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Fen1/Rad27 nuclease activity, which is important in DNA metabolism, is stimulated by proliferating cell
nuclear antigen (PCNA) in vitro. The in vivo role of the PCNA interaction was investigated in the yeast Rad27.
A nuclease-defective rad27 mutation had a dominant-negative effect that was suppressed by a mutation in the
PCNA binding site, thereby demonstrating the importance of the Rad27-PCNA interaction. The PCNA-binding
defect alone had little effect on mutation, recombination, and the methyl methanesulfonate (MMS) response
in repair-competent cells, but it greatly amplified the MMS sensitivity of a rad5] mutant. Furthermore, the
PCNA binding mutation resulted in lethality when combined with a homozygous or even a heterozygous pol3-01
mutation in the 3'—5' exonuclease domain of DNA polymerase 6. These results suggest that phenotypically
mild polymorphisms in DNA metabolic proteins can have dramatic consequences when combined.

Polymorphisms occur throughout the human genome. In
some cases, they may affect biological function and may be
responsible for poorly understood differences in individual sus-
ceptibilities to diseases. Because genetic instability is a major
causative factor in tumorigenesis, the consequences of subtle
functional alterations in proteins that act on DNA are of par-
ticular interest. The Fenl nuclease, termed Rad27 in the yeast
Saccharomyces cerevisiae, plays an important role in DNA me-
tabolism (reviewed in reference 24). It seems plausible that
even subtle changes in Fenl could have significant deleterious
effects because deletion of the Fen1/Rad27 gene in yeast cells
causes severe effects, including temperature sensitivity and hy-
persensitivity to the DNA-alkylating agent methyl methanesul-
fonate (MMS). The rad27-A (a deletion null allele) strain ex-
hibits instabilities in short DNA repeats, microsatellites and
minisatellites, expansions of the trinucleotide repeat CTG/
CAG, duplications between separated short direct random re-
peats, intrachromosomal and interchromosomal mitotic re-
combination, and chromosome loss (8, 15, 20, 38, 41, 44, 48).
RAD?27 becomes essential for viability in strains lacking dou-
ble-strand break (DSB) recombinational repair (42, 44) or the
5'—3" exonuclease EXOI (43) or in strains carrying mutation
pol3-01 in the 3'—=5" exonuclease proofreading domain of
DNA polymerase & (Pol 8) (20), and in strains with a temper-
ature-sensitive mutation in DNA2 (DNA helicase/3'—5" exo-
nuclease) (1, 3).

The Fenl nuclease recognizes specific types of DNA struc-
tures (reviewed in reference 24). In vitro, it is highly active
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toward 5'-flap DNA, a branched structure that can result from
strand displacement during DNA synthesis. Fenl acts as an
endonuclease to cleave the displaced flap strand at the single-
strand/double-strand junction. It also acts as a 5'—3’ exonu-
clease at nicks in duplex DNA. Significantly, Fenl can remove
a 5'-terminal ribonucleotide as well. During lagging strand
DNA synthesis, RNA primers are removed by RNase HI;
however, this enzyme cannot excise the final 5'-terminal ribo-
nucleotide at the RNA-DNA junction. The completion of
RNA primer removal by Fenl is essential for Okazaki frag-
ment processing in reconstituted replication assays (14, 35, 47,
49). At the restrictive temperature (37°C), a rad27-A mutant
accumulates short DNA fragments of the size range expected
for unprocessed Okazaki fragments (27). Fenl can cleave oli-
gonucleotide substrates with 5’-terminal abasic sites that
mimic reaction intermediates that arise during base excision
repair (BER) (6, 32). In reconstituted long-patch BER assays,
Fenl is essential for the excision step (18, 19). The relevance of
these in vitro observations to BER in vivo is supported by the
MMS sensitivity of rad27-A mutants.

In addition to its structure-specific nuclease activity, Fenl
exhibits a protein-protein interaction with proliferating cell
nuclear antigen (PCNA). PCNA is essential for DNA synthesis
during replication and repair (reviewed in references 17 and
50). It is a homotrimeric ring-shaped protein that serves as an
accessory factor for Pol 8 and Pol €. DNA-bound PCNA forms
a sliding clamp that tethers Pol 8 or Pol € to template DNA and
thus promotes processive DNA synthesis. It also binds to sev-
eral other proteins involved in DNA metabolism, including
DNA ligase I (22) and DNA-(cytosine-5) methyltransferase
(4). PCNA binds to Fenl and stimulates nuclease activity on
oligonucleotide-based 5" flaps and nicked duplex DNA sub-
strates (23, 54). These properties suggest that Fenl and PCNA
interact during the course of DNA replication, DNA repair, or
both. Support for the importance of Fenl-PCNA binding in
BER has come from studies with a reconstituted long-patch
BER system, in which Fenl-PCNA interaction was shown to
contribute to excision efficiency (9).

The possible involvement of the Fen1-PCNA interaction in
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DNA replication has been proposed (23), but it has not been
investigated specifically. Recently, a hypothetical model of the
Fenl-PCNA complex was presented that illustrated PCNA
binding and nuclease activities working in tandem during rep-
lication (13). We have selectively inactivated nuclease and
PCNA binding activities of yeast Fenl/Rad27 to dissect the
contributions of each to overall function in vivo. Unexpectedly,
we found that PCNA binding in Rad27/Fenl has a function
beyond mere stimulation of nuclease activity. A mutation of
Rad27 eliminating PCNA binding had very little effect by itself
but had major consequences via intragenic or intergenic inter-
actions. The PCNA nonbinding rad27 allele greatly enhanced
the repair deficiency of a rad51-null strain and caused inviabil-
ity of yeast cells with a minor Pol & defect. Our results show
that while subtle defects in specific DNA metabolic proteins
may have little impact on their own, they can result in severe
phenotypic effects in combination. This principle, when ap-
plied to naturally occurring polymorphisms, can have profound
implications for the inheritance of susceptibility to disease.

MATERIALS AND METHODS

Plasmids. An EcoRI-Stul fragment of S. cerevisiae genomic DNA from plas-
mid yEP24-3a (3) containing the entire R4D27 open reading frame and flanking
transcriptional control elements was subcloned into the CEN plasmid pRS416 or
yIP pRS406 to produce pRG8X and pRG101A, respectively. These wild-type
RAD27 plasmids were used as templates for mutagenesis to create CEN and yIP
plasmids (pRG103B and pRG104A, respectively) containing the mutation
D179A (rad27-n) or CEN and yIP plasmids (pRG95E and pRG102D, respec-
tively) containing the mutation F346A/F347A (rad27-p). The D179A mutation
was created by using the primer pair 5'-AGCAAGTGAAGATATGGCCACA
CTCTGTTATAGAACACCCT-3" and 5'-AGGGTGTTCTATAACAGAGTG
TGGCCATATCTTCACTTGCT-3', which created an Mscl site to facilitate
screening, and the F346A/F347A mutation was created by using the primer pair
5'-CATTCAGGGTAGGTTAGATGGCGCCGCCCAAGTGGTGCCTAAGA
CAAAG-3" and 5'-CTTTGTCTTAGGCACCACTTGGGCGGCGCCATCTA
ACCTACCCTGAATG-3', which created an Ehel (Sfol) site. The RAD27
TRPI" CEN plasmid pLC80B was constructed by subcloning the Norl-Xhol
fragment from pRGI101A into pRS314. Plasmids pLC76A, pLC78A, and
pLC77A for the bacterial expression of C-terminal His-tagged wild-type Rad27
and mutant Rad27-n and Rad27-p proteins, respectively, were made by PCR
amplification with pRG101A, pRG104A, and pRG102D as templates with prim-
ers 5'-AGCACCATGGGTATTAAAGGTTTGAA-3" and 5'-TCGCTCGAGT
CTTCTTCCCTTTGTGACTTTA-3" and then ligating them into pET28b. Plas-
mids pRG106A, pRG105A, pRG107A, and pRG108A are URA3" 2-um
multicopy plasmids derived from the vector yEP195-SPGAL (5) for galactose-
inducible overexpression in yeast cells of wild-type Rad27 or mutant D179A
(Rad27-n), F346A/F347A (Rad27-p), and D179A/F346A/F347A (Rad27-n,p)
proteins, respectively, by using the GALI promoter. These were constructed by
three-fragment ligation of the Xbal-BstXI N-terminal fragment from pLC76A
(for pRG106A and pRG107A) or pLC78A (for pRG105A and pRG108A), the
BstXI-HindIII C-terminal fragment from pRGI101A (for pRG106A and
pRG105A) or pRG102D (for pPRG107A and pRG108A), and the Xbal-HindIII-
digested vector yEP195-SPGAL (for all four constructs). The yeast PCNA bac-
terial expression plasmid pLC93C was made by PCR by using yeast open reading
frame YBRO88C (Research Genetics) as template with primers 5'-AAGAACA
TGTTAGAAGCAAAATTTGAAGAAGC-3' and 5'-ACGGAAGCTTATTCT
TCGTCATTAAATTTAGG-3' and then ligating the AfIIII-HindIlI-digested
PCR product with Ncol-HindIII-digested pET28b. Rad27 and PCNA in plasmids
were verified by DNA sequencing. pLC93C contains synonymous codons at
PCNA residues C81 (TGC) and 1147 (ATC) that differ from those reported in
GenBank (accession numbers X16676 and Z35957) but do not affect the amino
acid sequence of the encoded protein.

Expression, purification, and characterization of Rad27 proteins. His,-tagged
wild-type and mutant Rad27 proteins were expressed in bacteria, purified by
Ni?*-metal chelate affinity chromatography, quantitated, and characterized en-
zymatically as previously described for human Fenl (9).

Yeast genetic procedures and strains. Standard yeast media and procedures of
yeast genetics were used (36). Haploid strains used to study the effects of rad27
mutations were isogenic to CG379 (S1 in our collection) MAT« ade5-1 his7-2
leu2-3,112 trp1-289 ura3-52 (28). Rates of forward mutations were measured in
the CANI gene. Strains with reporter lys2 alleles used to detect frameshift
mutations in homonucleotide runs A12 (+1 frameshifts) and A14 (—1 frame-
shifts) have been described (45, 46). Haploid strains ALE100 and ALE101 were
constructed for measuring the rate of interchromosomal recombination between
two lys2 sequences located in nonhomologous chromosomes II and I11, similar to
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previously described strains (25). lys2::HS-D in the chromosome II contains the
658-bp insert of a direct repeat of two human-specific Alu consensus sequences
cloned from plasmid pPD39 (2) in the BamHI site of LYS2. The plasmid
pRS305L3 with the 5'-truncated lys2-A5’ (1,691-bp Xhol-HindIII fragment in the
polylinker of pRS305) was integrated in the vicinity of LEU2 in chromosome III.
Because lys2-A5" and lys2::HS-D overlap for 382 bp from 5’ of the insert and for
1,309 bp from 3’ of the insert, they can produce Lys™ recombinants via gene
conversion or/and crossing over. The latter can lead to translocations (25).

Derivatives of CG379 (S1) carrying pol3-01, pol2-4, and exol mutations were
described previously (45, 46). Deletion replacement constructs with hisG-URA3-
hisG gene blaster were used to obtain null mutations in rad27, pR2.10 (41) and
rad51, pARADS1 (40). Plasmids containing rad27-p (pRG102D) or rad27-n
(pRG104A) mutant alleles (Fig. 1) in the polylinker of the pRS406 (URA3)
integrating plasmid were used for two-step replacements of the wild-type RAD27
with rad27 mutant alleles. The resulting strains carried mutant rad27 in its
normal genomic environment. Because each mutation introduced a restriction
site, genotyping was done by restriction digestion of a PCR-amplified region
overlapping the mutation. For the rad27-n mutation, the oligonucleotides
RGYKL541 (5'-CCGGCTGGTAAGTTATGATA-3") and RGYKL1487 (5'-C
AAGTCGAGTCCTCTCAAAACTA-3") were used. Mscl digestion of the
987-bp PCR product containing rad27-n produced 113- and 874-bp products. For
genotyping of rad27-p, the oligonucleotides RGYKLSEQ3 (5'-TCTTCTTCCC
TTTGTGACTTTATTC-3') and RGYKLSEQ5U (5'-GACTGGCCTTACAAA
CAAGCA-3") were used. Sfol digestion of the 324-bp PCR fragment containing
the rad27-p resulted in 210- and 114-bp products.

In order to obtain rad27-n/RAD27 heterozygous diploids, we first obtained the
chromosomally integrated rad27-n plasmid and then crossed integrants contain-
ing both wild-type and rad27-n alleles with strain E67 (MATa ade2-1 arg4-8
leu2-3,112 lys2-BX thrl-4 tipl-1 ura3-52 cupl-1) and then identified rad27-n/
RAD?27 heterozygotes among independent popouts of the URA3 marker.

In order to assess the viability of double mutants carrying either rad27-p or
rad27-A combined with exol-null, rad51-null, or pol3-01, we first transformed the
strain carrying only rad27 with the ARS-CEN plasmid LC80B (TRPI RAD27)
and then obtained a deletion or replacement in the second gene. Double mutants
carrying LC80B were replica plated twice on complete yeast extract-peptone-
dextrose (YPD) medium at 2-day intervals, suspended in water, plated at low
density to YPD, and then incubated for either 3 or 6 to 7 days (to allow the
appearance of slow-growing variants). The frequency of loss of the TRPI marker
was determined among 200 to 600 colonies by replica plating them to medium
without tryptophan. In such an assay, pLC80B is lost with a frequency of as much
as 80%. The absence or very infrequent (<1%) loss of TRPI was considered to
be evidence of synthetic lethality of the double mutation.

Heterozygous pol3-01/POL3 diploids carrying various combinations of
rad27-A, rad27-p, and RAD27 (wild-type) alleles were obtained by crossing
MATo (S1 background) rad27-p pol3-01 or rad27-A pol3-01 strains carrying the
pLC80B (TRPI RAD27) plasmid with MATa strains carrying either the rad27-A
or RAD27 (wild-type) allele. For each cross, we used two different MATa strains,
TEO1 (MATa lys2::HIS3 trpI-dell leu2-2 his3-15,11 ura3-x ade2-A) and VL6-48-a
(MATa his3-200 trpl-Al metl4 ura3-52 ade2-101 lys2-801).

PCNA binding assay. Yeast PCNA and Hiss-tagged wild-type Rad27,
Rad27-p, and Rad27-n proteins were expressed in BL21(DE3). Cells from
100-ml cultures were lysed in 5 ml of 20 mM Tris-HCI (pH 7.9)-500 mM NaCl-5
mM imidazole-0.2 mg of lysozyme per ml with protease inhibitors and then
sonicated, and the lysate was next clarified by centrifugation. Binding assay
mixtures consisted of 100 ul of 50% NiSO,-charged iminodiacetic acid resin
(HisBind; Novagen), 1.5 ml of lysate from cells expressing Hisq-tagged wild-type
or mutant Rad27, and 300 pl of lysate from cells expressing untagged wild-type
PCNA. In control experiments with either the Rad27 or the PCNA omitted,
lysate was replaced by an equivalent volume (1.5 ml or 300 pl) of lysis buffer.
Mixtures were incubated for 5 h at 4°C, and then the resin was washed with 10
mM Tris-HCI (pH 7.9)-250 mM NaCl-30 mM imidazole. Protein complexes
were eluted with Laemmli buffer and analyzed on 12% gels by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue
staining.

Rad27 immunoblot. A wild-type yeast strain was transformed with the yEP195-
SPGAL or yEP195-SPGAL derivatives pRG106A, pRG105A, pRG107A, and
pRG108A to obtain galactose-inducible expression of wild-type Rad27, Rad27-n,
Rad27-p, or Rad27-n,p. Cells were grown in glucose medium without uracil and
then transferred to galactose for 12 h. Cells were suspended in 50 mM Tris-HCI
(pH 8.0)-5% glycerol-1 mM dithiothreitol-phenylmethylsulfonyl fluoride-0.5
mM EDTA and lysed by vortexing them with glass beads. Lysate was resolved on
10% gels by SDS-PAGE. Proteins were transferred to polyvinylidene difluoride,
and the membrane was incubated with a 1:1,600 dilution of rabbit polyclonal
antibody (immunoglobulin G [IgG] fraction, 5.2 mg/ml) raised against human
Fenl (cross-reactivity with Rad27 was confirmed by prior immunoblotting
against Rad27 expressed in bacteria) and 1:5,000 mixture of peroxidase-conju-
gated goat anti-rabbit IgG; Rad27 bands were then detected by enhanced chemi-
luminescence.
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FIG. 1. Mutations in Rad27. The N region (lightly shaded) and I region (striped) are catalytically important regions common to Fenl and XPG-family exo- and
endonucleases. The rad27-n mutation (asterisk) lies within the sequence Ser/Thr-Asp/Glu-Asp-X-Asp-X-X-X-Phe/Tyr (conserved residues are in uppercase letters) that
is present in all eukaryote Fenl and XPG homologs examined to date. The P region (darkly shaded) is the PCNA binding motif. The rad27-p mutation (double asterisk)
changes two residues involved in hydrophobic interaction with PCNA. The sequence GIn-X-X-Leu/Ile/Met-X-X-Phe-Phe/Tyr (critical residues are in uppercase letters)

is present in several PCNA binding proteins.

RESULTS

Mutations in Rad27. Eukaryotic Fen1 homologs are strongly
conserved. Human Fenl and S. cerevisiae Rad27 are 380 and
382 amino acids long, respectively, and 58% identical in amino
acid sequence. Fen1/Rad27 has discrete nuclease and PCNA
binding domains (Fig. 1). The N and I regions (12, 37) com-
prise the catalytic domain that is responsible for exo- and
endonuclease activities. The D181A mutation in human Fenl
abolishes catalytic activity but does not affect binding to DNA
flap substrates (39). We made the corresponding mutation in
Rad27 (D179A, rad27-n) to likewise inactivate nuclease activ-
ity. The PCNA binding activity of human Fenl has been local-
ized to a short region near the C terminus (10, 52), and the
F343A/F344A mutation within this region abolishes PCNA
binding without affecting nuclease activity (9). We therefore
made the corresponding mutation (F346A/F347A, rad27-p) in
Rad27 to specifically inactivate its PCNA binding.

The endonuclease activities of wild-type Rad27, Rad27-n,
and Rad27-p proteins with C-terminal hexahistidine (Hisy)
tags were measured in an assay based on flow cytometry (31).
The His, tag does not alter the catalytic activity of Fenl (31).
The DNA cleavage kinetics of wild-type Rad27 and Rad27-p
were essentially identical (Fig. 2A and B). In contrast, Rad27-n
exhibited no detectable cleavage activity at any concentration
tested (Fig. 2C), confirming that nuclease activity was abol-
ished by the D179A mutation. The abilities of these proteins to
bind to yeast PCNA were also evaluated (Fig. 2D). Lysates
containing Hiss-tagged wild-type or mutant Rad27 proteins
were mixed with yeast PCNA, and metal chelate resin was used
to recover the complexes. Although several bacterial proteins
had strong affinity for the resin, including some with a mobility
similar to that of yeast PCNA (Fig. 2D, lane 1), nonspecific
binding by PCNA in the absence of Rad27 was minimal (Fig.
2D, lane 2). PCNA bound well to wild-type Rad27 and
Rad27-n (Fig. 2D, lanes 3 and 5), but specific binding to
Rad27-p was negligible (Fig. 2D, lane 4). Thus, the D179A and
F346A/F347A mutations in Rad27 specifically inactivated cat-
alytic and PCNA binding activities, respectively.

Functional interaction of nuclease activity and PCNA bind-
ing in Rad27. In order to explore the effects of a change that
leaves the PCNA binding and the DNA substrate recognition
properties intact, the nuclease activity of Rad27 was elimi-
nated. We expected that yeast strains carrying this enzymati-
cally inactive allele would exhibit a phenotype similar to that of
rad27-A, and therefore we used MMS sensitivity when screen-
ing for replacements of RAD27 by rad27-n. All MMS-sensitive
isolates formed small colonies. Based on the following obser-
vations, the slow growth and MMS sensitivity were due to the

rad27-n mutation. Among 55 isolates from five different
strains, all carried the rad27-n mutation. Among six complete
tetrads from a rad27-n/RADZ27 diploid, there were always two
normal-size colonies and two microcolonies (overall spore vi-
ability in 16 tetrads, 75%). The 12 normal colonies carried the
wild-type RADZ27 allele, and the 12 microcolonies carried
rad27-n.

Because growth was inhibited even in comparison with the
rad27-A strain (Fig. 3A), the Rad27-n protein appeared to be
toxic. Overexpression of the rad27-n mutant allele in the pres-
ence of RAD27 in haploid strains also inhibited growth (Fig.
3B). Growth inhibition was much greater in the rad51 repair-
defective mutant than in the wild type, suggesting that Rad27-n
might cause DNA damage. Unlike rad5] mutations, neither
exol nor pol3-01 (a mutation that eliminates Pol 8 3'—5" ex-
onuclease) affected the sensitivity of yeast to overexpressed
rad27-n (Fig. 3C), even though all three are synthetically lethal
with rad27-A.

The rad27-p allele, which eliminates PCNA binding, did not
affect yeast growth by itself. However, this mutation completely
eliminated the toxicity of single-copy or overexpressed rad27-n
when both mutations were combined in the same allele (rad27-
n,p; Fig. 3A and B). The toxic effect was eliminated even in the
rad51 mutant strain, which was especially sensitive to rad27-n
overexpression (Fig. 3B, right panel).

In order to exclude the possibility that rad27-p suppressed
the toxicity of rad27-n by affecting protein stability, we con-
firmed the presence of wild-type and mutant Rad27 proteins by
immunoblot analysis (Fig. 3D). The levels of the Rad27-n,p
and Rad27-n proteins were similar; therefore, intragenic sup-
pression was not due to the elimination of the toxic protein.

Elimination of PCNA binding suppressed only the negative
effect of rad27-n on growth, but it did not restore other defi-
ciencies caused by rad27-n. The rad27-n,p double mutant was
as sensitive to 2 mM MMS as rad27-n and rad27-A (not
shown), whereas both wild-type and rad27-p strains grew even
on 4 mM MMS (Fig. 4A). We examined the impact of the
rad27 mutations on the rates of frameshift mutations in long
homonucleotide runs, on forward CANI mutations, and on
interchromosomal recombination. The rates of all of these
events were increased by rad27-A, in agreement with other
reports (20, 33, 41, 48) (Table 1). Comparable increases were
also found with the rad27-n and rad27-n,p mutants. Thus,
based on MMS sensitivity and genetic instability measure-
ments, the Rad27-n protein is nonfunctional in repair and in
mutation prevention, and a second mutation, rad27-p, can sup-
press the toxic effects of rad27-n but cannot restore function-
ality to the protein.
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PCNA binding by Rad27 is not required for normal genetic
stability. Despite complete elimination of both in vitro PCNA
binding and the strong intragenic interaction with rad27-n, the
rad27-p mutation did not cause genetic instability characteristic
of rad27-A. rad27-p did not cause statistically significant in-
creases in the rates of +1 and —1 frameshifts in long homo-
nucleotide runs, in the rates of forward mutations inactivating
CANI, or in the rates of interchromosomal recombination,
whereas rad27-A caused 8- to 61-fold increases in these re-
porter systems (Table 1).

Because rad27-A is nonviable in combination with several
defects in DNA replication and/or repair (3, 20, 42, 44; see also
our data below), we looked for possible synergistic effects be-
tween rad27-A or rad27-p and other defects in DNA metabo-
lism. We found that the mutation eliminating the 3'—5" exo-
nuclease activity of DNA polymerase € (Pol €), pol2-4 (28),
amplified the effect of rad27-A in three mutation reporter
systems. Unlike the case of the rad27-A pol2-4 double mutant,
the rad27-p pol2-4 had rates of change that were very close to
those expected from an additive interaction between these two
mutations. Double mutants carrying rad27-A and exol are non-
viable (reference 43 and our data below); therefore, exol-null
strains might be sensitized to subtle defects in the Rad27 func-
tion. However, the double mutant rad27-p exol was viable (see
below), and we observed no significant change in the mutability
of these strains compared with the exol single mutant (Table
1).
The lack of Rad27 PCNA binding has little effect on MMS
sensitivity but amplifies sensitivity in a rad51 mutant. Unlike
a rad27-A mutant, rad27-p grew nearly as well as the wild type
on 4 mM MMS (Fig. 4A). A slight decrease of MMS resistance
of rad27-p compared with wild type was observed when yeast
cells were treated with a higher dose of MMS (Fig. 4B). Nev-
ertheless, the resistance of rad27-p to MMS was much greater
than that of the rad27-A strain (Fig. 4A), which suggests that
the Rad27-p protein can make a significant contribution to the
repair of alkylation damage.

The rad27-A mutation is lethal in combination with an ad-
ditional mutation in DSB repair genes, such as RAD51 (42, 44).
We found that rad27-p rad51-null double mutants were viable
(see below). Since null mutations in both rad51 and rad27
genes cause MMS sensitivity, we determined the effect of
rad27-p on the MMS sensitivity of a rad5] mutant (Fig. 4B).
Even though the effect of rad27-p alone on MMS sensitivity
was barely detectable, it amplified dramatically (up to 1,000-
fold) the MMS sensitivity of a rad51 strain.

Defect in Rad27 PCNA binding is incompatible with a ho-
mozygous or heterozygous pol3-01 mutation in the 3'—5" ex-
onuclease domain of DNA Pol 8. We investigated whether
rad27-p leads to the same types of incompatibility as rad27-A

FIG. 2. Characterization of wild-type and mutant Rad27 proteins. Wild-type
Rad27, Rad27-p (F346A/F347A), and Rad27-n (D179A) were expressed in bac-
teria and purified. The cleavage of a fluoresceinated 5'-flap DNA substrate was
monitored by flow cytometry to measure the nuclease activities of wild-type
Rad27 (A), Rad27-p (B), and Rad27-n (C). Bead-associated fluorescence (nor-
malized to an initial value of 1.0), which indicates uncleaved substrate, and the
reaction time (in seconds) are plotted. Reactions were conducted with wild-type
or mutant Rad27 protein at 200 nM (@), 100 nM (O), 50 nM (A), 25 nM (A), or
no enzyme (®). The PCNA binding activities of wild-type and mutant Rad27
proteins were determined using a bead pulldown assay (D). Ni?*-charged metal
chelate resin was incubated with bacterial lysate from cells expressing Hisg-
tagged wild-type Rad27 (lanes 1 and 3), Rad27-p (lane 4), or Rad27-n (lane 5)
or an equal volume of lysis buffer without protein (lane 2). Lysis buffer alone
(lane 1) or bacterial lysate from cells expressing untagged wild-type yeast PCNA
(lanes 2 to 5) was added. Complexes were analyzed by SDS-PAGE and Coo-
massie blue staining. The migration positions of Rad27 and PCNA are indicated.
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FIG. 3. Effect of rad27 alleles on yeast growth. (A) Single-copy genomic alleles rad27-A (A), rad27-n,p (n,p), rad27-p (p), RAD27 wild type (+), and rad27-n (n).
Drops of yeast suspensions containing approximately 3 to 5 CFU per drop were placed onto complete YPD medium (all compared strains on the same plate) and
incubated for 3 days. Four independent isolates in areas divided by dashed lines are presented for the rad27-n. (B) Effect of galactose-induced overexpressing various
rad27 alleles on growth of yeast strains carrying a wild-type RAD27 and either wild-type RADS51 or rad51-null allele. Drops of serial 10-fold dilutions of yeast suspensions
were placed on synthetic medium lacking uracil (to select for the presence of the plasmid) with either glucose or galactose. Yeast density starts from approximately
5 X 10° cells/drop and decreases in 10-fold steps from left to right. Plates were incubated for 6 days to allow growth for slow-growing strains. Only galactose plates are
shown. There was no detectable growth delay of any strain on glucose plates (parallel glucose plate is not shown; see example presented in panel C). (C) Effect of
galactose-induced overexpression of the plasmid rad27-n allele on growth of yeast strains carrying a wild-type RAD27 and other mutations as indicated. Plating was the
same as that described for panel B. (D) Inducible Rad27 protein expression was confirmed by immunoblot analysis. A wild-type yeast strain was transformed with an
episomal plasmid that used the GAL-1/10 promoter to express wild-type Rad27 (lanes 1 and 6), the nuclease-defective D179A mutant Rad27-n (lanes 3 and 8), the
PCNA nonbinding mutant F346A/F347A Rad27-p (lanes 4 and 9), or the combined mutant D179A/F346A/F347A Rad27-n,p (lanes 5 and 10). Cells transformed with
the parental plasmid lacking the RAD27 insert served as a negative control (lanes 2 and 7). Induced cell lysates were analyzed by SDS-PAGE and Coomassie blue
staining (lanes 1 to 5) or by immunoblotting with an antibody that recognizes Rad27 (lanes 6 to 10). Arrowheads indicate the migration position of Rad27.

displays with other defects in DNA metabolism. This was done mutant. Viable transformants that combine rad27-A and exol-

by assessing the requirement for a plasmid expressing wild-type
RAD?27 to permit cell growth (see Material and Methods). In
agreement with earlier studies (20, 42-44), the presence of the
mitotically unstable RAD27 plasmid LCS80B rescued the
growth defect of double mutants that were rad27-A and either
exol, rad51, or pol3-01 (Table 2). We note that, in agreement
with the findings of Tishkoff et al. (43), we did not observe the
loss of the RAD27 plasmid from the rad27-A exol double

null have been obtained (16) but may have resulted from sup-
pressor mutants.

The pol3-01 mutation is weakly dominant in the heterozy-
gote; a sixfold mutator effect was observed in a heterozygous
diploid versus a 500-fold mutator activity when homozygous
(29). We confirmed this observation with the lys2-414 reporter
system for +1 frameshifts (data not shown), where homozy-
gous pol3-01 caused an approximately 1,000-fold increase in
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FIG. 4. Effect of rad27-p on MMS sensitivity. (A) Effect of various rad27
alleles on growth in presence of 4 mM (0.034% [vol/vol]) MMS. Plating was on
MMS-containing YPD medium was as described for Fig. 3B. Plates were incu-
bated at 30°C for 6 days. (B) Synergistic effect of rad27-p and rad51-null on MMS
sensitivity. Graph shows survival of yeast strains after different times of exposure
to 11.8 mM (0.1% [vol/vol]) MMS in 0.1 M KPO, buffer (pH 7.0). Wild type (1,
O), rad27-p (2, A), rad51-null (3, V), and rad27-p rad51-null (4, ) yeast strains
were exposed to MMS as described in Materials and Methods. Means and
standard errors (represented by vertical bars, which sometime overlap with
symbols) reflect the findings for three independent measurements.

mutation rate, whereas the rate in a heterozygous pol3-01/
POL3 diploid was only twofold higher than in homozygous
POL3/POL3. The effect of rad27-A was profound in that even
when pol3-01 was heterozygous in a diploid it required the
RAD27 plasmid for viability (Table 2). We note that the wild-
type allele POL3 on the ARS-CEN plasmid pBL304 can re-
store the viability of a rad27-A pol3-01 haploid double mutant
(reference 20 and unpublished results). The reason that the
haploid rad27-A pol3-01 double mutant carrying POL3 on a
plasmid is viable, whereas the rad27-A/rad27-A pol3-01/POL3
diploid is nonviable, could be higher expression of Pol & from
the plasmid or an accumulation of several copies of the plas-
mid containing POL3.

We found that the rad27-p PCNA-binding defect was com-
patible with either exol or rad51, which is in agreement with a
subtle change in Rad27 function. However, rad27-p caused
inviability of haploid strains that carried a putative defect in
the Pol 8 3'—5" exonuclease (pol3-01). Surprisingly, rad27-p
was incompatible even with a heterozygous pol3-01/POL3 de-
fect in a diploid (Table 2). Because the effects of either rad27-p
or pol3-01/POL3 alone are very modest, a toxic intermediate
might be produced via their interaction.

In most of the experiments addressing R4AD27 plasmid loss
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in incompatible combinations, we were unable to detect any
colonies lacking the R4D27 plasmid even after an extended 6-
to 7-day incubation. However, in the case of heterozygous
pol3-01/POL3™" diploids carrying the rad27-p (but not the
rad27-A) defect, we observed tiny colonies that appeared after
prolonged incubation. When streaked onto fresh medium,
these colonies formed rapidly growing progeny which had lost
the TRPI marker of the RAD27 plasmid. In 26 of 32 cases,
these rapidly growing isolates also lost the pol3-01 allele, as
determined by PCR analyses. Those losses probably occurred
either by mitotic recombination or by chromosome loss. The
other six might have been due to a secondary mutation that
inactivated the pol3-01 allele.

DISCUSSION

PCNA can interact with a variety of proteins, including
DNA Pol 8, Pol g, RF-C, Fenl, XPG, DNA ligase I, DNA-
(cytosine-5) methyltransferase, p21 (Wafl/Cipl), and p57
(Kip2) (17, 51, 53), indicating that it may have multiple roles in
DNA replication, repair, and cell cycle regulation. Several at-
tempts to uncover the in vivo significance of such interactions
have used modified PCNA (7, 26), but the likelihood of pleio-
tropic effects of a PCNA mutation has made it difficult to
attribute biological observations unambiguously to individual
protein-protein interactions. Many PCNA-binding proteins, in-
cluding Fenl, use a common motif for interacting with PCNA.
Thus, specific mutation of the PCNA binding partner, rather
than PCNA itself, may be the best strategy for revealing the
biological roles of PCNA interactions with individual proteins.

Hosfield et al. (13) have combined human PCNA and
archeal Fenl structural data and showed that a DNA-PCNA-
Fenl ternary complex is conformationally plausible and could
serve to aid flap removal. Because PCNA is a DNA-binding
protein that encircles DNA, PCNA binding by Fenl could
serve to bring the nuclease to its substrate. However, Fenl
possesses intrinsic DNA-binding and nuclease activities in vitro
in the absence of PCNA. PCNA enhances the nuclease activity
of Fenl in enzymatic assays by using synthetic oligonucleotide
substrates. The relevance of these studies to in vivo functions
must be considered because the structure of Fenl substrates in
vivo may differ from artificial substrates examined in vitro and
because the in vivo reaction environment may have unique
features due to a complex of associated proteins. Therefore,
we investigated the in vivo effects of the mutation rad27-p,
which eliminates PCNA-binding in the yeast Fenl homolog,
Rad27. We tested the effects of this mutation alone and in
combination with the nuclease mutation rad27-n. Finally, in

TABLE 1. Rates of mutation and interchromosomal recombination in various rad27 mutants and RAD27 wild-type strains

Mutation and interchromosomal recombination rates (107)* of:

Genotype lys2-A12 lys2-A14 CANI Interchromosomal
(+1 bp mutations) (—1 bp mutations) (forward mutations) recombination

Wild type 0.72 (0.48-1.5) 2.3 (1.1-3.4) 3.2(2.7-5.2) 1.96 (1.06-2.58)
rad27-A 19 (15-29) 140 (93-196) 77 (63-153) 15 (8-95)
rad27-n 52 (25-61) 193 (92-426) 123 (90-216) ND
rad27-n,p 26 (17-46) 145 (97-302) 129 (101-279) 28 (17-49)
rad27-p 1.3 (0.81-2.0) 4.7 (2.6-12) 6.9 (5.1-8.0) 2.3 (1.9-7.7)
pol2-4 1.7 (0.41-2.8) 4.7 (1.7-6.6) 6.0 (3.4-8.7) ND
exol 1.8 (1.3-3.7) 41 (21-205) 16 (12-29) ND
rad27-A pol2-4 300 (190-520) 350 (210-570) 359 (285-574) ND
rad27-p pol2-4 5.3 (3.4-11) 8.1 (5.6-9.1) 16.8 (11-22) ND
rad27-p exol 6.3 (3.8-7.8) 87 (52-150) 24 (18-36) ND

“95% confidence intervals are given in parentheses. ND, not determined.
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TABLE 2. Loss of TRPI marker of the plasmid containing wild-
type RAD27 gene

Viability of
Genotype (ploidy) ilsi)(i;llf; fS ];r(l)asrsk(f):i {‘{737“1 a doutgle
mutant
RAD27 (1n) 7 22-56 NA®
rad27-A (1n) 7 11-26 NA
rad27-p (1n) 9 17-56 NA
exol rad27-A (1n) 15 0 Nonviable
exol rad27-p (1n) 14 37-49 Viable
rad51 rad27-A (1n) 4 0 Nonviable
rad51 rad27-p (1n) 6 17-22 Viable
pol3-01 rad27-A (1n) 9 0-0.06 Nonviable
pol3-01 rad27-p (1n) 24 0-1 Nonviable
pol3-01/POL3 12 29-80 Viable
rad27-A/RAD27 (2n)
pol3-01/POL3 12 33-69 Viable
rad27-p/RAD27 (2n)
pol3-01/POL3 15 0 Nonviable
rad27-Afrad27-A (2n)
pol3-01/POL3 15 0-1 Nonviable

rad27-plrad27-A (2n)

“ Minimal and maximal values of frequencies of the TRPI loss are shown.
® NA, not applicable.

order to uncover effects that might be obscured by redundant
activities in DNA metabolism, we examined the PCNA binding
defect in genetic backgrounds that are known to cause syner-
gistic effects when combined with the rad27-A null allele.

An in vivo interaction between Rad27 and PCNA during
substrate cleavage. We observed a dominant-negative effect of
the nuclease-defective rad27-n on cell growth and found that
this effect required the ability to bind PCNA. Intragenic sup-
pression of the dominant-negative effect of rad27-n by the
PCNA binding mutation confirms the functional significance of
PCNA binding in cell growth and suggests a coordination of
PCNA binding and nuclease activities in Rad27. The distinct
phenotypes elicited by the catalytically inactive rad27-n and
rad27-n,p show that enhancement of the catalytic rate cannot
be the sole function of PCNA binding in Rad27. We suggest
that PCNA binding also serves to precisely position Rad27
within a macromolecular assembly. In rad27-n,p cells, both
nuclease activity and PCNA-dependent nuclease positioning
are absent, so that DNA metabolic processes that utilize
Rad27 must rely on secondary enzymes with partially redun-
dant functions. However, in the case of rad27-n, the catalytic
defect in conjunction with normal PCNA-dependent nuclease
targeting creates an intolerable situation. We propose that the
interaction of Rad27-n with PCNA allows the mutant protein
to occupy its normal position within multiprotein complexes
and thereby hinders access to the incompletely processed
DNA. The lack of a dominant-negative effect of the double
mutation rad27-n,p suggests that PCNA binding activity is nec-
essary to integrate Rad27 within multiprotein complexes with
sufficient stability to exclude redundant enzymes.

It is important to note that excessive titration of PCNA was
not the cause of Rad27-n cytotoxicity. A normal level of ex-
pression of Rad27-n from the single-copy genomic locus was
highly toxic (Fig. 3A), whereas high-level multicopy plasmid
expression of wild-type Rad27, which has the same PCNA
binding activity as Rad27-n on a molar basis, was well tolerated
(Fig. 3B). Only when PCNA binding activity was coupled to the
Rad27 nuclease defect was severe cytotoxicity manifested.

Elimination of Rad27-PCNA binding has a minor effect on
genomic stability. In contrast to rad27-A, rad27-p did not sig-
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nificantly increase genetic instability (Table 1). However, all
rad27-p strains showed a small (up to twofold) increase in
mutation or recombination compared with isogenic RAD27
strains. Even if these increases reflect a real tendency, it can be
concluded that prevention of these types of genomic instability
by Rad27 is nearly normal in the absence of PCNA binding.

We found that rad27-A exhibited a strong synergism with
pol2-4, a defect in the DNA Pol € proofreading 3'—5" exonu-
clease (Table 1). This synergism could be explained either
through participation of Rad27 nuclease in postreplication
mismatch repair as discussed earlier (15, 43) or through an
increased likelihood of frameshift intermediates (20). Regard-
less of the mechanism of this synergism, rad27-p caused no
statistically significant effect or at most a very weak effect
(lys2-A12) in this sensitized background. Another genetic back-
ground that can be sensitive to subtle rad27 defects is the null
mutant in the 5'—3" exonuclease gene EXOI, which is incom-
patible with rad27-A (reference 43 and Table 2). The exol-null
allele is a mutator at the CANI reporter gene and has a strong
mutator effect on long homonucleotide runs (references 43
and 45; Table 1), possibly due to participation of Exol in
mismatch repair. However, rad27-p exol-null double mutants
were viable (Table 2) and exhibited no significant increase in
mutation (Table 1).

Role of PCNA binding for Fen1/Rad27 repair function. Sev-
eral in vitro studies showed that Fenl/Rad27 is involved in
long-patch BER (18, 19). The sensitivity of rad27-A yeast to
MMS alkylation damage is consistent with a long-patch BER
defect, especially because the alternative short-patch BER
pathway dependent on Pol B may play only a secondary role in
this species (21). MMS sensitivity in yeast cells is also caused by
defects in RADS5I and other genes in the RADS52 epistasis
group that control recombinational repair of DNA breaks (34).
Each of the DSB repair genes is required for the viability of the
rad27-A mutant (42, 43), which implies that lesions occurring
in rad27-A are repaired via the recombinational pathway.

Rad27/Fenl-mediated excision activity is facilitated by
PCNA during BER in vitro (9), which suggests the importance
of this interaction for in vivo repair. A deficiency in Rad27
PCNA binding had little effect on MMS sensitivity, but dra-
matically amplified the MMS sensitivity of a rad51 null mutant
(Fig. 4B). This can be explained by the overlapping roles of
BER and DSB proteins in MMS lesion repair. Rad27-p may
reduce long-patch BER efficiency, thus placing a greater bur-
den on the alternative DSB repair pathway. Further, because
apurinic or apyrimidinic (AP) endonuclease-dependent inci-
sion precedes excision by Rad27 in BER, a bottleneck at the
excision step can cause an accumulation of breaks that require
recombinational repair functions of the DSB pathway (55).

Role of Rad27/Fen1-PCNA binding in DNA replication. We
combined rad27-p with three different mutations which are
known to be lethal in combination with rad27-A, namely, exol-
null, rad51-null, and pol3-01. rad27-p was lethal only in com-
bination with pol3-01. Strong negative interaction appeared to
be specific for pol3-01, because another pol3 allele, the tem-
perature-sensitive pol3-t mutation, was compatible with
rad27-A and rad27-p defects (reference 20 and unpublished
results). Although DNA Pol 8 can be involved in both repli-
cation and repair, we suggest that the incompatibility of
pol3-01 and rad27-p alleles reflects a DNA replication prob-
lem. The lack of requirement for the repair and recombination
genes EXOI and RADS5I1 in the normal growth of rad27-p
suggests that any potential DNA repair defect caused by
rad27-p was insufficient to produce catastrophic consequences
in the absence of exogenous damage, even in repair-compro-
mised cells.
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FIG. 5. Intermediate DNA structures and reactions at the border between two Okazaki fragments. Template strand (bottom) and nascent lagging strand (top) are
shown with the 3’ growing end (open arrowheads) and the last unremoved ribonucleotide (open circles). Enzymatic reactions leading to interconversion of various
intermediates include the following: Fenl 5'—3’ exonuclease, Fen (5'-ex0); Fenl 5'-flap endonuclease, Fen (5'-endo); DNA polymerase strand displacement, Pol
(displ); DNA polymerase elongation, Pol (elong); DNA polymerase 3'—5" exonuclease, Pol (3’-exo0); and DNA ligase (Ligase).

The conserved amino acid changes used to generate the
pol3-01 mutation and the genetic properties of this allele indi-
cate that it inactivates a 3'—5' proofreading exonuclease ac-
tivity (28-30). The 3'—5" exonuclease activity associated with
DNA Pol 3 could not be detected in DNA Pol & prepared from
pol3-01 mutant cells in the same assay that was used to mea-
sure the exonuclease activity of wild-type and exonuclease mu-
tant (pol2-4) forms of DNA Pol € (28, 41a). Elevated mutation
rates are observed in pol3-0! mutants in agreement with the
putative proofreading defect. Was the rad27-p pol3-01 incom-
patibility due to an intolerably high mutation rate? The muta-
tor mutations pmsl, msh2, or exol, which inactivate mismatch
repair, are lethal when combined with po/3-01 mutator in a
haploid, but the homozygous diploid strains are viable even
though they exhibit extremely high mutation rates (29, 45).
This contrasts with the nonviability of pol3-01/pol3-01 rad27-p/
rad27-A and pol3-01/POL3 rad27-p/rad27-A diploids. Low mu-
tation rates in both rad27-p (Table 1) and in pol3-01/POL3
strains (reference 29; see also Results), make it unlikely that
the inviability of pol3-01/POL3 rad27-p/rad27-A diploids was
due to a catastrophic mutation rate. We suggest instead that
this nonviability was due to the formation of toxic replication
intermediates during lagging-strand synthesis. This hypothesis
accounts for the apparent dominance of the pol3-01 allele in
pol3-01/POL3 heterozygotes in producing synthetic lethality
with rad27-p. Toxic intermediates might be formed at replica-
tion forks that use the mutant Pol 3.

A model for interactive effects of DNA Pol 8 and Rad27/Fenl
in replication. To explain the severe consequences of combin-
ing pol3-01 and rad27-p alleles, we propose a model based on
the interaction of 5'- and 3'-nuclease defects in lagging-strand
synthesis at the replication fork (Fig. 5). 5'-Terminal ribonu-
cleotide removal during Okazaki fragment processing may de-
pend exclusively on Rad27 action (see above); other 5'—3’
exonucleases, such as Exol, are not known to substitute for
Rad27 in this process. DNA Pol & can fill the gap up to the
5’-terminal ribonucleotide to generate a substrate for Rad27
5'—3" exonuclease activity (Fig. 5A) or can perform additional
strand-displacing DNA synthesis to generate a substrate for
Rad27 5'-flap endonuclease activity (Fig. 5B). These replica-
tion intermediates must be processed to yield nicked structures
(Fig. SE) that must be ligated (Fig. 5F). The disruption of

Rad27-PCNA interaction by the Rad27-p mutation may alter
the normal dynamics of processive synthesis at the replication
fork. If the 3'—=5' exonuclease activity of Pol 8 can degrade the
nascent strand under these conditions, then the pol3-01 poly-
merase mutation can be expected to block the conversion of
structure B to structure A. When combined with pol3-01, the
rad27-p mutation is lethal. We propose that PCNA binding by
Rad27 may be more important for 5'-endonuclease activity
during replication (B—E step) than for 5’-exonuclease activity
(A—E step), as suggested by in vitro studies with oligonucle-
otide substrates in which PCNA appears to stimulate Fenl/
Rad27 5'-flap endonuclease activity more than 5'—3’ nick
exonuclease activity (23, 54). Taking this proposal, the model
accounts for the surprising severity of the pol3-01 rad27-p dou-
ble mutation: conversion of B to A would be blocked as a result
of the pol3-01 mutation, and conversion of B to E would be
impaired if 5’-endonuclease activity depends on PCNA asso-
ciation. Thus, while either mutation alone might be tolerated,
in combination they would produce an unacceptable accumu-
lation of replication intermediate B (unremoved flaps). Fur-
thermore, ligatable intermediate E can undergo an alternative
reaction via strand-displacing synthesis to generate structure
C, which would also accumulate in the pol3-01 rad27-p double
mutant. Unprocessed flap structures such as B and C could
result in lethal chromosomal aberrations if allowed to persist
until mitosis.

Biologically important Rad27/Fenl polymorphisms and rel-
evance to natural populations. This study has identified
changes in Rad27/Fenl properties that affect its biological
function in DNA replication, repair, and mutation avoidance.
Natural polymorphisms that cause subtle alterations of such
properties could accumulate in a population, but our results
show that combining subtle defects can lead to severe func-
tional consequences. The effects of subtle but potentially del-
eterious polymorphisms in human Fenl1 could be assessed rap-
idly by characterizing yeast strains with mutations in Rad27 at
homologous positions in the sensitized genetic backgrounds
identified in the current study. For example, new alleles with
slight deficiencies in nuclease activity could be identified by
their strong inhibition of yeast growth when overexpressed in
rad51 strains. These alleles represent a class of polymorphisms
that could be dangerous even when heterozygous. Similarly,
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assays could be developed that use strains sensitized by rad51
and pol3-01 to identify natural polymorphisms that reduce
PCNA binding of Fenl/Rad27. It would be difficult to screen
for this genotype without exploiting the effect of combining
alleles, but such polymorphisms could be readily identified by
their increased MMS sensitivity in a rad51 strain. Although
pol3-01 is lethal in combination with rad27-p, we hypothesize
that there are rad27 mutants with partial PCNA binding that
can survive in a pol3-01 background. Such double mutants
might accumulate unprocessed flaps (Fig. 5 and related discus-
sion). As with rad27-A, this could lead to genetic instability and
could be used for detection of polymorphisms altering PCNA
binding. In particular, long unremoved flaps could increase the
likelihood of expansion in trinucleotide repeats or other at-risk
motifs where flaps might form Fenl-resistant secondary struc-
tures (11).

Our results suggest that natural, well-tolerated polymor-
phisms might have disastrous consequences when combined,
which could have implications for genetically based diseases,
differential responses to environmental stress, and pharmaco-
genetics. Understanding the potential effect of allelic variants
in combination is a complex problem. Human genetic linkage
studies are unlikely to reveal important interactions between
alleles that have no effect when present alone. Instead, insight
into this problem can come from experimental organisms in
which specific mutations can be created that represent entire
classes of polymorphisms. Studies in model systems can help to
direct epidemiological studies to specific pairs of genes, such as
Fenl and Pol 3, where severe interactions between otherwise
neutral polymorphisms are most likely to occur.
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