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Replication protein A (RPA) sumoylation positively influences
the DNA damage checkpoint response in yeast
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The DNA damage response relies on protein modifications to
elicit physiological changes required for coping with genotoxic
conditions. Besides canonical DNA damage checkpoint—
mediated phosphorylation, DNA damage—induced sumoylation
has recently been shown to promote genotoxin survival. Cross-
talk between these two pathways exists in both yeast and human
cells. In particular, sumoylation is required for optimal check-
point function, but the underlying mechanisms are not well-
understood. To address this question, we examined the sumoy-
lation of the first responder to DNA lesions, the ssDNA-binding
protein complex replication protein A (RPA) in budding yeast
(Saccharomyces cerevisiae). We delineated the sumoylation
sites of the RPA large subunit, Rfal on the basis of previous and
new mapping data. Findings using a sumoylation-defective Rfal
mutant suggested that Rfal sumoylation acts in parallel with the
9-1-1 checkpoint complex to enhance the DNA damage check-
point response. Mechanistically, sumoylated Rfal fostered an
interaction with a checkpoint adaptor protein, Sgs1, and con-
tributed to checkpoint kinase activation. Our results suggest
that SUMO-based modulation of a DNA damage sensor posi-
tively influences the checkpoint response.

The DNA damage response (DDR)* is an intricate cellular
system that senses and signals the presence of DNA lesions,
promotes their repair, and arrests the cell cycle to provide time
for repair (1). These coordinated functions are critical for
genomic stability and cellular survival under genotoxic condi-
tions. Not surprisingly, DDR defects in humans underlie the
pathology of several genome instability syndromes and can fuel
tumorigenesis. DDR employs multiple types of protein modifi-
cations that can quickly and reversibly change the properties of
numerous proteins to favor their functions in coping with DNA
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damage (2). The reversible nature of these modifications is
important for turning off the DDR after DNA damage condi-
tions are removed or adapted to. DDR dampening deficiency is
also undesirable and can lead to prolonged cell cycle arrest and
in extreme cases, cell death (3).

The best-studied aspect of DDR is the highly conserved DNA
damage checkpoint (or DDC) pathway. When cells experience
increased levels of DNA lesions, lesion processing can generate
large amounts of single-stranded DNA (ssDNA). The first
responder to this signal is the trimeric RPA complex (composed
of Rfal-3) that has high affinity to ssDNA (4). The RPA-coated
ssDNA filament then serves as a platform to recruit checkpoint
kinases and cofactors. As an example, in the budding yeast
model system, RPA can recruit the apical DDC kinase Mecl to
DNA damage sites via direct binding between Rfal and the
Mecl cofactor Ddc2 (5). In addition, RPA helps to recruit the
ring-shaped 9-1-1 complex (Rad17-Mec3-Ddc1) that can bind
to the junction of ssDNA and dsDNA. 9-1-1 then promotes
Mecl activation via allosteric stimulation of its kinase activity
(6, 7). In addition, 9-1-1 can facilitate the recruitment of
another Mecl activator, Dpb11, to DNA damage sites (8). Like
9-1-1, Dpbl11 and another Mec1 activator, the DNA helicase-
nuclease Dna2, can directly stimulate Mec1 kinase activity (7,
9). The existence of multiple DNA damage sensors and Mecl
activators can ensure a robust checkpoint response such that
the lack of one factor can be compensated by the presence of the
others (10). Activation of the Mecl kinase initiates the phos-
phorylation of various downstream factors. Two of these are
the Rad9 scaffold protein and the Sgs1 helicase. Sgs1 and Rad9
are adaptor proteins that interact with a downstream kinase
Rad53 to relay the checkpoint-signaling cascade from Mecl
and enhance Rad53 phosphorylation and activation (11, 12).
Activated Rad53 can diffuse away from DNA damage sites and
induce additional phosphorylation events required for coping
with DNA damage conditions (13).

Recent studies in yeast and human cells have shown that in
parallel with the DNA damage checkpoint pathway, coordi-
nated protein sumoylation upon DNA damage also plays criti-
cal roles in DNA repair and cellular survival of genotoxic con-
ditions (14). Such DNA damage-induced sumoylation (or
DDIS) can also be initiated by RPA-ssDNA filament. In yeast,
the direct binding between the Rfa2 subunit of RPA and the
Siz2 SUMO E3 recruits Siz2 to DNA break sites and enables the
sumoylation of RPA itself as well as the Rad52 and Rad59
recombinational proteins (15). The combined effect of these
sumoylation events can promote recombinational repair (16).
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Figure 1. Examining the sumoylation of untagged Rfa1 and previously identified Rfal sumoylation sites. A, simplified schematic of the DNA damage
response involving the Mec1 checkpoint and the DNA damage-induced sumoylation, with a focus on the events that require RPA-coated ssDNA. B, addition
of a TAF or Myc tag on the C-terminal of Rfa1 sensitizes the cells toward DNA damaging agents. 10-fold serial dilution of cells of the indicated genotypes were
spotted and growth was assessed after incubation at 30 °C for 3 days. The dashed lines indicate removal of superfluous rows. C, detection of the sumoylation
of untagged Rfa1 in MMS conditions. Cells were treated with 0.02% MMS, and protein extracts from the indicated strains were examined by immunoblotting
using anti-Rfa1-specific antibody (15). Rfa1-Sa and -Sb denote mono-sumoylated Rfa1 species, and Rfa1-S2 denotes di-sumoylated Rfa1 species. Molecular
weightis indicated at the left of the blots. D, Rfal sumoylation bands exhibit expected up-shifts when a larger variant of SUMO containing His-FLAG tag
(HF-SUMO) is present. To better detect band shift, WT cells were treated with 0.3% MMS to increase Rfal sumoylation levels. E, mutation of lysines 170
and 427 to arginine reduces Rfal sumoylation. Specifically, rfalA cells were supplemented with CEN-based plasmids expressing either WT or mutant
Rfa1 driven by Rfal endogenous promoter. Cells of the indicated genotypes were treated and examined as in panel D. rfal-K170R and rfa1-K427R
reduced the signals of the Rfa1-Sa and -Sb sumoylation bands, respectively. The relative ratios of the sumoylated Rfa1 signals to those of unmodified
Rfa1 are indicated below. F, mutation of lysine 133 to arginine does not reduce Rfal sumoylation in WT background (left) or in rfal-K170, 427R
background (right). Experiments were done and labels are indicated as in panel E. G, schematic of the budding yeast Rfal protein domains. Some known
interactors for the Rfal N-terminal domain are indicated. The three lysine residues previously reported as Rfal sumoylation sites and representative

proteins that bind to the Rfal N-terminal domain are also indicated.

Additional sumoylation events induced by DNA damage also
stimulate other types of DNA repair, such as nucleotide exci-
sion repair and base excision repair (14).

How the checkpoint response and DDIS coordinate and
influence each other is just beginning to be understood. On one
hand, the lack of Mec1 and other checkpoint proteins in yeast
or their counterparts in human cells can increase the level of
DNA damage—induced sumoylation, suggesting a possible
compensatory effect (16—18). On the other hand, the lack of
sumoylation enzymes impairs checkpoint-mediated phosphor-
ylation of multiple substrates, such as the Rad53 kinase in yeast,
suggesting that sumoylation may stimulate the checkpoint
response (17, 18). One mechanism underlying this stimulatory
effect in human cells is that the sumoylation of the Ddc2 homo-
log, ATRIP, can enhance ATRIP association with the human
Mecl homolog ATR and with other checkpoint proteins (18).
Whether additional sumoylation events also contribute to the
robustness of the checkpoint is unclear (Fig. 14). To address
this question, we examined RPA because its involvement in
both the checkpoint and DDIS makes it well-positioned for
mediating the cross-talk between the two pathways. Among the
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three subunits of RPA, the sumoylation of its largest subunit,
Rfal, is the most abundant (19). We mapped the Rfal sumoy-
lation sites and examined how lack of Rfal sumoylation influ-
ences checkpoint activity. Our data suggest that Rfal sumoyla-
tion enhances its association with the Sgs1 checkpoint adaptor
protein and positively affects the Mec1 checkpoint response.

Results

Endogenously expressed, untagged Rfa1 is modified by
mono- and di-SUMO

Previous studies examining DNA damage—induced sumoy-
lation of RPA mostly used epitope-tagged Rfal (16, 19). How-
ever, we found that various tags added to the Rfal C terminus
reduced damage survival (Fig. 1B). This raised the question
whether and how untagged Rfal was sumoylated. To address
this, we examined endogenously expressed untagged Rfal after
treating yeast cells with genotoxin methyl methanesulfonate
(MMS). Total protein extract was made under denaturing con-
ditions to minimize the loss of sumoylation during extraction
and then subjected to Western blot analyses using a well-estab-
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lished anti-Rfal antibody (20, 21). As shown in Fig. 1C,
whereas short exposure of the blots revealed only the
unmodified Rfal band, long exposure revealed three addi-
tional Rfal bands. Based on several criteria, we concluded
that these additional bands represented the Rfal sumoylated
forms. First, removal of the Siz2 SUMO E3 eliminated these
Rfal forms without affecting the unmodified Rfal (Fig. 1C).
Second, a larger SUMO variant containing a His,-FLAG tag
retarded gel migration of these Rfal forms, but not the
unmodified Rfal (Fig. 1D). Third and as seen for the sumoy-
lated forms of multiple other proteins, mecIA increased the
levels of these Rfal forms (Fig. 1C) (17).

Analogous to most other sumoylated proteins, the relative
amount of sumoylated Rfal was low and estimated at ~3% of
total Rfal (Fig. 1, C and D). As suggested previously, the low
level of sumoylated forms detected could be because of the
highly dynamic nature of sumoylation and desumoylation as
well as possible loss of sumoylated forms during extraction (22).
It is commonly found that mono-sumoylation causes ~20 kDa
up-shift of the protein on gels and di-sumoylation causes ~40
kDa up-shift (22). In addition, the position of SUMO conjugation
on a protein also influences the protein gel migration patterns (23,
24). Based on these general principles, it is likely that the two
sumoylated Rfal bands exhibiting ~15-20 kDa up-shift from the
unmodified Rfal form represent mono-sumoylated species
(Rfal-Sb and Rfal-Sa) (Fig. 1, C and D), whereas the other Rfal
sumoylation band with a mobility shift of ~40 kDa represents di-
sumoylation species of Rfal (Rfal-S2) (Fig. 1, C and D).

Rfa1 sumoylation is largely abolished by mutating four lysine
residues

A previous study showed that simultaneously mutating three
Rfal lysines (Lys-133, Lys-170, Lys-427 (K133, K170, and
K427)) reduced the sumoylation levels of epitope-tagged Rfal
proteins when a SUMO variant with all lysines mutated was
used (16). Whether each of these lysines contributes to Rfal
sumoylation in the absence of tags is unclear. To address this,
we examined the effect of single lysine mutation in cells con-
taining untagged Rfal and WT SUMO. We found that mutat-
ing K170 to arginine (K170R) reduced the intensity of the
Rfal-Sa band, whereas the K427R mutation reduced the inten-
sity of the Rfal-Sb band, suggesting that K170 and K427 are
sumoylation sites responsible for the bulk of the Rfal-Sa and
Rfal-Sb species, respectively (Fig. 1E). When these two muta-
tions were combined (K170, 427R), total Rfal sumoylation lev-
els were reduced to ~25% of WT, and di-sumoylation band
(Rfal-S2) mostly disappeared (Fig. 1E). This result suggested
that Rfal-S2 likely represents species with both K170 and K427
modified by SUMO. In contrast, K133 mutation to arginine
alone did not reduce Rfal sumoylation levels, nor did it impact
the sumoylation levels when combined with K170, 427R (Fig.
1F). We concluded that K170 and 427, but not K133, are
sumoylation sites of untagged Rfal, and that the residual ~25%
of Rfal sumoylation in the rfa1-K170, K427R mutant is because
of additional sumoylation sites. We note that K170 and K427
are located in the linker regions outside the DNA and protein-
binding domains of Rfal (Fig. 1G).
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Next, we used a candidate approach to determine the addi-
tional sumoylation sites on Rfal. Asnoted above, the location of
sumoylation sites can differentially affect the gel migration pat-
terns of sumoylated protein forms. In principle, sumoylation at
sites close to each other likely causes similar gel retardation
patterns because the peptide branch points on the sumoylated
protein have similar locations. We thus reasoned that the
remaining Rfal-Sa and -Sb species seen in rfal-K170, K427R
mutants could be because of sumoylation at sites close to K170
and K427, respectively. To test this idea, we examined all the
lysines located within a 20 amino acid radius from K170 (K180)
or K427 (K411, K417, and K442) in a rfal-K170, K427R back-
ground. We found that K180R specifically reduced the residual
intensity of the Rfal-Sa band, whereas K411R reduced the
residual intensity of the Rfal-Sb band (Fig. 24). In contrast,
neither K417R nor K442R further reduced sumoylation (Fig.
2B). Collectively, these analyses suggest K180 and K411 are two
additional sumoylation sites on Rfal. Indeed, replacing the
RFA1 gene with a rfal-4KR mutant wherein all four sites
(K170, 180, 411, 427) were changed to arginine reduces the
overall Rfal sumoylation by ~90% without affecting Rfal pro-
tein levels (Fig. 2C). Based on the structure of RPA bound to
ssDNA, K180 and K411, like K170 and K427, are not in contact
with DNA; thus their mutations to arginine are unlikely to
affect RPA binding of ssDNA (Fig. 2D) (25).

rfa1-4KR jointly with a ddc1 mutant rescue the persistent
checkpoint and damage sensitivity of srs2A cells

As described above, reducing Siz 1/2 SUMO E3-mediated
sumoylation diminishes the Mecl checkpoint in genotoxin
conditions (17). We asked whether Rfal sumoylation, which is
largely mediated by Siz2, contributes to this SUMO-mediated
stimulation of checkpoint (15). We found that rfal-4KR did
not sensitize cells to genotoxins such as camptothecin (CPT) or
MMS, nor did it affect normal growth (Fig. 34). As multiple
redundant mechanisms are involved to generate the check-
point response, disrupting a single mechanism often does not
lead to observable DNA damage sensitivity. For example,
mutating the Ddcl phosphorylation site required for Dpb11
binding (ddc1-T602A) is known to confer WT level of damage
survival (Fig. 34) (7). In this situation, a strain background
wherein persistent checkpoint causes genotoxin sensitivity
provides a useful context to query checkpoint impairment. Pre-
vious studies have shown that removing the DNA helicase Srs2
leads to hyper-checkpoint and subsequent DNA damage sensi-
tivity (26), and both defects can be rescued by deleting check-
point genes (27, 28). Consistent with this observation, we found
that ddc1-T602A also improved srs2A cell survival on CPT- and
MMS-containing media (Fig. 3B). Significantly, rfal—4KR had
similar effects as ddc1-T602A, and their combined mutants had
a stronger suppressive effect on srs2A cells on CPT media (Fig.
3B). We confirmed that Rfal was sumoylated after CPT treat-
ment (Fig. 3C) with a similar pattern as observed after MMS
treatment (Fig. 1, C and D).

Next, we examined the activation of the Rad53 kinase, a
hallmark of the Mec1 checkpoint pathway, using an antibody
specifically recognizing the active form of Rad53 (29). After
cells were treated with CPT, srs2A cells contained higher
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Figure 2. Identification of two additional Rfal sumoylation sites. A, Mutating lysines 180 and 411 to arginine further reduces Rfal sumoylation.
Adding the K180R mutation to rfal-K170, 427R reduced the intensity of the Rfa1-Sa band. Further addition of the K411R mutation to rfa1-K170, 180, 427R
(to give rfal-4KR) reduced the intensity of the Rfa1-Sb band. The relative ratios of sumoylated Rfal forms to the unmodified Rfal form for WT and
rfal-4KR strains were quantified from two biological duplicates shown in the graph on the right. As Rfal sumoylation levels were low in rfa1-K170, 427R
background, better visualization of this modification was achieved by using mec1A sm/71A cells treated with 0.02% MMS, which are known to increase
Rfa1l sumoylation. Note: For this experiment, rfalA cells were supplemented with CEN-based plasmids expressing either WT or mutant Rfal driven by
Rfa1 endogenous promoter. B, mutating lysine 417 and 442 to arginine does not affect Rfal sumoylation. Experiments were done as in panel A. Adding
the K417R mutation to rfa1-K170, 427R had no effect on the intensity of all Rfal sumoylation bands. Similarly, adding the K442R mutation to rfa1-K170,
180, 427R did not further affect Rfal sumoylation. The data presented here are from the same immunoblot and dashed line indicates removal of
superfluous lanes. C, rfal-4KR as the only copy of Rfa1l in its endogenous locus greatly reduced Rfal sumoylation when cells were treated with 0.2%
MMS for 2 h. rfa1-4KR did not affect Rfa1 protein levels as shown in the short exposure of the immunoblots. D, crystal structure of Ustilago maydis RPA
in complex with ssDNA (purple) (25).Rfa1 is represented by its dbd A, B, and C. The locations of three of the four sumoylation sites are indicated. The K170
residue of Rfal was not included in the crystal structure.

levels of active form of Rad53 (Fig. 3D). ddc1-T602A reduced
the level of this Rad53 form in srs2A cells by ~40%, and
rfal-4KR further decreased it by another ~25%, although
rfal-4KR alone did not yield a statistically significant reduc-
tion of active Rad53 levels. Taken together, these genetic and
biochemical data suggest that Rfal sumoylation contributes
toward Rad53 activation, but its effect is buffered by other
redundant mechanisms.

rfa1-4KR does not affect the rate of homologous
recombination in srs2A cells

Besides reducing checkpoint activation, the DNA damage
sensitivity of srs2A cells can also be suppressed by removing
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pro-recombination factors (28). It was thought that the srs2A
damage sensitivity is partly because of accumulation of toxic
recombination intermediates, as the helicase activity of Srs2
can dismantle these structures (30). Given that RPA not only
supports checkpoint activation but also participates in recombina-
tional repair, we assessed whether rfal-4KR could affect homo-
logous recombination. To this end, we used an intra-chromo-
somal recombination assay that produces recombinants via either
gene conversion or deletion (31). Similar to previous findings (32),
spontaneous recombination rate increases in srs2A cells (Fig. 3E).
However, rfa1-4KR did not influence recombination rates in srs2A
cells or in otherwise WT cells (Fig. 3E). Similar findings were
observed after cells were treated with DNA damaging agents for
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Figure 3. rfal-4KR, in combination with ddc7-T602A, reduces persistent checkpoint and DNA damage sensitivity of srs2A cells. A, rfal-4KR and
ddc1-T602A do not affect cell growth or sensitivity to genotoxins. 3-fold serial dilutions of cells of the indicated genotypes were spotted on media containing
the indicated concentration of genotoxins and plates were grown at 30 °C for 3 days. B, rfal-4KR or ddc1T602A suppressed srs2A sensitivity to CPT and MMS.
Experiments were done as in panel A. C, Rfal sumoylation is observed after treatment with 16 ug/ml CPT for 4 h. Experiments were done as in Fig. 1D, except
that cells were treated with CPT. D, the rfal-4KR ddc1T602A double mutant reduces the levels of active Rad53 in srs2A cells. G, cells were released into the cell
cycle in media containing 16 ug/ml CPT for 6 h. Protein extracts were examined by immunoblotting using antibody specifically against activated Rad53 (F9)
(29). Pgk1 was used as a loading control. The signals of the active Rad53 were calculated and normalized to those of Pgk1. The mean of three biological isolates
per genotype is graphed relative to WT (dashed line), with error bars representing S.E. and asterisk indicating significant difference (p < 0.05). £, rfal-4KR does
not affect intra-chromosomal recombination. Top, schematic of the intra-chromosomal recombination assay used. In brief, two different leu2 defective alleles
with mutationsinthe 5’ or 3’ end of the gene are separated by a URA3 gene. Gene conversion or deletion events can produce a LEU2 gene that supports growth
on media lacking leucine and can be scored as Leu+ colonies. Bottom, Leu+ recombination rates as measured by fluctuation analysis (n = 24) are plotted for
normal growth (black) or MMS-treated (gray) conditions. Error bars represent the median with 95% confidence interval. F, mutating the three Rad52 sumoy-
lation sites (rad52-3KR) and two Rad59 sumoylation sites (rad59-2KR) also suppresses srs2A sensitivity to genotoxins. Combined mutation of rfal-4KR and
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these rad52 and rad59 alleles showed enhanced srs2A suppression.

2 h before assaying for recombination products (Fig. 3E). This sug-
gests that Rfal sumoylation is unlikely to affect intra-chromo-
somal recombination.

It is known that Rad52 and Rad59 sumoylation can promote
recombinational repair. Using previously established sumoyla-
tion-deficient alleles of Rad52 and Rad59 (16, 33), we found that
their combined mutants also improved the survival of srs2A in
DNA damage conditions, consistent with the notion that
reducing recombination could reduce srs2A damage sensitivity.
Interestingly, when the rad52 and rad59 sumoylation-deficient
alleles were combined with rfa1-4KR, the suppressive effect on
srs2A was greater (Fig. 3F). This additive effect is consistent
with the notion that Rfal sumoylation affects a different aspect
of biology than Rad52 and Rad59 sumoylation.

Rfa1 sumoylation promotes its association with Sgs1

We next asked how Rfal sumoylation could contribute to
checkpoint activation. A commonly reported effect of sumoy-
lation is to enhance protein—protein interactions, as the
SUMO moiety on a modified protein can provide another
interacting interface to its binding partner (34). Considering
the multiple protein—protein interactions involved in the
checkpoint circuitry, we considered the possibility that
sumoylated Rfal may promote its association with another
checkpoint factor(s), thus enhancing the overall efficiency of
checkpoint activation.

To test this idea, we queried among Rfal interactors involved
in the Mecl checkpoint pathway and found that the DNA heli-
case Sgsl and the nuclease Dna2 were reported to also interact
with SUMO (35, 36). We thus used the yeast two-hybrid assay
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(Y2H) to test whether Sgs1 and Dna2 can better interact with
Rfal when it can be more abundantly sumoylated. Previous
studies have shown that a SUON (for SUMO ON) tag with
strong SUMO-binding affinity can increase the sumoylation of
a fusion protein, likely by increasing local SUMO concentration
(37, 38). A control tag, SuCtrl (for SUMO control) tag, has the
same sequence as SUON except for a point mutation that abol-
ishes SUMO binding (37, 38). We confirmed that Rfal sumoy-
lation was enhanced by Rfal-SuON compared with Rfal-
SuCtrl, such that Rfal sumoylation could be detected even
without DNA damage treatment (Fig. 4A4). In the yeast two-
hybrid assay, both Sgs1 and Dna2 showed interaction with Rfal
as expected (12, 39), although the Sgs1-Rfal interaction was
consistently weaker than that of Dna2-Rfal (Fig. 4B). More-
over, Sgsl showed better interaction with Rfal-SuON com-
pared with Rfal or Rfal-SuCtrl, whereas Dna2 interaction with
Rfal-SuON was similar to that with Rfal (Fig. 4B). Next, we
tested whether the interaction between Rfal and Sgs1 or Dna2
could be enhanced when Rfal sumoylation was increased in a
more physiological setting. Co-immunoprecipitation analyses
were performed to examine whether Sgs1 or Dna2 showed prefer-
ential interaction with the sumoylated form of Rfal compared
with unmodified Rfal. We observed that immunoprecipitated
Sgs1 was able to co-immunoprecipitate sumoylated Rfal, and the
ratio of sumoylated to unmodified Rfal was significantly higher in
the eluate fraction than in the unbound fraction (Fig. 4C). In con-
trast, Dna2 co-immunoprecipitated sumoylated Rfal less effi-
ciently, and the ratio of sumoylated to unmodified Rfal was similar
between the eluate and unbound fractions (Fig. 4D). The combi-
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Figure 4. Rfal sumoylation enhances Sgs1 association, and Sgs1 checkpoint-defective mutant rescues srs2A defects. A, Rfal-SuON increases Rfal
sumoylation levels. Cells containing yeast two-hybrid plasmids used in panel B were examined under normal growth conditions. Rfal sumoylation was
detected in cells containing Rfal-SuON but not Rfa1-SuCtrl, although both constructs had similar unmodified protein levels. B, Sgs1 shows an enhanced
interaction with Rfal-SuON in yeast two-hybrid assay. All constructs support growth on control plates (SC-Trp-Leu), but only the ones that interact support
growth on —H (SC-Trp-Leu-His) plates. Cand D, Sgs1, but not Dna2, exhibits an enhanced interaction with sumoylated Rfa1. After cells were treated with 0.2%
MMS for 2 h, Myc-tagged Sgs1 or Dna2 was immune-captured on myc-conjugated beads. The unbound (Un) and the bead eluate () fractions were examined
by immunoblotting. Sgs1 and Dna2 were detected in the eluted, but not the unbound, fraction, suggesting successful immunoprecipitation and elution of
these proteins. Rfal was present in both fractions, allowing comparison of the relative levels of sumoylated forms of Rfal between unbound and eluate
fractions. Mean = S.E. from three biological duplicates are plotted, with the value from unbound fractions set as 1. Controls using untagged Sgs1 and Dna2
showed a small amount of Rfal bound to beads because of nonspecific bead binding as reported previously (12). ns, not statistically significant. E, sgs71-4A
reduces the active Rad53 levels in srs2A cells upon CPT treatment. Experiments and quantification were done as in Fig. 3D. Mean of three biological isolates per
genotype were shown and error bars represent S.E. Double asterisks indicate a significant difference with a p value < 0.01. ns, not statistically significant. F,
genetic analysis showing that a checkpoint-defective mutant of Sgs1, sgs71-4A, suppresses the DNA damage sensitivity of srs2A. sgs1-4A and rfal-4KR were
epistatic in their suppression of srs2A. Experiments were done as in Fig. 3A.

nation of the above data suggests that Sgs1 showed a preferential
interaction with the sumoylated form of Rfal.

A checkpoint-defective sgs1 mutant reduces srs2A damage
sensitivity and hyper-checkpoint

Our data so far suggest a model wherein sumoylated Rfal
promotes interaction with Sgs1 and this may contribute to the
high levels of checkpoint in ss2A cells. This model predicts that
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reducing Sgsl-mediated checkpoint functions should have
similar suppressive effects as rfal-4KR in srs2A cells, even
though it is well-known that sgs/A and srs2A are synthetic
lethal (28). To test this prediction, we used a Sgs1 phosphory-
lation-deficient mutant (sgsi-4A) known to impair Mecl
checkpoint activation because of its reduced interaction with
Rad53 (12). We found that sgsI-4A indeed reduced active
Rad53 levels in srs2A cells under CPT treatment and adding
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rfal-4KR did not enhance this effect (Fig. 4E). Remarkably, this
suppression correlated with an improvement in srs2A survival,
and this effect of sgs1-4A was epistatic with rfal-4KR (Fig. 4F).
This result is consistent with our model that Rfal sumoylation
positively influences the Sgs1-mediated checkpoint pathway.

Discussion

The Mec1 checkpoint and DNA damage—induced sumoylation
are two important mechanisms that support the cellular response
to external damages (2, 14). How they coordinate and influence
each other is not well-understood. Previous studies reported
SUMO-mediated enhancement of the checkpoint response in
yeast and human cells (17, 18). Here we examined the effects of
sumoylation of the RPA large subunit in this cross-talk. Our find-
ings suggest that Rfal sumoylation positively contributes to the
Mecl checkpoint and this is mediated by fostering the RPA asso-
ciation with a checkpoint adaptor protein, Sgs1.

We found that two of the three previously reported sumoy-
lation sites (K170 and K427) were indeed responsible for spe-
cific mono-sumoylation isoforms of untagged Rfal. This result
is consistent with the fact that K170 and K427, but not the third
site, K133, were identified in the MS analyses as sumoylation
sites (16). We further identified two additional lysines (K180
and K411) whose mutations further reduced sumoylation levels
in rfal-K170, 427R background. The lack of detection of these
two sites in MS analyses is likely because they only account for
a smaller portion of Rfal sumoylation. We showed that the
rfal—4KR mutant with all four sites mutated lost ~90% Rfal
sumoylation without affecting protein level or overall RPA
functions, as the mutant supports WT growth and damage sur-
vival. However, in srs2A cells, which provide a sensitive context
for detecting perturbation of checkpoint function, rfal-4KR
and a partial defective checkpoint mutant ddcl-T602A im-
proved cell damage survival in additive manner. This finding is
consistent with the result that ddcl-T602A rfal-4KR could
better reduce Rad53 hyperactivation in srs2A cells than ddci-
T602A alone. The additive effects in both assays suggest that
rfal-4KR and ddc1-T602A weaken checkpoint response by dif-
ferent mechanisms. Indeed, our further tests provided evidence
that Rfal sumoylation fostered interaction with a checkpoint
adaptor protein Sgsl, and that a sgsI checkpoint-defective
mutant (sgsI-4A) acts epistatically with rfal-4KR in srs2A sup-
pression. Taken together, our data suggest a working model
that enhancing the Rfal-Sgs1 interaction by Rfal sumoylation
favors Rad53 activation and this effect is independent of Ddc1-
based stimulation of checkpoint functions. This model expands
our understanding of how RPA and Sgs1 collaborate in check-
point activation (12).

Although we found that rfa1-4KR did not affect spontaneous
or MMS-induced intra-chromosomal recombination by itself
or in srs2A cells, it remains possible that Rfal sumoylation
might be involved in other types of recombination processes or
DNA repair contexts. Interestingly, human Rfal sumoylation
was suggested to contribute to recombinational repair (40). We
note that even though Rfal sumoylation is conserved, the mod-
ification sites are not the same in yeast and human proteins.
The yeast Rfal sumoylation sites are not in contact with ssDNA
as suggested by the corresponding lysine in the Ustilago maydis

2696 J. Biol. Chem. (2019) 294(8) 2690-2699

RPA-ssDNA structure (25). Consistently, mutating these sites
supports normal growth and genotoxin resistance, unlike rfal
DNA-binding mutants. These observations suggest that the
yeast rfal sumoylation-defective mutant unlikely affects
ssDNA binding, although biochemical tests are required to for-
mally exclude this possibility. In contrast to the yeast Rfal, a
human RPA1 sumoylation site (K577) in its DBD-C domain is
expected to contact ssDNA based on the U. maydis RPA-
ssDNA structure data (25). It is thus possible that RPA sumoy-
lation may have evolved with a more direct role in modulating
RPA-ssDNA interaction in humans.

Besides supporting the DNA damage response, RPA is
involved in many other DNA metabolism processes, such as
various forms of DNA repair, DNA replication, and telomere
maintenance, through interacting with ssDNA and with more
than a dozen proteins (4). It is thus possible that RPA modifi-
cations could play a role in guiding RPA functions in other
specific contexts. Our characterization of the Rfal sumoylation
sites provides a valuable reagent for further exploration of how
this modification can modulate additional genomic mainte-
nance processes in the future.

Materials and methods
Yeast strains and genetic techniques

Standard procedures were used in cell growth and medium
preparation. Strains used are listed in Table 1 and were isogenic
to W1588-4C, a RADS derivative of W303 (MATa ade2-1 canl-
100 ura3-1 his3-11,15 leu2-3, 112 trp1-1 rad5-535). rfal-4KR
mutant allele was generated using URA3-based pop-in-pop-out
method as described previously (41) to produce marker-less
allele replacement at the endogenous locus. All alleles were ver-
ified by sequencing. Yeast spotting assays were performed with
standard procedures and at least two biological duplicates were
used for each genotype.

Detection and quantification of unmodified and sumoylated
Rfa1

Cells were treated as indicated in the text before collection.
Cells were then lysed by bead beating in the presence of 20%
TCA that can both denature proteins and minimize the loss of
sumoylated forms. The pellets were recovered by centrifuga-
tion and incubated with 1X Laemmli buffer at 95 °C for 5 min to
recover proteins. Subsequently, proteins were separated on
3—8% Tris acetate gels (Life Technologies) followed by West-
ern blotting with anti-Rfal antibody (a kind gift from S. Brill).
Accurate quantification of protein bands was achieved by scan-
ning the Western blots using a LAS-3000 luminescent image
analyzer (Fujifilm) with a linear dynamic range of 10*. The sig-
nal intensities of nonsaturated bands were measured using
Image] software. For graphs, data are shown as mean * S.E.
except in Fig. 3E. Statistical differences were determined using
Student’s ¢ tests.

Synchronization and detection of the active form of Rad53

Log phase cultures were arrested in G, by treatment with 5
pg/ml a-factor for 1.5 h. G, cells were then released into YPD
media containing 100 ug/ml protease (Sigma) and 16 ug/ml
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Table 1
Strains and plasmids used in this study

All strains are derivatives of W1588-4C, a RADS derivative of W303 (MATa ade2-1 canl-100 ura3-1 his3-11, 15 leu2-3, 112 trpI-1 rad5-535) (43). Only one strain is listed
for each genotype, but at least two independent isolates of each genotype were used in the experiments.

Genotype Source
Strain
T193-7¢ MATa siz2A::KAN This study
G13 MATa meclA::TRPI sml1A::HIS3 R. Rothstein
X3579-11d MATa HF-Smt3::LEU2 This study
T1435-14d 1falA:TRPI pRS416-Rfal-WT This study
T1260-8-3a rfalA:TRPI pRS416-rfal-K427R This study
T1259-9-1c rfalA:TRPI pRS416-rfal-K170R This study
T1258-7-4c rfalA:TRPI pRS416-rfal-K170,427R This study
T1387-t19 meclA::TRPI sml1A:HIS3 rfalA::TRP1 pRS416-Rfal This study
T1327-1-5b mecIA:TRPI sml1A:HIS3 rfalA::TRP1 pRS416-rfal-K133R This study
T1389-t12 mecIA:TRPI sml1A:HIS3 rfalA::TRP1 pRS416-rfal-K170,427R This study
T1390-3b meclA:TRPI sml1A:HIS3 rfalA:: TRP1 pRS416-rfal-K133,170,427R This study
T1264-6-5¢ mecIA:TRPI sml1A:HIS3 rfal A::TRP1 pRS416-rfal-K170,417,427R This study
T1391-3b mecIA:TRPI sml1A:HIS3 rfalA:: TRP1 pRS416-rfal-K170,180,427R This study
T1344-1c meclA:TRP1 sml1A:HIS3 rfalA:: TRP1 pRS416-rfal-K170,180,297,427,442R This study
T1394-1b meclA:TRPI sml1A:HIS3 rfalA::TRP1 pRS416-rfal-K170,180,411,427R This study
7417-17 rfal-K170,180,411,427R This study
T436-3 MATa Rfal-Taf:KAN Lab collection
T701-5a MATa Rfal-13myc:HIS3 Lab collection
X7442-3a MATa ddc1T602A:natNT2 This study
X7442-4c MATa srs2A::HIS3 This study
X7442-3b MATa srs2A:HIS3 rfal-K170,180,411,427R This study
X7442-21c MATa srs2A::HIS3 ddc1T602A::natNT2 This study
X7442-11a MATa srs2A::HIS3 ddc1T602A:natNT?2 rfal-K170,180,411,427R This study
X7684-11c leu2-ri::URA3::leu2-bsteii This study
X7684-16a leu2-ri::URA3:leu2-bsteii rfal-K170,180,411,427R This study
X7684-11a leu2-ri::URA3::leu2-bsteii srs2A::HIS3 This study
X7684-16¢ leu2-ri::URA3::leu2-bsteii srs2A::HIS3 rfal-K170,180,411,427R This study
X7258-17c MATa srs2A::HIS3 rfal-K170,180,411,427R This study
X7444-8d srs2A::HIS3 rad52-K43,44,253R rad59-K207,228R This study
X7444-7b srs2A::HIS3 rfal-K170,180,411,427R rad52-K43,44,253R rad59-K207,228R This study
X6584-1a Sgs1-9myc:KANMX4 Lab collection
T2022-11 Dna2-9myc:hphMX6 This study
X7467-19c MATa srs2A::HIS3 This study
X7467-19b MATa sgs1-4A This study
X7467-4d MATa srs2A::HIS3 sgs1-4A This study
X7467-22¢ MATa srs2A::HIS3 rfal-K170,180,411,427R This study
X7738-5b MATa srs2A::HIS3 rfal-K170,180,411,427R sgs1-4A This study
pJ69-4 TRPI-901 leu2-3, 112 ura3-52 his3-200 gal4A gal80A LYS::GALI-HOS3 GAL2-ADE2 met2::GAL7-lacZ James et al. 44
Plasmid
pXZ578 PRS416-Rfal This study
pXZ580 PRS416-rfal-K170R This study
pXZ581 PRS416-rfal-K427R This study
pXZ583 PRS416-1fa1-K170,427R This study
pXZ595 PRS416-rfal-K133R This study
pXZ594 PRS416-rfal-K133,170,427R This study
pXZ587 PRS416-1fal-K170,417,427R This study
pXZ612 PRS416-rfal-K170,180,297,427,442R This study
pXZ647 PRS416-rfal-K170,180,427R This study
pXZ623 PpRS416-rfa1-K170,180,411,427R This study
p514 pGBT9-Rfal Ulrich and co-workers 45
pXZ747 PGBKT7-Rfal-SuON This study
pXZ749 PGBKT7-Rfal-SuCtrl This study
pXZ668 pGADT7-Sgsl1 Lab collection
pXZ744 pPGADT?7-Dna2 This study

CPT at 30 °C for 6 h. Then 2 X 10® cells were collected and
protein extract prepared by standard TCA method as described
above. Proteins were separated on gradient gels (Bio-Rad) fol-
lowed by Western blotting with the F9 antibody (a kind gift
from M. Foiani and D. Piccini) to detect active Rad53 levels.
Pgkl was detected by using anti-Pgk1 antibody (22C5D8, Invit-
rogen) and used as loading control. Quantification of Rad53
levels was done as described above.

Measurement of recombination rates

Recombination rates were measured using the leu2-ri:
URA3::leu2-bsteii recombination assay (31), and the rates were
calculated using fluctuation analysis based on the Lea-Coulson
method of the median (42). Briefly, cells were grown in YPD to
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mid-log phase and the appropriate numbers of cells were then
plated on SC-LEU and SC plates. For measurement of induced
recombination rate, cells were grown in YPD to mid-log phase
and then treated with 0.03% MMS for 2 h after which they were
plated on SC-LEU and SC plates. Colonies were counted after
incubation at 30 °C for 2 days. Each test was performed with 12
colonies obtained from two spore clones for each genotype and
was repeated twice.

Yeast two-hybrid assay

This assay was performed as described previously (35). In
brief, the Gal4 activation domain and Gal4 binding domain con-
structs were transformed into reporter strains (pJ69-4 a and «)
and cells were grown on SC-Trp-Leu plates at 30 °C for 48 h.
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Protein—protein interactions were then assessed by growth of
reporter strains on SC-Trp-Leu-His plates. The Rfal-SuOn—
and Rfal-SuCtrl-containing binding-domain plasmids were
constructed by fusing Rfal with either the SuOn tag or SuCtrl
tag (38) at its C terminus.

Co-immunoprecipitation and quantification

For Fig. 4, Cand D, log phase cultures were treated with 0.2%
MMS for 2 h. Cells were harvested and lysed by bead beating in
TMG-125 buffer. DNA was digested by incubation with Benzo-
nase for 30 min at 4 °C. Lysates were cleared by centrifugation
and incubated in TMG-125 buffer with Protein G agarose beads
and anti-myc antibody for 2 h at 4 °C. After incubation, beads
were washed with TMG-125 and proteins were eluted with
Laemmli buffer. Proteins were separated on gradient gels fol-
lowed by Western blotting with antibodies against Rfal (a kind
gift from S. Brill) and myc-tag (9E10, Bio X Cell). Quantification
and statistical analyses were done as described above for
sumoylated Rfal. Briefly, signals of sumoylated Rfal from the
long exposure blots are divided by that of unsumoylated Rfal
from the short exposure blots, to use signal values within a
linear range of detection. This ratio was set as 1 for unbound
fractions to derive the -fold change between the unbound and
eluate fractions.
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