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Background: How faulty Okazaki fragments are repaired remains unclear.
Results: The DNA annealing activity of Rad52 and sister chromatid cohesion are important in the repair of faulty Okazaki

fragments.

Conclusion: Rad52/Rad59-mediated sister chromatid recombination is a major means of repairing faulty Okazaki fragments.
Significance: The faithful repair of faulty Okazaki fragments is critical for genome stability.

The correct removal of 5'-flap structures by Rad27 and Dna2
during Okazaki fragment maturation is crucial for the stable
maintenance of genetic materials and cell viability. In this study,
we identified RADS52, a key recombination protein, as a multi-
copy suppressor of dna2-KI1080E, a lethal helicase-negative
mutant allele of DNA2 in yeasts. In contrast, the overexpression
of Rad51, which works conjointly with Rad52 in canonical
homologous recombination, failed to suppress the growth
defect of the dna2-KI1080E mutation, indicating that Rad52
plays a unique and distinct role in Okazaki fragment metabo-
lism. We found that the recombination-defective Rad52-
QDDD/AAAA mutant did not rescue dna2-K1080E, suggesting
that Rad52-mediated recombination is important for suppres-
sion. The Rad52-mediated enzymatic stimulation of Dna2 or
Rad27 is not a direct cause of suppression observed in vivo, as
both Rad52 and Rad52-QDDD/AAAA proteins stimulated the
endonuclease activities of both Dna2 and Rad27 to a similar
extent. The recombination mediator activity of Rad52 was dis-
pensable for the suppression, whereas both the DNA annealing
activity and its ability to interact with Rad59 were essential. In
addition, we found that several cohesion establishment factors,
including Rsc2 and Elgl, were required for the Rad52-depen-
dent suppression of dna2-K1080E. Our findings suggest a novel
Rad52/Rad59-dependent, but Rad51-independent recombina-
tion pathway that could ultimately lead to the removal of faulty
flaps in conjunction with cohesion establishment factors.

DNA replication, repair, and recombination are intricately
networked to coordinate their functions for the stable mainte-
nance of a vast amount of genetic materials. Most factors
involved in these processes display a large number of physical
and genetic interactions in a complicatedly interwoven manner
(1-7). Lagging strand DNA synthesis is one such notable exam-
ple that depends heavily on the collaborative actions of a num-
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ber of proteins involved in all three processes because it is asso-
ciated with a great risk of formation of a variety of aberrant
DNA structures (8 —11). Unlike leading strand DNA synthesis,
lagging strand DNA synthesis proceeds discontinuously via a
series of linked events that include the generation of Okazaki
fragments, the removal of primer RNAs, and ligation as the final
step (8, 12—14). In eukaryotes, the synthesis of an Okazaki frag-
ment is initiated by DNA polymerase (Pol)* a-primase, which
synthesizes ~10 nt of RNA followed by the addition of short
stretches of DNA. The second DNA polymerase, Pol §, elon-
gates the nascent primer RNA-DNA to form a new Okazaki
fragment with the aid of proliferating cell nuclear antigen
(PCNA) and replication factor C (15). As Pol 8, a lagging strand
DNA polymerase, encounters the previously synthesized
downstream Okazaki fragment, it displaces the 5'-end region of
the downstream fragment, creating a flap. The flaps are then
removed by the combined action of Dna2 and Rad27, the two
critical 5'-flap endonucleases, to create nicks that are sealed by
Cdc9, a DNA ligase, to complete Okazaki fragment maturation
(16-20). Considering that an extraordinary number of Okazaki
fragments (for example, 2 X 107 in humans) are produced and
processed per cell cycle, it would be highly deleterious to the
cell if faulty processing of Okazaki fragments was not efficiently
repaired.

Among the enzymes involved in the maturation of Okazaki
fragments, Dna2 appears to link diverse DNA metabolisms by
playing multiple roles in Okazaki fragment processing (11, 17,
21, 22), long-range resection of double strand break (DSB)
repair (23-26), and S-phase checkpoint activation (27, 28). It
has been shown that yeast Dna2 consists of three domains, each
of which encodes a distinct biochemical activity: helicase, endo-
nuclease, and secondary structure-specific DNA binding activ-
ity (28 -32). The endonuclease activity of Dna2 is essential (33,
34), whereas other activities such as DNA helicase and struc-

2 The abbreviations used are: Pol, polymerase; PCNA, proliferating cell nuclear
antigen; DSB, double strand break; aa, amino acid; ts, temperature-sensi-
tive; HR, homologous recombination; SSA, single strand annealing; MRX,
Mre11-Rad50-Xrs2; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllgly-
cine; BIR, break-induced replication; SCR, sister chromatid recombination;
RPA, replication protein A.
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ture-specific DNA binding activities are dispensable for cell
survival under some growth conditions (31, 35). For example,
the Dna2 helicase activity, although normally essential, be-
comes dispensable when cells are grown in the presence of poor
carbon sources such as lactate or glycerol (35). Cells with the
dna2A405N mutant allele lacking the N-terminal 405-amino
acid (aa) display temperature-sensitive (ts) growth defects (31).
The endonuclease activity of Dna?2 is critical for both Okazaki
fragment processing and DSB resection (23, 24), whereas the
N-terminal 405-aa domain of Dna2 is required for the check-
point function and also for DSB resection to some extent (27,
36). This N-terminal domain of Dna2 becomes critical in the
processing of secondary structured flaps in Okazaki fragment
(28). In contrast to the multiple functions of the endonuclease
and N-terminal DNA binding activities of Dna2, the helicase
activity of Dna2 seems to be involved exclusively in DNA rep-
lication, most likely in the processing of secondary structure or
higher order structure flaps present in a subset of Okazaki frag-
ments (23, 27, 32, 36, 37). The failure to deal with this problem
could result in DNA damages, checkpoint activation, and cell
death. Therefore, the coordinated action of lagging strand rep-
lication and DNA repair would be important for the mainte-
nance of genome integrity.

Rad52 is a key recombination protein that possesses two
important functions in homologous recombination (HR). First,
it facilitates the formation of the Rad51 nucleoprotein filament
by replacing RPA with Rad51 (38, 39), which is termed the
“recombination mediator activity” of Rad52. The C-terminal
409 —420-amino acid region of Rad52, which is responsible for
its interaction with Rad51, is identified as crucial for the recom-
bination mediator function of Rad52 (40, 41). Second, Rad52
has single-stranded (ss) DNA annealing activity in its N-termi-
nal region (42-44), which is required for the second-end cap-
ture during the canonical HR event (45) or other alternative
recombination events such as synthesis-dependent strand
annealing (46, 47) and single strand annealing (SSA) (43, 48).
Located in the central part of Rad52, the RPA-interacting
domain is responsible for the displacement of RPA from ssDNA
(49, 50). The RPA displacement function of Rad52 is important
for both HR mediator (50) and ssDNA annealing activities (51)
because the RPA-coated ssDNA is inhibitory to Rad51-ssDNA
filament formation or DNA annealing between two comple-
mentary ssDNA.

It has been suggested that HR works as a backup pathway for
faulty Okazaki fragment processing. Previous genetic data show
that rad27A, which is hyper-recombinogenic by itself, exhibits
synthetic lethal phenotypes in combination with deletions of
the genes involved in HR, implying important roles for HR in
the repair of faulty Okazaki fragments (52, 53). In addition, the
genetic data showing that dna2-1 rad52A and dna2-2 rad52A
double mutants are synthetic lethal (9), whereas dna2-22 and
dna2A405N single mutants show increased rates of recombina-
tion, are also consistent with the above possibility (54, 58). In
this article, we have identified the RAD52 gene as a suppressor
of the dna2-K1080E mutant in Saccharomyces cerevisiae that
lacks ATPase/helicase activity (30, 55). The suppression was
dependent on both the strand annealing activity and the ability
of Rad52 to interact with Rad59 but not its recombination
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mediator activity. Thus, a Rad52/Rad59-dependent, but Rad51-
independent, recombination pathway appears crucial for Oka-
zaki fragment metabolism. This pathway also requires several
factors for cohesion establishment. We will discuss the inter-
play among these factors for faithful lagging strand DNA
synthesis.

MATERIALS AND METHODS

Strains—The genotypes of the S. cerevisiae strains used in
this study are summarized in Table 1. All strains are haploid
and were derived from YPH499. YJA2 has the dna2A405N
allele that lacks the N-terminal 405-aa domain, whereas YJA1B
lacks a chromosomal version of DNA2 but harbors pRS316-
DNA2, a low copy plasmid with URA3 as a selection marker
expressing wild type Dna2. YJA1BJK65, a derivative of YJA1B,
possesses pRS314-dna2-KI1080E, a low copy plasmid with
TRPI as a selection marker containing helicase-negative dna2-
KIO80E. YMJ1 is a derivative of YJA1BJK65 that harbors
pRS325-ADHI-RADS52, a multicopy plasmid with LEU2 as a
selection marker expressing Rad52. The RADS0, RADSI,
RAD54, RADS55, RAD57, RAD59, ELG1, RSC2, and RSC7 genes
were deleted separately from YMJ1 by replacing the genes with
KanMX4 as described previously (56) and termed YMJ2 to
YMJ10, respectively. The dna2-1, -4, -5,-7,-8, -9, -12, -13, -15,
and -16 mutant alleles were isolated previously (35).

Chemicals, Nucleotides, and Enzymes—Methyl methanesul-
fonate was obtained from Sigma-Aldrich. Restriction endonu-
cleases and DNA polymerases for PCR were purchased from
either Enzynomics (Daejeon, Korea) or New England Biolabs
(Beverly, MA). The pRS plasmids were purchased from New
England Biolabs. The pET28 vectors used for protein expres-
sion in Escherichia coli were from Novagen (Darmstadt, Ger-
many). Isopropyl B-p-1-thiogalactopyranoside and X-Gal were
from ElpisBiotech (Daejeon, Korea). Imidazole was from Acros
Organics (Geel, Belgium). A uracil analog, 5-fluorooritic acid,
was obtained from Duchefa Biochemie (Haarlem, Nether-
lands). Antibodies were purchased from Santa Cruz Biotech-
nology (Dallas, TX), Sigma-Aldrich, and Abcam (Cambridge,
UK) or kindly provided (anti-H3 polyclonal antibodies) by Dr.
Daeyoup Lee (Korea Advanced Institute of Science and Tech-
nology). The antibodies used are shown in Figs. 1, 3, and 4.
Rad27, the yeast Fen1, was purified as described previously (17).
Oligonucleotides and a-factor used in this study were synthe-
sized commercially by Genotech (Daejeon, Korea) and Peptron
(Deajeon, Korea), respectively.

Alkaline Protein Extraction from S. cerevisiae—Expression
levels of proteins in yeast were determined by alkaline protein
extraction (57). Briefly, cells (5 X 107, total) were harvested and
resuspended in lysis buffer (150 wl) (1.85 m NaOH and 7.5%
B-mercaptoethanol) followed by incubation on ice for 10 min.
Trichloroacetic acid (50% v/v, 150 ul) was added, and the mix-
ture was incubated on ice for an additional 10 min. Samples
were then centrifuged at 4 °C for 10 min at 14,000 rpm. Super-
natants were discarded, and 1X SDS sample buffer (50 mm
Tris-HCI, pH 7.5, 2% SDS, 10% glycerol, 5% B-mercaptoetha-
nol, and 0.01% bromphenol blue) was added to the precipitated
materials. The samples were then neutralized with 1-2 ul of 2 M
Tris-HCI, pH 8.0, boiled for 10 min, and subjected to electro-
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phoresis in a 10% (Tris-glycine) SDS-PAGE in Tris-glycine
buffer (25 mm Tris, 250 mm glycine, and 0.1% SDS, pH 8.5).
Histone H3 used as a loading control was analyzed by a 10%
(Tris-Tricine) SDS-PAGE using Tris-Tricine buffer (cathode
buffer: 100 mm Tris, 100 mm Tricine, 0.1% SDS, pH 8.3; anode
buffer: 200 mMm Tris, pH 8.8). The levels of protein expression
were examined by Western blot using antibodies as described
for each experiment.

Purification of Recombinant Rad52 and Rad52-QDDD/
AAAA—The RAD52 ORF was inserted into the pET28 vector,
which expresses the inserted ORF as an N-terminal His,-tagged
protein. The resulting pET28-RADS52 plasmid was transformed
into E. coli BL21 (CodonPlus-RIL), and cells (0.5 liter) were
grown at 25 °C until the A, value reached 0.5. At this point,
cells were induced with 1 mm isopropyl B-p-1-thiogalactopyra-
noside (final concentration) for 4 h. Cells (1 liter) were har-
vested by centrifugation, and the cell pellet was resuspended in
30 ml of buffer T,,, (50 mm Tris-HCI, pH 8.0, 200 mm NaCl,
10% glycerol, 0.1% Nonidet P-40, 1 mm phenylmethylsulfonyl
fluoride, 0.1 mm benzamidine, 1.25 pg/ml leupeptin, and 0.625
png/ml pepstatin A). The subscript number in T, indicates the
concentration of NaCl in mm. Then, cells were sonicated and
centrifuged at 45,000 rpm for 30 min. The supernatant was
loaded onto a 4-ml SP Sepharose column (GE Healthcare) that
was pre-equilibrated with T,,. The proteins were then eluted
by a linear gradient (100 ml) of T, to Ty, Fractions that
possessed protein peaks of Rad52 were collected and adjusted
to 10 mm imidazole (final concentration) and 500 mm NaCl
(final concentration) followed by loading onto a 1-ml Ni**-
nitrilotriacetic acid-agarose column (Qiagen, Valencia, CA)
pre-equilibrated with T, plus 10 mm imidazole. The column
was then washed successively with 10-column volumes of T,
plus 10 mm imidazole and T, plus 50 mm imidazole. The
protein was eluted with T, plus 500 mm imidazole. The eluate
was subjected to glycerol gradient sedimentation (5 ml, 15-35%
glycerol in buffer T;,,) at 45,000 rpm for 24 h in a SW55 Ti
rotor. Fractions (250 ul each) were collected from the bottom of
the tube. Peak fractions were stored at —80 °C. The vector to
express Rad52-QDDD/AAAA was constructed similarly, and
the proteins were purified using the same procedure as
described above.

Preparation of DNA Substrates—The preparation of DNA
substrates and their labeling at the 5'-end were as described
(16). The structure and position of radioisotopic labels (indi-
cated by asterisks in D and E) in substrates are shown in Fig. 5.
To construct 5'-flap-structured substrates, the two oligonu-
cleotides (referred to as upstream and downstream) were
annealed to the same template oligonucleotide. The sequences
of oligonucleotides used were as follows: the template oligonu-
cleotide, 5'-GAA AACATT ATT AAT GGC GTC GAG CTA
GGC ACA AGG CGA ACT GCT AAC GG-3' (50 mer); the
upstream oligonucleotide for Dna2 substrate, 5'-CCG TTA
GCA GTT CGC CTT GTG CCT A-3’ (25 mer); the upstream
oligonucleotide for Rad27 substrate, 5'-CCG TTA GCA GTT
CGC CTT GTG CCT AG-3' (26 mer); the downstream oligo-
nucleotide for Dna2 substrate, 5'-TTT TTT TTT TTT TTT
TTT TTT TTT TTT TTT CGG ACG CTC GAC GCC ATT
AAT AAT GTT TTC-3’ (60 mer); and the downstream oligo-
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nucleotide for Rad27 substrate, 5'-CGA ACA ATT CAG CGG
CTT TAA CCG GAC GCT CGA CGC CAT TAA TAA TGT
TTT C-3' (52 mer).

Nuclease Assays—Standard nuclease assays were performed
in reaction mixtures (20 ul) containing 50 mm Tris-HC, pH 7.8,
2 mm MgCl,, 2 mM dithiothreitol, 0.25 mg/ml bovine serum
albumin, and DNA substrate (15 fmol). Reactions were incu-
bated at 37 °C for 15 min followed by the addition of 4 ul of 6X
stop solution (60 mm EDTA, pH 8.0, 40% sucrose, 0.6% SDS,
0.25% bromphenol blue, and 0.25% xylene cyanol). The prod-
ucts were subjected to electrophoresis for 30 min at 150 V in
0.5X TBE (45 mMm Tris, 45 mm boric acid, and 1 mm EDTA). The
gels were dried on a DEAE-cellulose paper and autoradio-
graphed. Labeled DNA products were quantified with the use of
a phosphorimaging device (Bas-1500, Fuyjifilm).

Measurement of Viability, Growth, and Doubling Time—
Cells were grown to saturation at 25 °C for 2 days, and the cell
density was measured by the use of a hemocytometer. The per-
centage of viable cells in the culture was determined as follows.
Cells were diluted appropriately so that 400 cells were spread
onto YPD plates followed by incubation at 25 °C for 3—4 days.
The number of colonies formed on YPD plates was determined.
Although the Rad52-mediated suppression of dna2-K1080E
allowed cells to survive, the rescued cells were not as healthy as
the wild type and were significantly larger. Therefore, the spec-
trophotometric determination of doubling time could not be
accurate. Thus, we decided to determine the doubling time of
live cells as follows. The culture of saturated cells obtained
above was diluted (2 X 10° cells/ml) to a fresh medium followed
by incubation at 25 °C. Samples were taken at 4-h intervals,
properly diluted, and spread onto YPD plates followed by incu-
bation at 25 °C for 3—4 days. Cell densities were determined
based on the number of colonies formed. Doubling time was
calculated using the software provided by Doubling Time. Each
experiment was repeated three to four times, and the results are
presented with error bars (Fig. 4B).

RESULTS

Rad52 Acts as a Multicopy Suppressor of dna2-K1080E—As a
means of discovering novel factors involved in Okazaki frag-
ment processing, we have continued to identify genetic sup-
pressors that can rescue the growth defects of dna2 mutations.
We isolated a DNA fragment containing the open reading
frame of RADS52 that suppressed the lethal phenotype of dna2-
KI080E, a helicase-defective allele of DNA2 (32, 55) using the
same screening method as described previously (58 —60). Sub-
sequent subcloning analyses using the multicopy pRS325-
ADH]1 vector (containing the 2 origin and constitutive ADH 1
promoter) confirmed that overexpression of Rad52 alone was
sufficient and necessary to suppress dna2-KI1080E mutation
(Fig. 1A). Interestingly, overexpression of Rad51, which is
loaded onto ssDNA by Rad52 to form a nucleofilament for
canonical HR, failed to suppress dna2-K1080E (Fig. 1A). We
examined the expression levels of Rad51 and Rad52 by Western
blotting using monoclonal and polyclonal antibodies, respec-
tively, against native forms of each protein, and we detected
both Rad51 and Rad52 proteins when they were expressed
exogenously (Fig. 1B).
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FIGURE 1. Rad52 suppresses the lethality of the helicase-deficient dna2-K1080E mutation in a Rad51-independent manner. A, YJA18JK65 (dna2::HIS3,
pRS316-DNA2, and pRS314-dna2-K1080E) was transformed with pRS325-ADH1 plasmids expressing Dna2 (positive control), none (negative control), Rad52, or
Rad51. Transformants were inoculated in SD-HWL liquid medium (2 ml) and grown for 2-3 days until saturated. Each saturated culture was spotted in 10-fold
serial dilutions on SD-HWL plates without (—FOA) or with (+FOA) 5-fluorooritic acid (0.1%) followed by incubation for 5-6 days at 25 °C. B, expressions of Rad51
and Rad52 in each strain used in A were examined by Western blot using anti-Rad51 (a-Rad51; sc-133089, Santa Cruz Biotechnology) or anti-Rad52 antibodies
(a-Rad52; sc-8939, Santa Cruz Biotechnology). Whole cell extracts were prepared by TCA precipitation as described under “Materials and Methods.” Histone H3
was used as the loading control. a-H3, antibodies against histone H3. Cand D, the Rad52-dependent suppression of dna2-K1080E was examined in mutant cells
lacking a gene belonging to the RAD52-epistatic group; Rad52 overexpression in rad51-null cells (C, indicated as rad571A+Rad52); Rad52 overexpression in
rad54-, rad55-, and rad57-null cells (D, indicated as rad54A+Rad52, rad55A+Rad52, and rad57A+Rad52, respectively). Cells were grown and spotted as

described for A.

A marked difference in the abilities of Rad51 and Rad52 to
suppress dna2-K1080E prompted us to further verify that the
suppression is independent of RADS1. To this end, we overex-
pressed Rad52 in the rad51-null strain (termed YM]3; see Table
1 for genotype) and found that the suppression is independent
of RAD51 (Fig. 1C). This result suggests that the suppression
observed is primarily due to a function of Rad52. We also inves-
tigated whether RADS4, RADSS, and RADS57, which work
cooperatively with Rad51 in Rad51-dependent HR, are also
involved in the suppression. Rad54 interacts with Rad51 nucleo-
protein filaments and promotes the unwinding of duplex DNA
to facilitate pairing between the recipient and the incoming
ssDNA (3, 47). Rad55 forms a heterodimer complex with
Rad57, and this complex stabilizes Rad51 nucleoprotein fila-
ments (3, 47). Considering that they all are related to a Rad51
function, it is predicted that overexpression of Rad52 is able to
suppress dna2-KI1080E in the absence of Rad54, Rad55, or
Rad57. To address this issue, we examined the influence of
Rad52 overexpression in the rad54-, rad55-, and rad57-null
strains (YMJ4, YMJ5, and YMJ6, respectively). Consistent with
this prediction, we found that the Rad52-mediated suppression
was not affected by the deletion of RAD54, RADS5S, and RAD57
(Fig. 1D). These observations indicate that the suppression is
independent of the formation of Rad51 nucleoprotein filament
and its invasion to homologous sequence.

Rad52 Fails to Suppress the N-terminally Deleted dna?2 but Is
Able to Suppress Mutant dna2 Alleles in Catalytic Domains—
To confirm that the suppression is not restricted to the heli-
case-negative mutant dna?2 allele, we examined whether all ts
mutant alleles of dna2 isolated previously (35) could be sup-
pressed by overexpression of Rad52 but not Rad51. These ts
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dna2 mutants contained one or two aa substitutions, largely in
the nuclease or helicase domain, and some of them (dna2-1,
dna2-8, and dna2-16) displayed methyl methanesulfonate sen-
sitivity (Fig. 2A4). In this test, we also included the dna2A405N
allele, which is devoid of the N-terminal 405-aa domain that
confers a ts phenotype. Neither Rad51 nor Rad52 suppressed the ts
growth defect of dna2A405N upon overexpression (Fig. 2B). It was
shown that the N-terminal 405-aa deletion is not a loss-of-func-
tion mutation in enzymatic activity; the Dna2A405N mutant
enzyme is catalytically as active or more active than wild type
Dna2 under some circumstances (28, 31). This observation sug-
gests that the types of DNA damages caused by dna2A405N are
not critically dependent on the elevated levels of Rad51 or
Rad52 for repair. In contrast, most ts dna2 mutations mapped
in the catalytic domains were suppressed specifically by over-
expression of Rad52 but not by Rad51, although the levels of
suppression varied (Fig. 2C). Among them, the dna2-7 and
dna2-16 mutants were most efficiently rescued by Rad52 over-
expression (Fig. 2C). These findings indicate that the Rad52-de-
pendent, but Rad51-independent, pathway contributes to the
repair of DNA damages that could occur in catalytically defec-
tive dna?2 cells.

Overexpression of Rad52 Suppresses the Defects Associated
Specifically with Processing of Okazaki Fragments—Dna2 plays
multiple roles during DNA metabolisms by participating in the
processing of Okazaki fragments, long-range resection of DSB
repair, and S-phase checkpoint activation. Among these, Oka-
zaki fragment processing is an essential process, depending on
the coordinated interplay between the N-terminal DNA-bind-
ing domain and the endonuclease and helicase activities of
Dna2. Because the helicase activity of Dna2 was shown to be
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TABLE 1
Yeast strains used in this study
Strain Genotype Reference

YPH499 MATa ade2—101 ura3-52 lys2-801 trp1-63 his3—-200 leu2-A1 GAL+ Ref. 103

YJA2 MATa ade2—101 ura3-52 lys2-801 trp1—63 his3-200 leu2-A1 GAL + dna2A405N Ref. 31

YJA1B MATa ade2—101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL + dna2::HIS3 [pRS316-DNA2] Ref. 58

YJA1BJK65 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 [pRS316-DNA2] Ref. 58
[pRS314-dna2K1080E]

YMJ1 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 [pRS316-DNA2] This study
[pRS314-dna2K1080E) [pRS325-ADHI-RADS52]

YMJ2 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 rad50:KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1080E] [pRS325-ADHI-RADS2]

YMJ3 MATa ade2—101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2:HIS3 rad51:KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1080E] [pRS325-ADHI-RADS52]

YMJ4 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 rad54:KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1080E] [pRS325-ADHI-RADS2]

YMJ5 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 radS5:KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1080E] [pRS325-ADHI-RADS2]

YMJ6 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 radS7:KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1081E] [pRS325-ADHI-RADS52]

YMJ7 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 rad59:KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1082E] [pRS325-ADHI-RADS2]

YMJ8 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 elgl::KanMX4 This study
[pRS316-DNA2] [pRS314-dna2K1082E] [pRS325-ADHI-RADS2)

YMJ9 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2::HIS3 rsc2:KanMX4 This study
[pPRS316-DNA2] [pRS314-dna2K1083E] [pRS325-ADHI1-RADS2]

YMJ10 MATa ade2-101 ura3-52 lys2-801 trp1-A63 his3-A200 leu2-A1 GAL+ dna2:HIS3 rsc7:KanMX4 This study

[pRS316-DNA2] [pRS314-dna2K1083E) [pRS325-ADHI-RAD52)]

dispensable for DSB resection or checkpoint activation as
described above, it is assumed that Dna2 helicase activity par-
ticipates exclusively in DNA replication by resolving the struc-
tured flaps present in a subset of Okazaki fragments. Neverthe-
less, it is still possible that the helicase function of Dna2 could
contribute to DSB resection under specific circumstances, for
example, when DSB occurs in structure-forming sequences.
However, we wanted to confirm that the lethality of dna2-
KI080E is not caused by the failure of DSB resection in the
absence of the helicase activity of Dna2. To this end, we con-
structed a dna2-K1080E rad50A strain (YM]2). In the absence
of a functional copy of RAD50, Dna2 could not be recruited to
the sites of DSB for the subsequent long-range resection,
because the Mrel1-Rad50-Xrs2 (MRX) complex bound to DSB
provides a structural platform to recruit the Sgs1-Dna?2 resec-
tion machinery (61). As shown in Fig. 34, the overexpression of
Rad52 allowed the dna2-K1080E rad50A double mutant cells
to grow, suggesting that the suppression of dna2-K1080E by
Rad52 is independent of the MRX complex required for the
Dna2-mediated long-range resection. It should be noted that
the control rad50A (rad50A dna2A + pRS316-DNA2 +
pRS314-dna2-K1080E) cells displayed a slight growth defect
compared with RAD50 control cells. Hence, we concluded that
the Rad52-dependent suppression of dna2-K1080E occurs in
the absence of Dna2-mediated DSB resection.

Then we examined whether RAD27, encoding the alternative
nuclease yeast FEN1 for 5'-flap cleavage during Okazaki frag-
ment processing, could rescue the lethality of dna2-K1080E
upon overexpression. If the lethality of dna2-K1080E was
attributed to the reduced efficiency of Okazaki fragment pro-
cessing, overexpression of Rad27 could suppress the lethal phe-
notype of dna2-K1080E. In support of this assumption, overex-
pression of Rad27 (and Rad27-FLAG, a C-terminally FLAG
epitope-tagged Rad27) efficiently suppressed the lethality of
dna2-KI1080E (Fig. 3B). In contrast, overexpression of Rad27-
D179A (Rad27DA, a catalytically dead enzyme with an Asp to
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Ala substitution at amino acid 179) (62— 64) could not suppress
dna2-K1080E (Fig. 3B), although the expression level of this
mutant protein was comparable with that of wild type Rad27
(Fig. 3C). Our finding that the catalytically active Rad27 only
was able to suppress dna2-K1080E underscores the importance
of endonucleolytic cleavage of the 5'-flap. Therefore, we con-
cluded that the helicase function of Dna2 contributes critically
to Okazaki fragment processing and that the lethality of dna2-
KI080E is most likely caused by defective Okazaki fragment
processing.

Overexpression of Rad52 Allows dna2-K1080E Cells to Grow
but Does Not Fully Restore Their Defects—To investigate the
influence of Rad52 overexpression on cell growth, we examined
the viability of wild type and dna2-K1080E cells overexpressing
Rad52 that grew mitotically (indicated as WT+Rad52 and
dna2-KE+Rad52, respectively) as described under “Materials
and Methods.” Overexpression of Rad52 allowed approxi-
mately half (~57%) of the dna2-K1080E mutant cells to form
visible colonies (Fig. 4A). Subsequently, we measured the dou-
bling time of both WT +Rad52 and dna2-KE+Rad52 cells and
found that the dna2-KE+Rad52 cells grew significantly more
slowly compared with the WT+Rad52 cells. The doubling
times of the wild type and mutant cells were ~3.0 and 4.2 h,
respectively, in the presence of Rad52 overexpression (Fig. 4B).
Considering that the repair of HO-induced DSB takes 2—4 h to
complete (65), this result raises the possibility that the structure
of DNA damages or the repair pathway could differ from HO-
induced DSB and thus does not rely on long-range or extensive
DSB resection for repair.

The slow growth and reduced viability observed with dna2-
KE+Rad52 cells indicate that they are still defective in overall
DNA replication and repair process. Thus, it is highly likely that
the genomic DNA in the mutant cells may not be intact and
contains damages. To address this issue, we decided to investi-
gate the extent of serine 129 phosphorylation of H2A (H2A-
Ser'??), a landmark event indicative of DSB occurrence iz vivo
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in 10-fold serial dilutions in YPD plates and incubated at 30, 33, and 35 °C for 3 days.

(66). When we examined asynchronous logarithmically grow-
ing cells (0.4 < Agy, < 0.6), no significant difference was
observed on the levels of H2A-Ser'?® phosphorylation between
WT+Rad52 and dna2-KE+Rad52 (Fig. 4C, compare lanes 1
and 7). We then treated cells with a-factor, which arrests cells
at the G,/S boundary, and found that the extent of H2A-Ser">®
phosphorylation markedly (>70%) decreased in WT +Rad52,
whereas no significant change was observed in dna2-
KE+Rad52 (Fig. 4C, compare lanes 2—5 with 8—11). This result
suggests that cell cycle progression is retarded in dna2-
KE+Rad52 cells because of persistent DNA damages that can
be converted into DSBs.

We also analyzed under a microscope the morphology of
both wild type and dna2-K1080E cells overexpressing Rad52 as
described previously (67, 68). Microscopic analyses revealed
significant differences in size and morphology between
WT+Rad52 and dna2-KE+Rad52 cells; dna2-KE+Rad52 cells
were considerably larger than wild type (data not shown), and
the population of dumbbell-shaped (G,/M phase) cells
increased markedly (2.3 times) compared with WT+Rad52
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(Fig. 4D). In addition, we found that the duplicated nuclei of
dumbbell-shaped cells were not properly segregated to daugh-
ter cells, accumulating in the bud neck in dna2-KE+Rad52,
although nuclei were normally segregated to daughter cells in
WT+Rad52. > 50% of the cells in dna2-KE+Rad52 had an
unsegregated single nucleus in the bud neck, whereas ~10% of
the WT +Rad52 cells displayed such a phenotype (Fig. 4E). This
result is in keeping with our prediction that the dna2-K1080E
cells still possess some problems in their DNA, despite the fact
that overexpression of Rad52 renders dna2-K1080E cells viable.

Direct Stimulation of Endonuclease Activity of Dna2 and
Rad27 by Rad52 Is Not the Underlying Mechanism for the Sup-
pression of dna2-K1080E—The simplest explanation for the
suppression mechanism could be the direct stimulation of
nuclease activity of either Dna2 or Rad27 or both by Rad52,
as Rad27 and nuclease-proficient Dna2K1080E/Dna2A405N
enzymes, upon overexpression, were able to suppress the lethal
phenotype of dna2-K1080E (21, 31, 33, 60). Alternatively, the
Rad52-mediated suppression of dna2 mutations could be
explained by efficient recombination-mediated repair of dam-
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FIGURE 3. Defects of dna2-K1080E can be corrected by active Rad27. A, the Rad52-dependent suppression of dna2-K1080E was examined in rad50-null cells.
Overexpression of Rad52 in rad50-null cells is indicated as rad50A+Rad52. Cells were grown and spotted as described in the legend for Fig. 1A. FOA,
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terminus), Rad27-DA (Rad27-D179A; catalytically defective), and Rad27-DA-FLAG. Transformants were grown and spotted as described above in the legend for
Fig. 1A. G, expression levels of Rad27-FLAG and Rad27-DA-FLAG were examined by Western blot using anti-FLAG antibody (a-FLAG; F-3165, Sigma-Aldrich).
Histone H3 was used as the loading control. a-H3, antibodies against histone H3. The experiment was done as described in the legend for Fig. 1B.

aged DNA lesions generated by dna2 mutations. To distinguish
between these two possibilities, we constructed another
pRS325-ADHI1 vector that expresses the Rad52-QDDD-308-
311-AAAA (Rad52-QDDD/AAAA) mutant protein. It was
shown that Rad52-QDDD/AAAA did not support HR because
of its reduced recombination mediator activity and inability to
interact with RPA, although it retained normal DNA binding
and annealing activities in the absence of RPA (50). Interest-
ingly, we found that overexpression of Rad52-QDDD/AAAA
failed to suppress the lethality of dna2-K1080E (Fig. 5A). This
was not due to the failure of protein expression in vivo, as the
expression level of Rad52-QDDD/AAAA was comparable to
that of wild type Rad52 (Fig. 5B).

These data suggest that the suppression observed requires a
recombination function of the Rad52 protein. However, we
cannot exclude the possibility that the failure suppression was
due to the failure of the mutant Rad52 to stimulate the nuclease
activities of Dna2 or Rad27. To rule out this possibility, we
purified both Rad52 and Rad52-QDDD/AAAA from E. coli to
near homogeneity (Fig. 5C) as described under “Materials and
Methods.” Neither the wild type nor the mutant Rad52 proteins
showed any detectable nuclease activity (Fig. 5D, lanes 3 and 4).
Using these preparations, we first carried out nuclease assays
with Dna2 and found that both Rad52 and Rad52-QDDD/
AAAA significantly stimulated the Dna2-catalyzed cleavage of
the 5'-flap substrate to a comparable extent (>4-fold with 25
fmol of Rad52 proteins) (Fig. 5D, lanes 6 -8 and 9—11, respec-
tively). Next, we examined the influence of Rad52 and Rad52-
QDDD/AAAA on the endonuclease activity of Rad27. Rad27
was also stimulated markedly (~11-fold) by Rad52 (Fig. 5E,
lanes 5-8) almost to the same extent as by Rad52-QDDD/
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AAAA (Fig. 5E, compare lanes 6 —8 with 9—11). These results
suggest that stimulation in vitro of the endonuclease activity of
either Dna2 or Rad27 is dispensable for the suppression in vivo
of the lethal phenotype of dna2-K1080E. Another possible
explanation for the failure of the mutant Rad52 to suppress
dna2-K1080E in vivo is an impairment of a cryptic function of
Rad52 in the mutant Rad52 used that, together with its Dna2/
Rad27 stimulation activity, is needed for the suppression. We
also investigated the possibility, although highly remote, that
the Rad52-QDDD/AAAA mutant did not stimulate the endo-
nuclease activity of the Dna2-K1080E enzyme, unlike wild-type
Rad52. We found that both wild type and mutant Rad52-
QDDD/AAAA protein stimulated the Dna2-K1080E-catalyzed
cleavage reaction to a comparable extent (data not shown).

We were also interested in the effect of Rad51 on the endo-
nuclease activity of Dna2 or Rad27 because of its proximity to
Rad52 in the Rad51-dependent recombination pathway. We
repeated the nuclease assays using purified Rad51 protein and
found that the endonuclease activities of Dna2 and Rad27 were
stimulated but less efficiently by Rad51 than by Rad52 (2.7- and
4.6-fold, respectively, with 100 fmol of Rad51; data not shown).
This is in keeping with our finding above that the stimulation of
the endonuclease activities of Dna2 or Rad27 is not responsible
for the suppression of dna2-K1080E.

The Rad52-dependent Suppression of dna2-K1080E Requires
the DNA Annealing Activity of Rad52—The suppression of
dna2-K1080E in a manner dependent on Rad52, but not Rad51,
suggests that the recombination mediator activity of Rad52,
which functions to nucleate the Rad51 recombinase onto RPA-
coated ssDNA, is dispensable for the suppression observed. If
this is the case, it is predicted that the Rad52 mutant protein
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repeated three times, and the results are presented with error bars.

devoid of the recombination mediator activity could still sup- essential for the efficient repair of DNA damages caused by
press dna2-K1080E as efficiently as wild type Rad52. To prove  dna2-K1080E mutation. We were not able to show the expres-
this point, we constructed expression vectors that expressed sion of Rad52A327 because the available polyclonal antibodies
Rad52A327 and Rad52A198N, the two truncated versions of were raised against a peptide mapped near the C terminus of
Rad52, asillustrated in Fig. 6A. Rad52A327 lacks the C-terminal ~ yeast Rad52. We also attempted to detect the Rad52A198N
one-third region of Rad52 required for the interaction with using the same antibody but in vain; this may have been due to
Rad51 (40, 41), but it is able to support Rad51-independent the low expression level or rapid degradation of this mutant
recombination events such as break-induced replication (BIR) protein. Nevertheless, the results obtained with overexpression
and SSA (69). In support of our prediction, we found that over-  of truncated Rad52 fragments support the idea that the C-ter-
expression of Rad52A327 could suppress dna2-K1080E as effi- minal region (aa 328 -504) of Rad52 is utterly dispensable for
ciently as wild type (Fig. 6B), confirming again that suppression  the suppression of dna2-K1080E.

does not rely on the function of Rad51. In strong contrast, over- As shown above, the DNA annealing activity, but not the
expression of Rad52A198N, which lacked the N-terminal recombination mediator activity, of Rad52 was essential for the
198-aa region, failed to suppress the lethality of dna2-K1080E suppression of dna2-K1080E mutation. The result obtained
(Fig. 6B). As the N-terminal part of Rad52 is required to facili- using the Rad52-QDDD/AAAA mutant protein needs further
tate the annealing of two complementary ssDNA (70), this clarification, as Rad52-QDDD/AAAA is impaired in both its
result indicates that the DNA annealing activity of Rad52 is recombination mediator activity and its interaction with RPA
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(50). We were interested in the influence of Rad52 on RPA-
governed events such as DNA annealing. It was shown that RPA
interferes with spontaneous annealing between two comple-
mentary ssDNA, which can be overcome by the addition of wild
type Rad52 (44, 51). To this end, we decided to construct an
expression vector that expresses the Rad52-R70A mutant pro-
tein, which has a specific defect, i.e. impairment in annealing
RPA-coated ssDNA, but is normal in recombination mediator
and DNA binding activities (51). When the Rad52-R70A
mutant protein was overexpressed in dna2-KI080E, it sup-
pressed the lethality of dna2-K1080E poorly, as shown in Fig.
6C, unlike wild type Rad52. This was not due to the failure of
Rad52-R70A expression, because its expression level was
higher than the wild type (Fig. 6D). This result indicates that the
repair of DNA damages formed in dna2-K1080E mutant cells is
critically dependent on a step that requires the annealing of
RPA-coated complementary ssDNA.

Rad52 Works in Conjunction with Rad59 to Rescue dna2-
KI1080E Lethality—One additional important factor involved in
Rad51-independent HR is Rad59. Rad59 shares significant
homology with the N-terminal part of Rad52, and it possesses
DNA annealing activity (71, 72). Rad59 was first isolated in an
effort to identify genes that play roles in Rad51-independent
spontaneous mitotic recombination between inverted repeats
(71). Strong support for the importance of Rad59 in Rad51-
independent recombination is provided by several genetic and
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biochemical observations. First, the rad51A rad59A double
mutant displays severely reduced recombination rates that are
comparable with those observed with rad52A (71, 73). Second,
overexpression of Rad52 is able to restore the DNA repair or
recombination defects caused by the rad59 mutations, suggest-
ing that Rad59 has overlapping roles with Rad52 (71, 74). Third,
it has been shown that Rad59 physically interacts with Rad52
(72). These results together strongly support the possibility that
the suppression of dna2-KI1080E by RADS52 requires a func-
tional copy of RAD59. To verify this likelihood, we examined
the influence of Rad52 overexpression in the rad59-null strain,
YM]J7. As shown in Fig. 7A, the overexpression of Rad52 failed
to suppress the lethal phenotype of dna2-KIO80E in the
absence of Rad59.

We attempted to further confirm this observation using the
rad52-L89F mutant, which displays phenotypes similar to
rad59A, most likely due to its inability to bind Rad59 (73). The
intrachromosomal recombination rate between two inverted
repeats is similarly diminished in rad51A rad52-L89F and
radSI1A rad59A or rad52A (73). To test whether Rad59 is
involved in the Rad52-dependent suppression of dna2-K1080E,
we constructed a plasmid overexpressing the rad52-L89F allele.
The result was that the overexpression of Rad52-L89F poorly
suppressed dna2-KI1080E lethality, as shown in Fig. 7B,
although the expression level of Rad52-L89F was higher (~2-
fold) than that of wild type Rad52 (Fig. 7C). This result indicates
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that the physical interaction of Rad52 with Rad59 and/or their
cooperative function may be important for the suppression of
the dna2-K1080E defect.

Suppression of dna2-K1080E by Rad52 Depends on Several
Factors Required for Sister Chromatid Cohesion—Previous
studies on HR revealed several recombination pathways that do
not require Rad51; they include SSA and BIR, although a major-
ity of BIR is dependent on Rad51 (43, 46, 75—77). In addition, a
subset of sister chromatid recombination (SCR) events, which
is facilitated by the RSC chromatin-remodeling complex, also
can occur independently of Rad51 (78, 79). This Rad51-inde-
pendent SCR pathway has been shown to require Rsc2 and
Rsc7, which are the two critical components of the RSC chro-
matin-remodeling complex (79). For this reason, we were inter-
ested in the involvement of the RSC complex in the suppression
of dna2-K1080E. When Rad52 was overexpressed in rsc2A and
rsc7A mutant cells (YM]9 and YMJ10, respectively), the Rad52-
dependent suppression of dna2-K1080E was totally abrogated
in rsc2A cells but only partially in rsc7A cells (Fig. 84). The
levels of Rad52 expression in rsc2A and rsc7A cells were com-
parable with that of the wild type (Fig. 8B), indicating that the
abrogation of suppression observed in rsc2A was not due to the
lack of Rad52 protein expression (Fig. 8B). Therefore, we con-
cluded that Rsc2 plays a crucial role in the Rad52-dependent
suppression of dna2-K1080E.

Because Rsc2, a critical component for sister chromatid
cohesion establishment (80, 81), is essential in the Rad52-de-
pendent suppression of dna2-K1080E, it is possible that other
cohesion establishment factors could also contribute to the
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suppression of dna2-K1080E. For example, Elg1 is a well known
factor that is required for the establishment of sister chromatid
cohesion (82, 83); deletion of ELGI results in a higher frequency
of precocious sister chromatid separation (82). In addition, Elgl
genetically interacts with Dna2, and a synthetic lethal interac-
tion between elgIA and dna2-2 is reported (9). Consistent with
these observations, we isolated Elgl as a dna2-K1080E suppres-
sor as shown in Fig. 8C. In addition, the overexpression of Elg1l
resulted in the efficient suppression of the ts growth defect of
dna2A405N (Fig. 8D). We also examined the influence of Rad52
overexpression on the growth of the elg/-null strain (YM]8) and
discovered that the Rad52-dependent suppression of dna2-
KI080E requires a functional copy of ELGI because Rad52
overexpression failed to suppress the lethality of dna2-K1080E
in the absence of Elg1 (Fig. 8E). Interestingly, the suppression of
dna2-K1080E by Elgl overexpression was not observed in the
absence of Rad52 (Fig. 8F), indicating the functional interaction
between the two proteins in repair of damages during lagging
strand DNA synthesis. We discuss how they work together
below.

DISCUSSION

In this study, we found that Rad52 upon overexpression res-
cued the lethality of dna2-K1080E, a DNA helicase-negative
dna?2 allele, and showed that Rad52-mediated recombination
could play an important role in rectifying faulty Okazaki frag-
ment processing. The suppression observed was not attributa-
ble to the ability of Rad52 to stimulate the endonuclease activ-
ities of Dna2 or Rad27 but to the bona fide recombination
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FIGURE 7. Rad59 is essential for Rad52-mediated suppression of dna2-K1080E. A, the Rad52-dependent suppression of dna2-K1080F was examined in
rad59-null cells. Overexpression of Rad52 in rad59-null cells is indicated as rad59A +Rad52. Transformants were grown and spotted as described above in
legend for Fig. 1C. FOA, 5-fluorooritic acid. B, the pRS325-ADH1 plasmids expressing Dna2, Rad52, and Rad52-L89F were introduced into YJA1BJK65, and the
resulting transformants were grown and spotted as described in the legend for Fig. 1A. C, expression levels of Rad52 and Rad52-L89F proteins were examined
as described in legend for Fig. 1B. Histone H3 was used as loading control. a-H3, antibodies against histone H3.

A
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+None
+Rad52
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+Rad52 +Elg1
elg1A+Rad52 rad52A+EIg1
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FIGURE 8. Rsc2 and Elg1 are essential for the Rad52-dependent suppression of dna2-K1080E. A, the Rad52-dependent suppression of dna2-K1080E was
examined in rsc2- and rsc7-null cells. Overexpression of Rad52 in rsc2- or rsc7-null cells is indicated as rsc2A+Rad52 and rsc7A+Rad52, respectively. FOA,
5-fluorooritic acid. B, expression levels of Rad52 proteins were examined in the absence of Rsc2 or Rsc7 as described in the legend for Fig. 1B. C, overexpression
of Elg1 suppresses the lethality of dna2-K1080E. The pRS325-ADH1 plasmids expressing Dna2 and Elg1 were introduced into YJA1BJK65 (dna2:HIS3, pRS314-
dna2-K1080E, and pRS316-DNA2), and the resulting transformants were grown and spotted as described in the legend for Fig. 1A. D, the pRS325-ADH1 plasmids
expressing Dna2 and Elg1 were introduced into YJA2 (dna2A405N). Cells were grown until saturated and spotted on an SD-L plate followed by incubation at
25 and 37 °C for 3 days. E, the Rad52-dependent suppression of dna2-K1080E was examined in elg1-null cells as described in the legend for Fig. 1C. Overex-
pression of in elg1-null cells is indicated as elg 1A +Rad52. F, the Elg1-dependent suppression of dna2-K1080E was examined in rad52-null cells. Overexpression
of Elg1 in rad52-null cells is indicated as rad52A+Elg1.

function of Rad52. This finding suggests that stimulation of the  viously, it was shown that the overexpression of nuclease-atten-
nuclease activity of Rad27 (Mgs1 and Mus81), Dna2 (RPA), or  uated (34) or helicase-negative mutant Dna2 enzymes (60) or of
both (Vts1l, Mphl, and Rad27) might not be the only mecha- wild type Rad27 (21) allows several dna2 mutant cells to grow,
nism by which suppression occurred (17, 58 — 60, 64, 84). Pre- indicating that the enhanced nuclease activity of Dna2 or Fenl

15074 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB  VOLUME 289-NUMBER 21+ MAY 23, 2014



Involvement of Rad52 in Okazaki Fragment Processing

is the most plausible means to suppress the dna2 mutations.
One likely scenario accounting for our finding that robust stim-
ulation in vitro of the Dna2 and Rad27 activities by Rad52 did
not result in suppression iz vivo is that the interactions between
Rad52 and Dna2/Rad27 may be restricted in vivo. Alternatively,
these levels of stimulation may not be enough to rescue dna2-
KI080E. We, however, prefer the first possibility for the follow-
ing reason: in many cases, the 5-10-fold stimulation of either
Dna2 or Rad27 is sufficient to suppress growth defects of dna?2
alleles (58, 60, 84). Therefore, we believe that the underlying
mechanism for the Rad52-mediated suppression of dna2-
KI080E is due to the increased levels of recombination events.

Because the overexpression of catalytically active Rad27 sup-
pressed the dna2-K1080E lethal phenotype (Fig. 3B), the lethal-
ity of dna2-K1080E could be attributed to the failure of 5'-flap
cleavage, most likely leading to the generation of long flaps,
which have a greater potential to form structured ones. This is
consistent with the results obtained from our previous in vitro
studies that Dna2-K1080E is not able to cleave 5'-flaps contain-
ing hairpin structures (32). This is also in keeping with the
observation that overexpression of RPA suppresses dna2-
KI080E (32); RPA is known to have the ability to destabilize
short duplexes such as hairpins in 5'-flaps. Previously, it has
been shown that Rad27 disengages nonproductively bound
Dna2 molecules, facilitating Dna2 recycling (85). Theoretically,
the Rad27-mediated recycling of Dna2 could lead to a net
increase in the effective concentrations of Dna2 in cells, which
in turn could lead to the suppression of dna2-K1080E. Our
finding that nuclease-dead Rad27-DA, however, was not able to
suppress dna2-K1080E (Fig. 3B) rules out the possibility that
the suppression observed by Rad27 is due to the ability of Rad27
to dissociate Dna2 from DNA. It was shown that Dna2A405N,
mutant Dna2 lacking the N-terminal 405-aa domain, was not
able to recognize and bind to secondary structured flaps and
that the inability of Dna2A405N to target to a secondary struc-
tured flap rendered this mutant enzyme severely defective in
resolving secondary structure (28). Although Dna2-K1080E
and Dna2A405N are similar with respect to their inability to
process secondary structured flaps, dna2-K1080E cells dis-
played much more severe growth defects than those of
dna2A405N; the former are lethal, whereas the latter grow in a
temperature-sensitive manner. One conceivable explanation
for this is as follows. In cells producing Dna2A405N, the unpro-
cessed secondary structured flaps could be processed with the
aid of other factors, such as Mphl helicase, which may consti-
tute redundant pathways in parallel with Dna2. In contrast,
Dna2-K1080E is supposed to remain firmly bound to the struc-
tured 5'-flap, forming a nonproductive DNA-protein complex
that interferes with the access of other enzymes required to
process the flap. Analogous to and in support of this possibility,
it has been shown that rad27-p, a mutant allele defective in
PCNA binding, ameliorates the growth defect of nuclease-dead
rad27-n when both mutations are combined (63). It was inter-
preted that the Rad27-n,p allows Okazaki fragments to be pro-
cessed by other alternative nucleases such as Dna2 or even by
the 3’ to 5" exonuclease activity of Pol 6 (63). Recently, it was
shown that Dna2 is involved in the activation of the Mecl
kinase, a sensor protein for the intra-S-phase checkpoint acti-
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vation (27, 28). Therefore, it is possible that Dna2-K1080E in a
complex with the 5'-structured flap could cause cell death due
to the hyperactivation of the intra-S-phase checkpoint. This
possibility remains to be tested.

Our results shown above support the idea that the helicase
activity of Dna2 is important in the replication of DNA
sequences or chromosomal regions that can be converted into
secondary or higher ordered structures when replication forks
pass. They may include ribosomal and telomeric repeats and
other repeats containing palindromes or simple trinucleotide
repeats. Results from several studies have revealed that Dna?2 is
implicated in the replication or the maintenance of telomeric
repeat sequences or rDNA arrays (37, 86 —90). For example, the
dna2-2 mutant displayed elevated rates of DSB-associated
recombination and increased levels of replication pause and
fork convergence at the rDNA region (86, 91). Moreover, Dna2
is maximally associated with rDNA during S phase (86), sup-
porting the possibility that Dna2 is importantly involved in
rDNA replication. Therefore, the helicase activity of Dna2
becomes more important particularly when replication forks
proceed through such structure-forming DNA regions. It
would be interesting to examine which parts of chromosomes
become unstable in the absence of the helicase activity of Dna2.

There have been a number of experimental data suggesting
that Rad51-independent HR could play a crucial role in the
repair of DNA damages associated with lagging strand DNA
replication. It was shown that the pol12-100, cdc9-1, cdc2-1
mutants, which have defects in lagging strand DNA replication,
accumulated significant amounts of recombination intermedi-
ates during S phase in rDNA, whereas the recombination inter-
mediates were not observed in pol2-1 and dpb2-1 mutants,
which are defective in leading strand DNA replication (92).
These recombination intermediates were formed in a manner
dependent on Rad52 but not on Rad51 and its other paralogs
(92). In addition, it was reported that Rad52, but not Rad51, is
associated with stalled replication forks in rDNA (93). The
genetic data that rad59A or rad59-K166A is synthetic lethal or
sick with rad27A or cdc9-1 (52, 94, 95) also support the impor-
tance of Rad59-dependent recombination in the repair of lag-
ging strand associated damages. Our findings strongly suggest
that the Rad52/Rad59-dependent pathway is a highly preferred
choice, whereas the Rad51-dependent pathway is negatively
regulated during DNA replication. The genetic observation
that rad59-Y92A cells display increases in Rad51-dependent
HR events (94) raises the possibility that the two pathways are
tightly regulated. For example, Rad59 could play a role in the
prevention of unscheduled Rad51-dependent recombination.
In addition, it has been shown that during S phase, sumoylated
PCNA recruits Srs2, which functions to dismantle Rad51 from
nucleofilament, leading to suppression of unwanted HR (96,
97). Considering that the Rad51-dependnet HR requires many
more accessory factors and a longer time to complete, the
Rad51-independent HR-mediated repair of DNA damages
occurring during DNA replication, particularly in lagging
strand, could be a preferred choice.

Previous studies have revealed that SSA and BIR could occur
in the absence of Rad51 function, although a majority of BIR
occurs more efficiently in the presence of Rad51 (43,46, 75-77).
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FIGURE 9. A model for Rad52/59-mediated repair of faulty Okazaki fragment processing. i, unprocessed 5'-flaps can be converted to 3'-flaps via a process
called “flap equilibration” (see “Discussion” for details). ii, the 3’-flaps can invade the homologous DNA sequences located on a sister chromatid with the aid of
Rad52 and Rad59 proteins. The sister chromatid pairing appears critical for this invasion step. iii, in the absence of cohesion establishment factors, sister
chromatids are not able to pair properly, causing the failure of error-free recombination-mediated repair of erroneous flaps, which in turn leads to cell death

or genome instability.

We examined whether SSA and BIR could contribute to the
Rad52-dependent suppression of dna2-K1080E and found that
the deletion of Rad10, Sawl, and Tid1, important factors for
SSA or BIR (76, 98, 99), did not affect the suppression (data not
shown). It has also been shown that a subset of SCR events,
which is facilitated by the RSC complex, could occur indepen-
dently of Rad51 (78, 79). We found that the suppression was
completely abolished in rsc2A and elgIA cells, raising the pos-
sibility that the same mechanism for SCR is responsible, at least
in part, for the repair of faulty flaps. We also investigated
whether Ctf4 and Ctf18, two other sister chromatid cohesion
establishment factors, had a role in the suppression of dna2-
K1080E by Rad52 overexpression. It has been found that ctf4
shows synthetic lethality or synthetic growth defects when
combined with dna2 ts mutant alleles (35), and CTFI18 has been
isolated as a multicopy suppressor of dna2A405N (data not
shown). However, we were not able to determine the require-
ment of Ctf4 and Ctf18 for the Rad52-mediated suppression,
because overexpression of Rad52 rendered ctf4A and ctf18A
cells inviable (data not shown).

One question that arises is how the Rad52-dependent recom-
bination is initiated to repair the problematic flaps that have not
been appropriately processed due to a defective processing
enzyme such as helicase-deficient Dna2. For the HR-mediated
repair of general DSB or collapsed replication forks, the initial
step is the generation of 3'-ssDNA overhangs by the combined
action of the MRX complex and DSB resection machineries (23,
47, 100). Contrary to this, we found that the overexpression of
Rad52 in a rad50-null (Fig. 3A) or rpd3-null (data not shown)
strain defective in DSB resection (61, 101) resulted in efficient
suppression of dna2-K1080E. These findings suggest that the
3'-ssDNA overhangs may not be generated by the canonical
DSB resection. One likely alternative mechanism for the gener-
ation of 3'-ssDNA would be flap equilibration, the spontaneous
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process of competitive annealing between the two 5'- and
3'-strands. The 5'-flaps, presumably with hairpin or other aber-
rant structures and thus longer than the average ones, are
expected to accumulate in dna2-K1080E, and they can be con-
verted to 3’-flaps through energetically allowed flap equilibra-
tion (Fig. 9, step i). One role of Rad52 in this spontaneous pro-
cess is to facilitate the interconversion between the 5'- and
3'-flaps by participating in the following process. The RPA-
coated long 5'-flaps could recruit Rad52, because RPA-coated
ssDNA recruits Rad52 through specific protein-protein inter-
actions (50). Then, the 5’-flap-bound Rad52 proteins could rap-
idly generate 3'-flaps by facilitating the annealing of the 5'-flap
to the template using the strand exchange activity of Rad52
(102). As a result of flap equilibration, the newly generated
3'-flap could form a complex with Rad52 molecules and invade
a homologous region in the sister chromatid, readily available
because of the close proximity by sister chromatid cohesion
(Fig. 9, step ii). This proximity may allow the 3'-ssDNA to find
its homologous sequence without the aid of Rad51. Subse-
quently, the strand exchange activity of Rad52 could be used to
promote strand invasion between the invading 3'-ssDNA and
donor sister chromatid to establish D-loop structure. This later
step may not be efficient without the proper paring of the two
sister chromatids (Fig. 9, step iii). An alternative fate of the
3'-flaps formed via flap equilibration is that they could be newly
processed by a 3’'-endonuclease such as Mus81 or its related
complexes. This is in keeping with the observation that the
overexpression of Mus81-Mms4 suppresses the lethality of
dna2-K1080E (59).
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