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DNA break-induced
sumoylation is enabled
by collaboration between
a SUMO ligase and the ssDNA-
binding complex RPA
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Center, New York, New York 10065, USA

Upon genome damage, large-scale protein sumoylation
occurs from yeast to humans to promoteDNA repair. Cur-
rently, the underlying mechanism is largely unknown.
Here we show that, upon DNA break induction, the bud-
ding yeast SUMO ligase Siz2 collaborates with the
ssDNA-binding complex RPA (replication protein A) to
induce the sumoylation of recombination factors and con-
fer damage resistance. Both RPA and nuclease-generated
ssDNA promote Siz2-mediated sumoylation. Mechanisti-
cally, the conserved Siz2 interaction with RPA enables
Siz2 localization to damage sites. These findings provide
amolecular basis for recruiting SUMO ligases to the vicin-
ity of their substrates to induce sumoylation upon DNA
damage.

Supplemental material is available for this article.
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Increasing genome protection in response to clastogen
exposure is a conserved function of the cell and relies
on waves of post-translational modifications (PTMs) that
change properties of many proteins. These modifications
coordinate multiple pathways in a process collectively
known as the DNA damage response (DDR). The best-
studied PTM responses aremediated by the DNA damage
checkpoint kinases, which accumulate at DNA lesion
sites, activate signaling cascades, and phosphorylate hun-
dreds of substrates. Recent studies have revealed critical
roles for other types of PTMs in DDR. In particular, pro-
tein sumoylation promotes DNA repair and other PTM
responses in both yeast and humans. In human cells,
sumoylation enzymes arrive at DNA lesion sites shortly
after treatment with double-strand break (DSB)-inducing
agents and are required for DSB repair by homologous re-
combination (Galanty et al. 2009; Morris et al. 2009). In
yeast, sumoylation promotes several steps in DSB repair
and targets multiple recombination proteins (for review,
see Sarangi and Zhao 2015). In both organisms, the con-
served PIAS family SUMO ligases are required for DSB re-
pair situations (Galanty et al. 2009; Psakhye and Jentsch
2012). How these SUMO ligases are recruited to DSB sites

and induce sumoylation of repair proteins is not well
understood.
Each of the PIAS family SUMO ligases, such as the bud-

dingyeast Siz1 andSiz2 andhumanPIAS1–4proteins, con-
tains an N-terminal SAP (SAF-A/B, Acinus, and PIAS)
domain, which is generally known for supporting DNA
or protein interactions (for review, see Rytinki et al.
2009). The SAP domain of the PIAS family is uniquely
composed of a core SAP (cSAP) region shared with other
SAP-containing proteins and a one- to two-α-helix exten-
sion (eSAP) found only in this family of proteins (Okubo
et al. 2004; Suzuki et al. 2009). SAP deletion abolishes hu-
manPIAS accumulation atDSB sites, indicating its impor-
tance in targeting the enzymes to lesion sites (Galanty
et al. 2009). Further studies in yeast suggest that, for the
Siz2 protein, both DNA binding via its cSAP and a C-ter-
minal SUMO-interacting motif (SIM) are important for
its function when cells are treated with the DNAmethyl-
ation agent MMS (methyl methanesulfonate) (Psakhye
and Jentsch 2012). Whether these are generally required
for Siz2/PIAS-mediated sumoylation upon DNA damage
(for example, in DSB situations) is not known. Illuminat-
ing this issue will be important to understand an early
and essential step of sumoylation induction during DDR.
Here we examine how the Siz2 SUMO ligase is recruit-

ed toDNA lesions and elicits the sumoylation of recombi-
nation proteins in response to the radiomimetic agent
zeocin that generates DSBs. We show that the previously
characterized DNA-binding residues in the cSAP region
and the C-terminal SIM of Siz2 are not required for zeo-
cin-induced sumoylation. Instead, we uncovered a novel
and conserved interaction between Siz2 and the ssDNA-
binding complex RPA (replication protein A), a well-
known sensor of DNA lesions that recruits checkpoint
kinases and ubiquitin enzymes. Genetically, both RPA
and ssDNA generation through resection are required
for DSB-induced sumoylation, indicating the importance
of RPA-coated ssDNA for this process. We determined
that key residues in Siz2 for RPA interaction lie mainly
in the eSAP domain and are required for damage-induced
sumoylation and damage resistance. Mechanistically, the
RPA–Siz2 interaction enables Siz2 recruitment to DNA
damage foci and chromatin. These findings suggest that
the initial recruitment of SUMO ligases to DNA lesion
sites is achieved by a specific interaction between these
enzymes and RPA that coats ssDNA and that cells use a
unified paradigm to coordinately recruit multiple PTM
enzymes during DDR.

Results and Discussion

Siz2 sumoylates recombination proteins
in response to zeocin

To investigate the mechanism of DNA break-induced
sumoylation, we chose the SUMO ligase Siz2 as a model
enzyme and examined cells after treatment with zeocin
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that primarily generates DSBs. It is known that Siz2 can
sumoylate the recombinationmediator Rad52; its binding
partner, Rad59; and the large subunit of the heterotrimer
RPA, Rfa1, in response to MMS treatment (Psakhye and
Jentsch 2012). We found that, in response to zeocin, Siz2
loss strongly reduced the appearance of monosumoylated
and disumoylated forms of Rfa1 and Rad52 and disumoy-
lated Rad59, while the loss of the homologous Siz1 had
no effect (Fig. 1A,B). As mutating two critical residues in
the SUMO ligase domain (or SP-RING) in the siz2-CH
mutant (C354/H356A) (Johnson and Gupta 2001) had
the same effects as siz2Δ (Fig. 1C; Supplemental Fig.
S1A), the ligase activity of Siz2 is responsible for these
sumoylation events. We note that the monosumoylated
form of Rad59 and residual Rfa1 and Rad52 sumoylation
seen in siz2Δ and siz2-CH mutants likely reflect the con-
tribution of additional SUMO ligases.

Siz2-mediated sumoylation does not rely on its cSAP
DNA interaction or C-terminal SIM

Next, we tested how Siz2 cSAP-mediated DNA binding
and its C-terminal SIM affected zeocin-induced sumoyla-
tion. Mutating three conserved residues in the cSAP
domain of Siz2 (cSAPmut: G64/K66/L69A) has been re-
ported to disrupt DNA interaction in vitro and reduce
Siz2 protein levels in vivo (Psakhye and Jentsch 2012).
We confirmed both findings (Supplemental Fig. S1B,C).
Importantly, after adjusting the protein level to that of
wild type using a galactose-inducible promoter, sumoyla-
tion of Rfa1, Rad52, andRad59 in siz2-cSAPmut cells after
zeocin treatment was similar to that in wild-type cells
(Fig. 1D; Supplemental Fig. S1D). In addition, siz2-cSAP-
mut did not affect Siz2 autosumoylation (Supplemental
Fig. S1D–F). Thus, the DNA-binding function of cSAP is
not critical for Siz2-mediated sumoylation of both itself
and its substrates in response to DSBs. Moreover, the
Siz2 C-terminal SIM mutation characterized previously
(V720/V721A) (Fig. 1C; Psakhye and Jentsch 2012) also
sustained the sumoylation of the tested substrates and
Siz2 itself upon zeocin treatment (Fig. 1E; Supplemental
Fig. S1G), suggesting that the C-terminal SIM is dispensa-
ble for DNA break-induced sumoylation.

Siz2 interacts with the middle subunit
of the RPA complex

To gain insight into Siz2-mediated sumoylation, we test-
ed interactions between Siz2 and its substrates and the
obligatory binding partners of Rfa1 (namely, Rfa2 and
Rfa3) in a yeast two-hybrid (Y2H) assay.Wedetected an in-
teraction of Siz2 only with Rfa2 (Fig. 2A). All constructs
used were functional, as they supported known interac-
tions (Supplemental Fig. S2A; data not shown).We further
narrowed down the interacting region of Rfa2 to its C-ter-
minal region containing a winged helix (WH) domain
(Supplemental Fig. S2A). Moreover, the observed Rfa2 in-
teraction was specific to Siz2, as no interaction was seen
with Siz1 (Fig. 2A), which did not affect the sumoylation
of the tested proteins (Fig. 1A).

We confirmed the observed Y2H interaction by coim-
munoprecipitation (co-IP) using endogenously expressed
proteins. As the three RPA subunits form a stable complex
in cells, the reproducible enrichment of Rfa1 in the Siz2
immunoprecipitated fraction suggests that Siz2 associates

with the RPA complex in cells (Fig. 2B). The interaction
was insensitive to nuclease treatment andmoderately en-
hanced upon zeocin treatment (Fig. 2B). Considering that
RPA enables DNA lesion sensing and Siz2 interacts only
with RPA but not Rad52 or Rad59, we hypothesized that
the Siz2–RPA interaction may not only be responsible
for RPA sumoylation but also plays a broader role by re-
cruiting the Siz2 ligase to promote sumoylation of its oth-
er substrates, such as Rad52 and Rad59.

RPA is required for Siz2-mediated sumoylation
of Rad52 and Rad59

One important prediction of the above hypothesis is that,
besides Siz2, RPA should also be required for Rad52 and
Rad59 sumoylation. To test this, we used an Rfa1 degron
(Rfa1-AID) that acutely depleted the protein in the pres-
ence of both indole-3-acetic acid (IAA) and the cofactor
TIR (Supplemental Fig. S2B; Nishimura et al. 2009).
Note that the lack of any one subunit of RPA abolishes
the function of the complex (Brill and Stillman 1991).
Upon RPA depletion, zeocin-induced sumoylation of

Figure 1. The Siz2 SUMO ligase enables specific sumoylation in re-
sponse to zeocin treatment. (A,B) Zeocin-induced sumoylation of
Rfa1, Rad52, and Rad59 requires Siz2. (A) Cell lysates were examined
by Western blotting using antibodies against the protein or the tag.
Unmodified proteins are labeled with dots, and monosumoylated
and disumoylated bands are labeled with single and double arrow-
heads, respectively. (B) Quantifications of Western blots from three
trials with mean and SD. The graph indicates the ratio of sumoylated
([-S] monosumoylated; [di-S] disumoylated) to unmodified bands nor-
malized to wild type (WT) treated with zeocin. (C ) Schematic of Siz2
domains and amino acid coordinates (for details, see the text). (D)
siz2-cSAPmut sustains sumoylation of substrates after zeocin treat-
ment. Galactose-inducible alleles of SIZ2 and siz2-cSAPmut were
used to obtain similar protein levels, as shown in Supplemental Fig-
ure S1D. (E) Mutation of the C-terminal SIM of Siz2 (SIMmut) does
not affect zeocin-induced sumoylation of substrates. Quantification
was done as in B.
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Rad52 and Rad59was greatly reduced (Fig. 2C), while Siz2
levels or autosumoylation did not change (Supplemental
Fig. S2C), suggesting that RPA loss reduces recombination
protein sumoylation without affecting Siz2 enzymatic ac-
tivity per se. This observation supports a direct or indirect
role for RPA in Siz2-mediated sumoylation.

RPA is required for Siz2 repair foci formation

Since human Siz2 homologs accumulate at DNA repair
foci upon DSB generation (Galanty et al. 2009), we tested
whetherSiz2also formedsuchfociandwhetherRPAmight
affect such localization. Live-cell imagingof yeast contain-
ingendogenousCFP-andYFP-taggedRfa1andSiz2, respec-
tively, confirmed that the percentage of cells containing
nuclear Rfa1 foci increased more than twofold, from 17%
to 38%, upon zeocin treatment, as reported previously
(Fig. 2D; Lisby and Rothstein 2009). An increase in cells
withSiz2-YFP fociwasalsodetected (from3%to12%). Im-
portantly, almost all of the Siz2-YFP foci colocalized with
Rfa1 foci before and after zeocin treatment (Fig. 2D). As
Rfa1 foci are indicative of DNA repair centers (Lisby and
Rothstein 2009), these findings show that Siz2, like its hu-
man homologs, is recruited to DNA lesion sites.

Using the above degron system, we found that RPA loss
greatly reduced the number of cells containing Siz2 foci af-
ter zeocin treatment (from 10% to 3%) (Fig. 2E) without
affecting Siz2 protein levels or sumoylation (Supple-
mental Fig. S2D). With a complementary approach, we
found that Siz2 chromatin association also depended on
RPA upon zeocin treatment. In the presence of RPA,
∼50%of the cellular Siz2 poolwas bound to chromatin be-
fore and after treatment (–TIR) (Fig. 2F, Supplemental Fig.
S2E); however, when RPA was degraded, the chromatin-
associated pool of Siz2 was reduced after, but not before,
zeocin treatment (+TIR) (Fig. 2F; Supplemental Fig. S2E).
This finding, together with the foci results, indicates
that RPA is required for Siz2 recruitment to damage sites.
The fact that Siz2 chromatin association is affected by
RPA loss only after DSB induction suggests that Siz2 is
mobilized from nondamaged DNA sites and redistributed
to lesion sites in an RPA-dependent manner.

ssDNA generation is important for Siz2-mediated
sumoylation and foci formation

DNA damage signaling requires not only RPA but also
ssDNA generated from lesion processing. In fact, RPA-
coated ssDNA acts as a lesion-sensing platform for check-
point kinases and ubiquitin enzymes (Zou and Elledge
2003; Davies et al. 2008). If RPA were indeed required
for Siz2 recruitment to DSBs, one would predict that
the ssDNA generated from DSB end processing would
also be important. Thus, we asked whether the absence
of DSB end resection proteins affected zeocin-induced
sumoylation. In budding yeast, the Exo1 and Sgs1/Dna2
pathways act redundantly in long-range resection at
DSBs (for review, see Symington 2014). We found that
exo1Δ, but not sgs1Δ, greatly reduced the sumoylation of
Rfa1, Rad52, and Rad59, and concomitant deletion of
EXO1 and SGS1 had no further effect (Supplemental Fig.
S3A). As an Exo1 nuclease-dead (ND) mutant (D173A)
(Moreau et al. 2001) also strongly impaired sumoylation
(Fig. 3A), Exo1 promotes sumoylation via its nucleolytic
activity. Consistent with this, deleting the DNA end-clip-
ping enzyme Mre11 also reduced substrate sumoylation,
while removing its partner Sae2 had a smaller effect (Sup-
plemental Fig. S3B). These results show that ssDNA gen-
eration is important for zeocin-induced sumoylation and
that the resection factors contribute to different levels.
The strong effect of Exo1 nucleolytic activity may be
due to the possibility that zeocin-generated nicks near
DSBs enable Exo1-mediated ssDNA generation indepen-
dently of other resection factors.
As the loss of sumoylation of Rfa1, Rad52, and Rad59 in

exo1Δ and exo1-ND cells was greater than in siz2Δ cells,
we postulated that Exo1-mediated ssDNA generation
has multiple roles in zeocin-induced sumoylation, and
one of these pertains to Siz2 function. We tested this
idea by examining whether exo1Δ impairs Siz2 recruit-
ment to DNA damage sites. exo1Δ reduced the number
of cells with Siz2 foci by 11% without affecting Siz2 pro-
tein or autosumoylation levels (Fig. 3B; Supplemental Fig.
S3C). exo1Δ also reduced the number of cells with RPA
foci by 10% after zeocin treatment (Fig. 3B). The extents
of exo1Δ-mediated reduction in Siz2 and RPA foci were
similar, supporting the idea that Exo1-mediated ssDNA
formation leads to RPA binding to ssDNA, which in
turn recruits Siz2. Also consistent with this notion, the

Figure 2. Siz2 interacts with RPA, and RPA depletion results in loss
of Siz2-mediated sumoylation, Siz2 foci, and chromatin association.
(A) Rfa2 interacts with Siz2 in Y2H assays. All constructs support
growth on control (ctrl) plates, but only the ones that interact support
growth on−Aplates. (B) Siz2 interactswithRPA in coimmunoprecipi-
tationassays.Myc-taggedSiz2was immunoprecipitated, andRPAwas
detectedwith an anti-Rfa1 antibody. (C ) RPAdepletion abolishes zeo-
cin-inducedRad52andRad59 sumoylation.Cellswere incubatedwith
1mM indole-3-acetic acid (IAA) for 2 h prior to zeocin exposure to in-
duce RPA degradation as shown in Supplemental Figure S2B. (D) Siz2
localizes to repair foci. Representative images for cells incubatedwith
zeocin for 2h are shown.Thepercentages of cellswithRfa1 or Siz2 foci
and colocalizing foci before and after zeocin treatment are plotted. (E)
RPAis required for zeocin-inducedSiz2 foci.CellswithorwithoutTIR
were incubated with 1 mM IAA for 2 h prior to zeocin exposure. The
percentages of cells with Siz2 foci were compared between cells con-
tainingRfa1 (−TIR) and lackingRfa1 (+TIR). (F ) RPAdepletion reduces
Siz2 chromatin association after zeocin treatment. Cells were treated
as inC, followedby chromatin fractionation. Pgk1 is amarker for solu-
ble proteins, and Orc2 is a marker for chromatin-bound proteins. (W)
Whole-cell extract; (Su) supernatant; (Ch) chromatin.
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proportion of chromatin-associated Siz2 in exo1Δ cells
was reduced compared with wild type in the presence,
but not absence, of zeocin (Fig. 3C; Supplemental Fig.
S3D). Taken together, these data suggest that ssDNA gen-
eration and binding by RPA are required for Siz2 to local-
ize to damaged DNA and sumoylate its substrates.

Identification of Siz2 residues important
for RPA interaction

To further test the involvement of RPA in Siz2 function,
we asked whether the RPA–Siz2 interaction per se was
important for Siz2-mediated sumoylation and Siz2 lesion
recruitment. Using Siz2 deletion constructs in Y2H, we
mapped the Rfa2 interaction region to the first 120 resi-
dues encompassing the cSAP–eSAP region (Fig. 4A, #1–
4). As further deletion led to loss of interaction, the
smaller fragments were likely folded incorrectly (data
not shown). The first 120 residues of Siz2 and the Rfa2
C-terminal WH domain interacted in vitro in pull-down
assays (Fig. 4B), demonstrating that the two domains can
directly bind to each other. Consistent with the idea
that this interaction is biologically important, conserved
Y2H interactions between the human Siz2 homologs
PIAS1 and PIAS4 and the equivalent region of human
Rfa2 (RPA2172–270) were also detected (Fig. 4C).

Next, we determined the Siz2 residues important for
Rfa2 interaction in several steps. First, we ruled out the
possibility that the residues critical for DNA binding (mu-
tated in cSAPmut) affect Rfa2 interaction using both Y2H
and co-IP assays (Supplemental Fig. S4A,B). Substantiat-
ing this conclusion, a chimeric construct with the
cSAP–eSAP domain of Siz2 replaced with that of Siz1
(SAPSiz1) (Fig. 4A, #5) failed to interact with Rfa2 despite
retaining SUMO interaction. These results suggest that
unique residues in the Siz2 cSAP–eSAP domain—but
not those shared with Siz1, including the DNA-binding
residues—are required for Rfa2 interaction.

Sequence alignment further revealed six amino acids in
the cSAP–eSAP domain that are highly conserved among
Siz2 orthologs but have properties very different from the
corresponding residues in Siz1 (Fig. 4D, blue boxes). Four
residues are located in the eSAP region, while two are at
the very C terminus of the cSAP region outside the
DNA-interacting surface (Suzuki et al. 2009). To deter-
mine whether they support the Siz2–Rfa2 interaction,
we mutated them to either alanine (6A: R72/R78/K92/
I103/K109/T119A) or residues different in charge or size
(4E2K: R72E/R78E/K92E/I103K/K109E/T119K). Siz2-6A
showed reduced Rfa2 interaction by Y2H, as cells grew
on medium lacking histidine but not adenine (Fig. 4A,
#6), while Siz2-4E2K was more severely impaired for
Rfa2 interaction (Fig. 4A, #7). Consistent results were

found by co-IP using chromosomally integrated versions
of the mutants: Reduced amounts of Siz2-4E2K and
Siz2-6A were recovered from Rfa1 immunoprecipitations
compared with wild-type Siz2, with the 4E2K mutant
showing a greater interaction defect (Fig. 4E,F; Supple-
mental Fig. S5A). We note that Siz2-4E2K protein and
sumoylation levels were similar to those of wild type in
these tests when using the GAL promoter (Supplemental
Fig. S5B,C). These findings suggest that the six Siz2-spe-
cific residues are important for Siz2–RPA interaction. In
conjunctionwith the finding that theDNA-bindingmuta-
tions do not affect this interaction, it indicates that the
cSAP–eSAP domain of Siz2 uses different residues for in-
teracting with DNA and RPA.

The Siz2–Rfa2 interaction is critical for Siz2 damage
site recruitment and sumoylation

Next, we examinedwhether the impaired Siz2–RPA inter-
action in the siz2-6A and siz2-4E2K mutants affected
Siz2 function. Both mutants exhibited diminished zeo-
cin-induced sumoylation of Rfa1, Rad52, and Rad59,
with siz2-4E2K showing a stronger defect (Fig. 5A,B; Sup-
plemental Fig. S6A), in accordance with its more severe
loss of RPA interaction (Fig. 4A,F). Moreover, YFP-tagged
Siz2-6A and Siz2-4E2K that were expressed at wild-type
levels (Supplemental Fig. S6B) formed fewer foci com-
pared with wild-type Siz2, whereas Rfa1-CFP foci formed
at normal frequency (Fig. 5C; Supplemental Fig. S6C), in-
dicating that RPA is still localized to DSBs, but Siz2 fails
to be efficiently recruited in these mutant cells. Consis-
tent with these findings, the Siz2 pool associated with
chromatin was strongly reduced for the Siz2-6A and
Siz2-4E2K proteins after zeocin treatment but not in un-
treated cells (Fig. 5D; Supplemental Fig. S6D). A similar
observationwasmadewith the Siz2-SAPSiz1 chimeric pro-
tein that failed to interact with RPA (Fig. 4A; Supplemen-
tal Fig. S6E). This further substantiates an RPA-mediated
localization of Siz2 to chromatin specifically after DSB in-
duction. In comparison, the Siz2-cSAPmut protein, which
supports the Siz2–RPA interaction but is impaired for
DNA binding (Supplemental Figs. S1C, S4A,B), exhibited
wild-type levels of repair foci and chromatin association
(Fig. 5C,D). Furthermore, the importance of the Siz2–
RPA interaction is reflected in the reduced viability of
siz2-4E2K cells after zeocin treatment (Fig. 5E). Taken to-
gether, these results indicate that Siz2 interaction with
RPA, but not DNA, is the main determinant for its re-
cruitment to DNA break sites and its role in sumoylating
recombination proteins.

Protein sumoylation provides an important means for
the cell to up-regulate DNA repair and other recovery pro-
grams in the face of DNA stress situations (for review, see

Figure 3. ssDNA generation is required for zeocin-induced sumoylation. (A) Zeocin-induced sumoylation requires Exo1 and its nuclease activity.
Note that the Exo1TAP band (∗) runs close to the monosumoylated form of Rad52. Experiments and presentation are as in Figure 1A. (B,C ) exo1Δ
reduces Rfa1 and Siz2 foci levels and Siz2 chromatin association after zeocin treatment. Experiments were done as in Figure 2, E andF.
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Sarangi and Zhao 2015). One of the very first steps in this
response is the localization of sumoylation enzymes to
DNA lesion sites. Here, we provide important insight
into the mechanism of this crucial process. Our findings
suggest that the SUMO-mediated DDR is enabled by col-
laboration between a SUMO ligase and the DNA damage-
sensing complex RPA. We show that the SUMO ligase
Siz2 is recruited to repair foci upon DSB generation.
This localization and Siz2-mediated sumoylation require
both ssDNA-generating enzymes and the ssDNA-binding
complex RPA. We uncovered a conserved interaction be-
tween Siz2 and RPA that is mediated by direct binding be-
tween the cSAP–eSAP domain of Siz2 and the middle
subunit of RPA. Mutating key residues responsible for
this interaction diminished Siz2 repair foci formation,
chromatin association, substrate sumoylation, and cell
survival after DSB induction. These findings suggest
that ssDNA-coated RPA serves as a recruitment platform
for the Siz2 SUMO ligase to enable it to modify its sub-
strates at lesion sites (Fig. 5F).
The presence of large amounts of ssDNAcorrelateswith

genome stress; thus, RPA-coated ssDNA is perfectly suit-
ed for initiating the damage-sensing process and recruiting
PTMenzymes. Indeed,RPAinteractswith and recruits the
checkpoint kinase complex Mec1–Ddc2 (human ATR–
ATRIP) and the ubiquitin ligase Rad18 (Zou and Elledge
2003; Davies et al. 2008). Our discovery of a similar mech-
anism for a SUMO ligase unifies the theme of PTM en-
zyme recruitment in DDR and suggests that RPA-coated
ssDNA triggers three types of PTMs: phosphorylation,
ubiquitination, and sumoylation. While our findings per-
tain to zeocin treatment, the collaboration of RPA and
SUMO enzymes in inducing sumoylation is likely a gene-
ral principle. In support of this idea,we found that the siz2-
4E2K mutant impaired for RPA binding was defective in
inducing sumoylation of Rfa1, Rad52, and Rad59 under
MMS treatment as well (Supplemental Fig. S6F). As hu-
man PIAS1/4 proteins also interact with the RPA middle
subunit (Fig. 4C) and contain a homologous cSAP–eSAP

domain, PIASproteins likely use an analogousmechanism
to induce sumoylation upon DNA damage.
Unlike most other PTM enzymes that bind to the large

subunit of RPA, the Siz2 SUMO ligase interacts with the
middle subunit of RPA, suggesting that the trimeric RPA
complex could use different surfaces to concurrently re-
cruit different types of PTM enzymes. As RPA subunits
also interact with DNA repair factors (Marechal and
Zou 2015), the RPA nucleofilament can synergize the
functions of PTMenzymes and repair proteins by bringing
them in close proximity. Although the DNA-binding fea-
ture of cSAP is not required for Siz2 function upon zeocin
treatment, it may enhance RPA-mediated enzyme re-
cruitment under other conditions. Alternatively, since
mutations in the DNA-binding residues of both Siz1 and
Siz2 result in lower protein levels (Supplemental Fig.
S1B; Parker et al. 2008; Psakhye and Jentsch 2012), DNA
interaction might generally promote their stability. As
only Siz2 mediates DNA break-induced sumoylation
of the tested substrates even though Siz1 also interacts
with DNA, specific protein–protein interactions dictate
ligase localization and substrate specificity.
In summary, the revelation of RPA-ssDNA as a landing

platform for Siz2 provides a molecular basis for the re-
cruitment of SUMO ligases to DNA damage sites. This
finding unifies a general paradigmof PTMenzyme recruit-
ment in DDR. Considering the highly conserved protein
structures and functions among the PIAS ligases, it is like-
ly that the mechanisms discovered here are conserved
throughout evolution.

Materials and methods

The strains used here are listed in Supplemental Table S1. Standard proto-
cols were used for yeast work. Zeocin (0.3 mg/mL; Life Technologies) was
added to log-phase cultures for 2hbeforecellswerecollected. For the induc-
tionofGAL-siz2-cSAPmut andGAL-siz2-4E2K, cellswere grown inYP-raf-
finose, and galactose was added for 3 h. Degradation of Rfa1-AID was
induced with 1 mM IAA (Sigma) for 2 h. Y2H assays were performed as

Figure 4. Mapping of the Siz2–RPA interaction residues. (A) Siz2mutants examined for Rfa2 interaction by Y2H. Binding to SUMOwas used as a
control. Growth on −H+3AT and −A plates indicates differences in interaction strength. (B) The Siz2 cSAP–eSAP domain (amino acids 3–120) and
the Rfa2 C terminus (amino acids 174–273) bind in vitro. (C ) Human Siz2 homologs PIAS1 and PIAS4 interact with the C-terminal fragment of
human RPA2 by Y2H. (D) Alignment of residues 30–120 of Saccharomyces cerevisiae (S. cer) Siz2 with similar regions of its close orthologs
and S. cer Siz1. Identical or similar residues are shaded in gray. The predicted Siz2 secondary structure is shown at the top. Siz1 residues contacting
DNA (orange circles) (Suzuki et al. 2009) or abolishingDNA binding in cSAPmut (violet circles) are indicated. Conserved residues of Siz2 orthologs
that are different in Siz1 weremutated in siz2-6A and siz2-4E2K (blue boxes). (S. par) Saccharomyces paradoxus; (Z. bai) Zygosaccharomyces bai-
lii; (T. del)Torulaspora delbrueckii. (E,F ) siz2-6A and siz2-4E2K reduceRPA interaction. RPAwas pulled downwith an anti-Rfa1-antibody (control
immunoprecipitation in Supplemental Fig. S5A), and coimmunoprecipitated Siz2was detected via itsmyc tag. In F, theGAL promoter was used to
ensure the same protein levels between siz2-4E2K and wild type (see Supplemental Fig. S5B).
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described previously (Sarangi et al. 2014). The strength of interaction was
determined by cell growth on −His +3AT (or −H+3AT) and −Ade (or −A)
plates. Several techniques were done as previously described and are de-
tailed in theSupplementalMaterial: proteinpreparation anddetection (Sar-
angi et al. 2014), chromatin fractionation (Liang and Stillman 1997), and
live-cell imaging (Chen et al. 2009). Protein purification, GST pull-down,
and gel shift assays followed standard procedures and are described in the
Supplemental Material. For accurate quantification of protein band inten-
sities, Western blots were scanned using an LAS-3000 Imager (Fujifilm),
which has a dynamic range of four orders of magnitude, and the signal in-
tensities of nonsaturated bands were measured using ImageGauge
software.
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Figure 5. Siz2–RPA interaction promotes Siz2-mediated sumoyla-
tion, Siz2 foci formation, chromatin association, and cellular survival
after zeocin treatment. (A,B) Zeocin-induced sumoylation of Rfa1,
Rad52, and Rad59 is decreased in the siz2-6A and siz2-4E2Kmutants.
For quantification, see Supplemental Figure S6A. (C ) Percentages of
cells with Rfa1 and Siz2 foci after zeocin treatment in mutants of
the indicated Siz2-YFP variants (as in Fig. 2D, except representative
images of wild-type cells are in Supplemental Fig. S6C). (D) Siz2 mu-
tants defective in RPA interaction, but not DNA binding, show re-
duced chromatin association. Fractionation was carried out as in
Figure 2F. (E) siz2-4E2K and siz2Δ cells show reduced viability after
zeocin treatment. (F ) A model for SUMO ligase recruitment to DNA
lesions. DSB resection by enzymes such as the Mre11 complex
(MRX) and Exo1 generates ssDNA. RPA-coated ssDNA recruits
SUMO ligases via an interaction between the eSAP domain of the en-
zyme (red) and themiddle subunit of RPA (purple). Close proximity al-
lowsSiz2 to sumoylate repair proteinsvia its SP-RINGdomain (green).

Chung and Zhao

1598 GENES & DEVELOPMENT


