable roles in DNA mismatch
repair and post-replication repair

Phuoc T. Trana,+,*, Julien P. Feyb,+, Naz Erdenizc,+, Lionel Gellond, Serge Boiteuxe, and R.
Michael Liskayc

a Department of Radiation Oncology, Stanford Hospital & Clinics, Stanford, CA 94305, USA

b Department of Molecular Biology and Genetics, Cornell University, Ithaca, NY 14853, USA

c Department of Molecular and Medical Genetics, Oregon Health & Science University, Portland, OR 97239,
USA

d Department of Genetics and Complex Diseases, Harvard School of Public Health, Boston, MA 02115, USA

e Commissariat à l'Energie Atomique (CEA), Département de Radiobiologie et Radiopathologie, UMR217
CNRS/CEA Radiobiologie Moléculaire et Cellulaire, Fontenay aux Roses 92265, France

Abstract
Replication forks stall at DNA lesions or as a result of an unfavorable replicative environment. These
fork stalling events have been associated with recombination and gross chromosomal
rearrangements. Recombination and fork bypass pathways are the mechanisms accountable for
restart of stalled forks. An important lesion bypass mechanism is the highly conserved post-
replication repair (PRR) pathway that is composed of error-prone translesion and error-free bypass
branches. EXO1 codes for a Rad2p family member nuclease that has been implicated in a multitude
of eukaryotic DNA metabolic pathways that include DNA repair, recombination, replication, and
telomere integrity. In this report, we show EXO1 functions in the MMS2 error-free branch of the PRR
pathway independent of the role of EXO1 in DNA mismatch repair (MMR). Consistent with the idea
that EXO1 functions independently in two separate pathways, we defined a domain of Exo1p required
for PRR distinct from those required for interaction with MMR proteins. We then generated a point
mutant exo1 allele that was defective for the function of Exo1p in MMR due to disrupted interaction
with Mlh1p, but still functional for PRR. Lastly, by using a compound exo1 mutant that was defective
for interaction with Mlh1p and deficient for nuclease activity, we provide further evidence that Exo1p
plays both structural and catalytic roles during MMR.
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1. Introduction
Cells expend a great deal of energy and enlist a large number of gene products to faithfully
duplicate their genomes [1,2]. S-phase replication checkpoints are cellular failsafe mechanisms
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that arrest cells or slow S-phase progression allowing for the repair, recovery and if these are
not possible, the bypass of lesions that prevent duplication of the genome. Replication forks
stall because of encounters with upstream lesions or low dNTP pools. Pathways to overcome
fork stalling are highly conserved across species. When checkpoints, fork repair or fork bypass
processes are defective, stalled replication forks can generate anomalous structures [1]. These
recombinogenic structures have been proposed to account for genomic rearrangements at
fragile sites and for genomic instability in cancer cells [3]. In fact, human cancers have been
shown to have defects in genes for checkpoints, fork repair or fork bypass proteins [3].
Moreover, recent studies have suggested that these replication response pathways serve as the
earliest barrier to tumorigenesis [4,5].

Post-replication repair (PRR) is a eukaryotic pathway that facilitates the bypass or tolerance
of fork stalling events but does not “repair” these lesions [6-8]. The pathway is defined by the
RAD6-RAD18 heterodimer, which encodes a ubiquitin-conjugating and ubiquitin-ligase
enzyme complex. This pathway has been shown to consist of minimally three genetic branches:
a checkpoint sub-pathway [9]; an error-free sub-pathway; and an error-prone translesion
synthesis sub-pathway [10]. Genetic defects in these sub-pathways can result in increased
sensitivity to DNA damaging agents, growth deficiencies and effects on spontaneous and
induced mutagenesis [11].

Exo1p is a member of the Rad2 family of structure-specific nucleases which based on in vitro
studies possess 5′->3′ exonuclease and 5′-flap endonuclease activities [12,13]. First isolated as
a nuclease activity induced during meiosis in fission yeast [14], Exo1p has since been
implicated in multiple DNA metabolic pathways that include DNA repair, recombination,
replication, and telomere integrity [12,13]. EXO1 involvement in these multiple pathways
makes it a logical target for mutation during oncogenesis; supported by the tumor prone
phenotype of a mouse model [15]. Exo1p has been best characterized by its structural and
catalytic role during DNA mismatch repair (MMR) mutation avoidance [16-19]. However,
based on the exo1Δ mutational spectra and genetic interaction with REV3, we previously
hypothesized that EXO1 participates in at least one MMR-independent mutation avoidance
pathway [12]. In agreement with our supposition, recent studies have identified a potential role
for EXO1 in the maintenance and repair of stalled replication forks [20-22].

Here, we report on the role of EXO1 in the tolerance to the fork stalling lesion(s) produced
from low doses of methylmethane sulfonate (MMS) and the MMR dependency of this function.
Based on our findings, we propose that EXO1 functions in the MMS2 error-free branch of the
PRR pathway, independent of the role of EXO1 in MMR. Consistent with the idea that
EXO1 functions in two separate genome stability pathways, we defined a domain of Exo1p
required for PRR distinct from those required for interaction with MMR proteins. Finally, we
generated an exo1 missense mutant that was functional for PRR, but defective for MMR.

2. Materials and methods
2.1. Strains and media

E. coli strain DH-10B was used for plasmid construction and amplification. S. cerevisiae strains
used in this study are described in Table 1. Bacterial and yeast strains were grown under
conditions described previously [19]. Yeast transformations were performed by the
polyethylene glycol-lithium acetate method [23].

The genomic exo1 point mutant strains [19] (Table 1) were created with a two-step
recombination procedure as described previously (for exo1-D173A) and as below (for exo1-
FF447AA). Targeting construct YIp-exo1-FF477AA was digested with XmaI and transformed
into appropriate strains as described previously [19]. We screened for the mutant alleles using
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the PCR oligos: EXO1-999.S, 5′-CGACGACGATATAGATCACCAC-3′; and
EXO1-1501.AS, 5′-CACTCAGGTTGTCGTCATCCTC-3′. The exo1-FF4477AA mutation
creates a second AluI site in this interval. All point mutants were also confirmed by sequencing
using oligo EXO1-1230.S, 5′-CATCCATAGTCTAAGACAAGCGG-3′.

All other yeast deletion mutants were created using PCR generated disruption amplicons from
strains provided by the Saccharomyces Genome Deletion Project.

2.2. Plasmid construction
All DNA manipulations were performed using standard molecular biology procedures [24].
DNA sequencing was performed at OHSU Microbiology and Immunology core sequencing
facility with an ABI automated sequencer.

(i) Targeting vectors—YIp-exo1-FF447AA was created as follows. A BamHI-XmaI
fragment of EXO1 containing the FF447AA mutation taken from pJAS-exo1-FF447AA was
cloned into YIp-EXO1 and replaced the wildtype BamHI-XmaI segment. The correct clone
was confirmed by sequencing.

(ii) Expression plasmids—The construction of pJAS-EXO1-FLAG and nuclease deficient
variants and pJAS-RAD27 were described previously [19]. The pJAS-exo1-FF447AA and
pJAS-exo1-D173A,-FF447AA constructs were made as follows.

The exo1-FF4477AA allele was created using the Quikchange™ Site-Directed Mutagenesis
Kit (Stratagene) on pJAS-EXO1-FLAG using the following oligos: exo1-FF447AA.S, 5′-
GGATACAAGAAGCAAAGCTGCTAATAAACCCTCCATG-3′; and exo1-FF447AA.AS,
5′-CATGGAGGGTTTATTAGCAGCTTTGCTTCTTGTATCC-3′. The region between
unique internal BamHI and XmaI sites was sequenced for the FF447AA allele and to exclude
any second site mutations. The desired BamHI- XmaI fragment was cloned back into the parent
pJAS-EXO1-FLAG and pJAS-exo1-D173A-FLAG to produce pJAS-exo1-FF447AA-FLAG and
pJAS-exo1-D173A,-FF447AA-FLAG, respectively.

2.3. Mutation rates assays
Measurement of mutation rates were performed as stated previously [19]. Briefly, strains were
streak purified, individual colonies grown to saturation in YPD or -Trp, then various dilutions
plated onto complete synthetic media (CSM), -Thr and + Canavanine (+CAN) [60 μg/ml] plates
and colonies counted after 2-3 days growth at 30°C. Rates were determined as previously
described. Statistical analysis was performed using Prism version 2a software (GraphPad
Software Inc.).

Patch assays were performed by streak purifying strains, individual colonies patched onto YPD
or –Trp plates, grown to confluence at 30°C, then replica plated onto -Thr or -Thr -Trp plates
and colonies counted after 2-3 days growth at 30°C.

2.4. Two-hybrid Analysis
Protein-protein interactions were assessed using the two-hybrid technique as described
previously [18]. Four independently generated pGAD-exo1-FF447AA “prey” clones were
tested. “Bait” and “prey” plasmids were transformed into L40, growth on –TRP –URA plates
served as a control, while growth on –TRP –URA –HIS plates indicated “bait”-“prey”
interaction. L40 has a second chromosomal lexA-GAL4A reporter system, URA3::
(lexAop) 8-lacZ. β-galactosidase assays were performed on –TRP –URA –HIS plates as
described [25]. Reactions were placed at 30°C until desired blue color development was
achieved.
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2.5. Methylmethane Sulfonate Epistasis Analysis
Designated single and double mutant combinations were grown overnight to saturation in YPD,
serially diluted (1:5), dilutions spotted onto YPD and YPD containing 0.0005-0.0175%
methylmethane sulfonate (MMS) plates with a 48-prong replicator and allowed to grow at 30°
C for 3-4 days.

2.6. Plasmid Loss Assay
To assess synthetic lethality of exo1 mutations in combination with rad27Δ, we performed the
assay as described previously 2-3 times per experiment [24].

3. Results
3.1. Epistasis analysis defines a role for EXO1 in the MMS2 error-free branch of PRR that is
MMR-independent

Treatment of S. cerevisiae with low doses of MMS has been used to assess the function of the
intra-S-phase checkpoint and replication fork restart/bypass processes [26-29]. We performed
epistasis analysis for sensitivity to low doses of MMS between EXO1 and genes known to be
involved in PRR or replication fork bypass. The rad6Δ and rad18Δ mutations, the founding
genes of the PRR pathway, displayed an epistatic relationship to exo1Δ (Figure 1A) [11],
suggesting that EXO1 functioned in PRR for MMS tolerance. As mentioned previously, PRR
is composed of at least three genetically distinct sub-pathways: a checkpoint pathway; an error-
free pathway; and an error-prone pathway, defined by the genes RAD9 [9], MMS2 [30] and
REV3 [10,31,32], respectively. We found that mms2Δ was epistatic to exo1Δ, but that both
rad9Δ and rev3Δ were synergistic with exo1Δ (see Figure 1B-D) by epistasis analysis for MMS
sensitivity. These data suggested that EXO1 functions in the MMS2 error-free sub-pathway of
PRR and is redundant to the RAD9 checkpoint and REV3 error-prone sub-pathways. RAD5 has
been mapped to the MMS2-error free branch by both genetic and protein interaction data
[33-35]. Interestingly, we were unable to generate an exo1Δ rad5Δ double mutant suggestive
of a synthetically lethal interaction (see Figure 1A).

EXO1 was first isolated in a screen for recombination gene products. Recombination plays a
role in replication restart of stalled forks independent of the PRR pathway and possibly some
facet of the MMS2 error-free bypass pathway of PRR [36]. Consistent with a role of EXO1 in
recombinational bypass of stalled replication forks, the recombination mutants rad52Δ and
rad51Δ demonstrated a epistatic relationship to exo1Δ for MMS sensitivity (see Supplemental
Figure S1A).

MGS1 encodes for a DNA-dependent ATPase with ssDNA annealing activities that has been
suggested to compete with the PRR pathway for resolution of fork stalling lesions [6,37,38].
RAD30 has been implicated in an error-free form of translesion synthesis [39,40] that some
have placed in the PRR pathway [41]. Neither of these genes demonstrated any sensitivity to
low dose MMS as single mutants. Nor did MGS1 or RAD30 have any additive or synergist
genetic interaction with EXO1 (see Figure 1D), consistent with our data that EXO1 functions
in the MMS2 error-free sub-pathway of PRR.

Finally, this role of EXO1 in MMS tolerance was independent of the role of EXO1 in MMR.
Figure 1C and supplemental Figure S1B showed that canonical MMR genes msh2Δ and
pms1Δ did not display any sensitivity to low dose MMS consistent with a lack of role in PRR.
Similarly, neither msh2Δ or pms1Δ interacted with exo1Δ as double mutants. Consistent with
published reports for mutation avoidance [18] and PRR [36], MSH2 or PMS1 did not interact
with REV3 in our MMS sensitivity assays. Taken together, our epistasis analyses suggested
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EXO1 functions in the MMS2 error-free branch of the PRR pathway in response to low dose
MMS and that this role is independent of MMR.

3.2. Mapping separate Exo1p “PRR” and “MMR” domains
Structure-function studies have delineated modular domains of Exo1p (see Figure 2A) [12,
19,42-45]. Functionally, Exo1p can be split into NH2- and COOH-terminal halves, required
for nuclease and protein-protein interaction activities [19,42,45], respectively. To identify an
Exo1p domain necessary for MMS tolerance we performed complementation assays with
progressively larger COOH –terminal deletion exo1 mutants (see Figure 2A-B). To increase
the sensitivity of the assay we performed complementation in the exo1Δ rev3Δ double mutant
which demonstrates synergistic MMS sensitivity. We have previously shown that many of the
functions of Exo1p require active nuclease activity [19], therefore deletions of the NH2-
terminal half were not likely to be fruitful. Figure 2B shows that residues 1-438 of Exo1p are
required for full complementation of the MMS sensitive exo1Δ phenotype or full activity in
PRR (see Figure 2A for summary).

In conjunction with examining the Exo1p domains required for PRR in response to MMS, we
also performed complementation studies with these exo1 deletion mutants for MMR mutator
phenotype. The mutation reporter hom3-10 reports reversions that occur primarily from a single
nucleotide deletion in a homonucleotide run of seven T-A base pairs, and has been shown to
be a sensitive marker of MMR activity in vivo [18,46]. Similar to our MMS complementation
experiments, we used the double mutant pms1-61 exo1Δ for complementation to improve the
sensitivity of our assay. Our complementation data suggested that the COOH-terminal MMR
interaction domains of Exo1p are critical for full MMR activity (see Table 2 and Figure 2A
for summary). As summarized in Figure 2A, the domains required for PRR (MMS tolerance)
and MMR were distinct from one another. Consistent with this idea, we defined an exo1
deletion (Table 2) that was functional for PRR, but not MMR (Exo1p deletion mutant #4).

3.3. The exo1-FF447AA allele is defective for MMR-dependent mutation avoidance
As suggested by the MMR complementation data for EXO1 above, interactions between Exo1p
and MMR components are important for full MMR activity, but not PRR. The MutLα
heterodimer composed of Mlh1p and Pms1p is a required component in MMR that interacts
with Exo1p via the Mlh1p protomer [18,43]. We hypothesized that we could create a more
subtle allele of EXO1 that would be defective in MMR, but not PRR by mutating the Mlh1p
minimal binding motif in Exo1p [47]: 445-RSKFF-448 to 445-RSKAA-448 (designated as
exo1-FF447AA for the remainder of this manuscript). We validated that exo1p-FF447AA no
longer interacted with Mlh1p by yeast two-hybrid (see Figure 3). However, this exo1 mutant
was still capable of interaction with Msh2p, another required component of MMR, by yeast
two-hybrid (Figure 3). Retention of Msh2p interaction would seem to rule out that gross
disruption of the Exo1p COOH-terminal tertiary structure or increased turnover was the reason
for the lack of an exo1p-FF447AA-Mlh1p interaction (Figure 3).

To validate the failure of exo1p-FF447AA to interact with Mlh1p in vivo, we made use of the
dominant negative allele, exo1-D173A, which when overexpressed in a hypomorphic MMR
defective background resulted in a synergistic MMR defect using the hom3-10 reporter (Table
3) [19]. We chose to use the pms1-E61A allele because the role of EXO1 in MMR can be more
readily appreciated with the use of hypomorphic alleles of mlh1 or pms1, which demonstrate
synergistic defects in MMR when combined with exo1 mutants [18,19]. As demonstrated by
Table 3, the exo1-FF447AA allele was able to complement the defect of exo1Δ using the
“general” mutation reporter CAN1, which reports a wide variety of mutational events including
small frameshift insertion/deletions, nucleotide substitutions and large deletions. However, the
compound exo1-D173A, -FF447AA mutant was no longer able to exert a dominant negative
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effect, per the MMR-specific hom3-10 reporter, as compared to the exo1-D173A allele when
expressed in the background of a weak pms1 defective allele. Taken together these data suggest
that the protein encoded by exo1-FF447AA is stable and functional for MMR-independent
mutation avoidance, but is not capable of interaction with the MutLα heterodimer, consistent
with our two-hybrid data above.

We next examined the effect of the exo1-FF447AA allele when expressed from the native
EXO1 chromosomal locus. Previously we ascribed much of the CAN1 mutator phenotype of
an exo1Δ to a defect in a MMR-independent mutation avoidance pathway based both on
mutational spectra data and suppression by deletion of REV3 [12,19]. In agreement with the
argument that the exo1-FF447AA mutant is functional for PRR or fork bypass, we did not
observe an increased mutation rate at the CAN1 mutation reporter (Table 4, strain PTY1300).
We next analyzed the effect of the exo1-FF447AA mutant on the MMR mutator phenotype
using the hom3-10 reporter. As described previously, a singular defect in EXO1 has little or
no effect on MMR-dependent mutation avoidance as compared to the primary components
MLH1 or PMS1 (Table 4). The lack of a strong MMR mutator phenotype is likely due to
EXO1 redundant activities [12]. As stated previously, we used hypomorphic alleles of mlh1 or
pms1 to better evaluate the effect of exo1-FF447AA on MMR, because mlh1-E31A and pms1-
E61A alleles demonstrate synergistic defects in MMR when combined with exo1 mutants
[18,19]. As shown in Table 4, exo1-FF447AA demonstrated synergistic defects in MMR with
either mlh1 (strain PTY223) or pms1 (strain PTY224) hypomorph alleles. Taken together, these
data suggest that the exo1-FF447AA mutant is defective for MMR function most likely due to
loss of interaction with the MutLα heterodimer.

3.4. The exo1-FF447AA allele is proficient for PRR
We next examined the function of the exo1-FF447AA mutant for PRR, or fork bypass, by
sensitivity to low dose MMS. As shown in Figure 4A-B, the exo1-FF447AA mutant was no
more sensitive to low dose MMS than wildtype. In addition, the exo1-FF447AA mutant
displayed no synergistic defects with either rev3Δ or rad9Δ mutations (see Figure 4A-B). As
stated previously, RAD5 has been mapped to the MMS2-error free branch [33-35] and we
demonstrated above a synthetic interaction between exo1Δ and rad5Δ (Figure 1A). Consistent
with our hypothesis that the exo1-FF447AA allele is only dysfunctional for MRR, we were
able to generate a double exo1-FF447AA rad5Δ mutant (see Figure S2C). In summary, these
data suggest that the exo1-FF4477A allele defines a mutation that separates the PRR and MMR
functions of EXO1.

4. Discussion
In this study, we report genetic data suggesting that EXO1 functions in the MMS2 error-free
branch of PRR in response to MMS. This novel function of EXO1 in PRR was independent of
MMR. By performing structure-function studies on Exo1p, we defined an NH2-terminal
fragment of Exo1p that was required for PRR. This fragment included regions of Exo1p not
attributed previously to any known activities. Finally, using an allele of EXO1 that encodes a
protein incapable of binding to Mlh1p, we were able to genetically separate the function of
EXO1 in MMR from that in PRR.

Although the mechanism of fork bypass by the MMS2 error-free branch of PRR is poorly
defined, selection of which PRR branch is utilized during a fork stalling event is thought to
occur via ubiquitin states of PCNA [48-50]. Briefly, upon S-phase DNA damage Rad6p-
Rad18p mono-ubiquitinates PCNA on K164 promoting translesion synthesis or mutagenic fork
bypass. Alternatively, Mms2-Ubc13p-Rad5p poly-ubiquitinates PCNA on K164 through
further chain assembly on K63 of ubiquitin, which directs the stalled fork to error-free bypass.
Recent data suggest that the MMS2 error-free branch likely facilitates fork bypass using a
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recombinational mechanism via copy choice or template switching. This same study also
suggested that a smaller fraction of error-free fork bypass events was RAD52-dependent [36].
Our results (Figure 1A-D & Figure 4) showing that mms2Δ was epistatic to exo1Δ suggest that
EXO1 plays a role in the MMS2-dependent error-free bypass pathway. Given EXO1's role in
other recombinational pathways and its biochemical activity on recombination substrates, we
hypothesize that the Exo1p nuclease functions are utilized to generate or resolve intermediates
for copy choice or template switching bypass in the MMS2-sub-branch of PRR.

In addition to the role of EXO1 in PRR proposed here, EXO1 has been implicated to function
in cell cycle checkpoint, fork maintenance and fork repair pathways [20-22,51,52]. EXO1 has
been shown to play subtle roles in end-processing for mitotic recombination and function
redundantly with at least one other unidentified nuclease. This “other” redundant nuclease may
be regulated by the Mre11p- Rad50p-Xrs2p (MRX) complex for recombination [51]. However,
more recently the MRX complex and Exo1p have been implicated in the activation of DSB-
and UV-induced Mec1p-dependent checkpoints [52]. The MRX complex and Exo1p were
shown to collaborate in producing long ssDNA tails at DSB ends and promote Mec1p
association with the DSBs. The long ssDNA tails produced by Exo1p can also revoke fork
reversal by resecting newly synthesized chains and resolving the sister chromatid junctions
that cause regression of collapsed replication forks in a rad53-deficient background [22].
Consistent with a role in replication fork maintenance, EXO1 has been demonstrated to have
a synthetic interaction with SGS1 mutations [20]. The Sgs1p helicase is required for genome
stability and is thought to be important for maintenance of stalled forks [20]. Thus, the
requirement for Exo1p in the absence of Sgs1p suggests an important role for Exo1p in the
maintenance, repair or restart of stalled replication forks. Finally, EXO1 and PSO2 appear to
have overlapping roles in the processing of collapsed replication forks due to some forms of
endogenous DNA damage and from nitrogen mustard induced interstrand cross-links [21].

Our inability to generate an exo1Δ rad5Δ double mutant seems at odds with a role of EXO1 in
the MMS2-sub-pathway of PRR. This can be explained by several studies suggesting a function
of yeast RAD5 beyond its activity in PRR. RAD5 deficiency results in higher sensitivity to
various types of DNA damage than deletion of either MMS2 or UBC13 [33]. Furthermore,
rad5Δ mutants, relative to other PRR mutants, are highly sensitive to ionizing radiation, have
elevated rates of spontaneous mitotic recombination, higher rates of gross chromosomal
rearrangements, paradoxically increased stability of simple repetitive sequences and higher
end-joining activity in a plasmid gap repair [53-56]. Similar to our findings, Chen et. al. recently
isolated a separation of function mutant of RAD5 for PRR and MRE11-XRS2-RAD50-
dependent double strand break repair [57]. Given the data supporting multiple PRR-
independent functions of RAD5, we believe the synthetic lethality between exo1Δ and rad5Δ
uncovers a redundancy for an essential PRR-independent function or possibly a strain-
dependent phenomenon.

Studies have suggested that Exo1p plays both catalytic and structural roles during MMR-
mediated mutation avoidance [16,17,19]. Our results using nuclease-deficient, exo1-D173A,
and Mlh1p-binding defective, exo1- FF447AA, exo1 alleles further support both catalytic and
structural roles, respectively, for Exo1p in MMR. Interestingly, the “structural-catalytic”
double exo1 mutant (exo1-D173A, -FF447AA) behaves like exo1Δ, as determined by
synergistic interaction with weak pms1 alleles (see Table 4; compare strain PTY204 to
PTY225). Another interesting MMR-related finding is that the Mlh1-binding mutant exo1p-
FF447AA (Figure 3) although still capable of interaction with Msh2p, was nevertheless
defective in its MMR spellchecker function. These data suggest that a complex interplay
between Exo1p and MutLα and MutSα is necessary for optimum MMR activity.
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Exo1p is an interesting nuclease that appears to have multiple independent roles in several
DNA metabolic processes important for genome duplication and stability (see Figure S3 and
Table 5). In this report, we have uncovered an additional function of EXO1 as a component in
the MMS2-error free branch of PRR independent of its role in MMR. The findings reported
here and those of others strengthen the assertion that EXO1 is truly a “multi-tasking” nuclease
[12]. However, similar to the function of EXO1 in MMR [12], the role of EXO1 in PRR will
be somewhat difficult to assess because a singular defect in EXO1 is apparently masked by
redundant gene functions within the PRR pathway. Further studies of EXO1 in both the MMR
and PRR pathways will likely require the use of specific exo1 alleles such as those described
here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
EXO1 acts in the MMS2 error-free branch of PRR in response to MMS independent of MMR.
Overnight saturated cultures were serially diluted (1:5), spotted on YPD plates and YPD plates
with increasing concentrations of MMS using a 48-prong replicator and then incubated at 30
°C for 2-4 days. The exo1Δ mutation defines an MMS tolerance pathway that functions in the
(A) RAD6/RAD18 PRR pathway, but is redundant with the REV3 error-prone branch and the
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RAD9 checkpoint branch as the double (B) exo1Δ rad9Δ and (C) exo1Δ rev3Δ mutants are
synergistically more sensitive than the single mutants alone. In contrast, (D) EXO1 is hypostatic
to MMS2 and other components of the error-free branch of the PRR, but EXO1 did not interact
with pathways competing with PRR as defined by MGS1 and RAD30. This EXO1 DNA damage
tolerance pathway is independent of MMR as there was no genetic interaction when (C)
msh2Δ or (Figure S1B) pms1Δ mutants were examined.
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Figure 2.
Defining separate Exo1p PRR and MMR domains. (A) Schematic and summary of phenotypes
for Exo1p deletion mutants tested by MMS sensitivity (PRR) and for MMR mutator as shown
in Figure 2B and Table 2, respectively. Exo1p with functional domains and motifs as indicated
by respective hatched boxes. Site-specific mutations experimentally examined are highlighted
by asterisks as detailed in the text. This analysis defines Exo1p deletion mutant #4 (1-438 aa)
as a separation of function mutant. (B) Complementation of MMS tolerance in an exo1Δ
rev3Δ strain with the listed Exo1p deletion mutant constructs suggests that residues 1-438 are
necessary for functional PRR. MMS sensitivity was performed as described previously in
Figure 1.
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Figure 3.
The FF->AA mutation prevents Exo1p from interacting with Mlh1p, but not Msh2p by yeast
two-hybrid. Strains with designated bait-prey sets were grown in nonselective media (-TRP -
URA) to saturation, serially diluted (1:5), spotted on the indicated plates using a 48-prong
replicator and then incubated at 30 °C for 3 days. Strains were assayed for β-gal activity by lift
assays as described in the Materials and Methods. Growth on –HIS plates and blue color
development on the β -gal assay indicates interaction between the bait and prey fusion proteins.
(A) Mlh1p-LexAp bait and Exo1p-Gad4p prey combinations demonstrate that the exo1-
FF447AA mutation prevents Exo1p-Gad4p interaction with Mlh1p-LexAp. Lanes: 1, pBTM
(empty bait control) + pGAD (empty prey control); 2, pBTM-MLH1 + pGAD; 3, pBTM-MLH1
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+ pGAD-EXO1; 4, pBTM-MLH1 + pGAD-exo1-FF447AA # 1; 5, pBTM-MLH1 + pGAD-
exo1-FF447AA # 5; 6, pBTM-MLH1 + pGAD-exo1-FF447AA # 6; and 7, pBTM-MLH1 +
pGAD-exo1-FF447AA # 10. (B) Msh2p-LexAp bait and Exo1p-Gad4p prey combinations
demonstrate that the exo1-FF447AA mutation does not prevent Exo1p-Gad4p interaction with
Msh2p-LexAp. Lanes: 1, pBTM (control) + pGAD (control); 2, pBTM-MSH2 + pGAD; 3,
pBTM- MSH2 + pGAD-EXO1; 4, pBTM- MSH2 + pGAD-exo1-FF447AA # 1; 5, pBTM-
MSH2 + pGAD-exo1-FF447AA # 5; 6, pBTM- MSH2 + pGAD-exo1-FF447AA # 6; and 7,
pBTM- MSH2 + pGAD-exo1-FF447AA # 10. Clones pGAD-exo1-FF447AA #1, 5, 6 & 10
represent four independently generated “prey” constructs.
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Figure 4.
The exo1-FF447AA mutant is functional for PRR. Overnight saturated cultures were serially
diluted (1:5), spotted on YPD plates and YPD plates with increasing concentrations of MMS
using a 48-prong replicator and then incubated at 30 °C for 2 days. The exo1-FF447AA
mutation shows no defect in the PRR pathway as this mutant is as resistant to MMS as wildtype
and does not show any genetic interaction with the redundant (A) REV3- or (B) RAD9-
dependent branches of PRR.
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