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SUMO modification regulates diverse cellular processes by targeting hundreds of proteins. However, the limited
number of sumoylation enzymes raises the question of how such a large number of substrates are efficiently mod-
ified. Specifically, how genomemaintenance factors are dynamically sumoylated at DNA replication and repair sites
tomodulate their functions is poorly understood.Here, we demonstrate a role for the conserved yeast Esc2 protein in
this process by acting as a SUMO E2 cofactor. Esc2 is required for genome stability and binds to Holliday junctions
and replication fork structures. Our targeted screen found that Esc2 promotes the sumoylation of aHolliday junction
dissolution complex and specific replisome proteins. Esc2 does not elicit these effects via stable interactions with
substrates or their common SUMO E3. Rather, we show that a SUMO-like domain of Esc2 stimulates sumoylation
by exploiting a noncovalent SUMO binding site on the E2 enzyme. This role of Esc2 in sumoylation is required for
Holliday junction clearance and genome stability. Our findings thus suggest that Esc2 acts as a SUMOE2 cofactor at
distinct DNA structures to promote the sumoylation of specific substrates and genome maintenance.
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SUMO (small ubiquitin-likemodifier) regulatesmany cel-
lular processes via covalent modification of a myriad of
proteins. Substrate sumoylation requires the sequential
action of the trio of SUMO E1, E2, and E3 enzymes, akin
to ubiquitination. However, unlike the vast array of ubiq-
uitination enzymes, all organisms examined so far con-
tain only a single SUMO E1 and E2 enzyme and a few
SUMO E3s (Pichler et al. 2017). For example, in budding
yeast, the Aos1-Uba2 heterodimeric E1, the Ubc9 E2,
and three mitotic E3s (Siz1, Siz2, and Mms21) are respon-
sible for sumoylating hundreds of proteins (Albuquerque
et al. 2013). How a large number of proteins are specifi-
cally and efficiently modified by a small number of
sumoylation enzymes is an outstanding question.
Because SUMO is directly transferred from the Ubc9 E2
active site to substrates with the help of E3s, efficient

modification of large numbers of diverse substrates may
require cofactors to direct E2 and E3 functions in a spa-
tially or temporally regulated manner. Addressing this
possibility could provide new insights into sumoylation
mechanisms and regulation.
Here, we investigated the conserved genome stability

factor Esc2 in budding yeast and its roles in DNA dam-
age-induced sumoylation (Cremona et al. 2012; Psakhye
and Jentsch 2012). The Esc2 family of proteins has been
implicated in sumoylation; however, a unified mecha-
nism of their functions has yet to be established. While
the fission yeast Esc2 ortholog, Rad60, has been proposed
as a general regulator of the Nse2 SUMO E3 (Mms21
ortholog) (Prudden et al. 2011), studies in budding yeast re-
veal a more complex scenario. Both Esc2 andMms21 sup-
port Holliday junction (HJ) clearance in response to DNA
damage (Zhao and Blobel 2005; Branzei et al. 2006; Man-
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but they were reported to affect different pathways:
Mms21 promotes the sumoylation of the HJ dissolution
enzyme, the Sgs1-Top3-Rmi1 complex (STR), whereas
Esc2 stimulates a HJ clearance pathway mediated by the
Mus81-Mms4 nuclease (Bermúdez-López et al. 2016; Bon-
ner et al. 2016; Sebesta et al. 2017). The effect of Esc2 on
the Mus81-Mms4 pathway depends on its DNA binding
domain that has a strong preference for HJ and replication
fork structures (Urulangodi et al. 2015; Sebesta et al.
2017). Distinct from Esc2, the Smc5/6 complex, of which
Mms21 is an obligate subunit, localizes across chromo-
somes and affects sumoylation at a variety of DNA struc-
tures (Zhao and Blobel 2005; Lindroos et al. 2006;
Takahashi et al. 2008; Bermúdez-López et al. 2016; Bonner
et al. 2016;Meng et al. 2019;Winczura et al. 2019;Whalen
et al. 2020). The differences described above raise the
question of whether Esc2 influences sumoylation as a ge-
neral regulator of the Mms21 E3 or through other mecha-
nism(s).

Interestingly, the Esc2 family of proteins possesses two
SUMO-like domains (SLD1 and SLD2), and SLD2 can bind
to the Ubc9 SUMO E2 (Novatchkova et al. 2005; Prudden
et al. 2009; Sollier et al. 2009; Sekiyama et al. 2010). These
common features suggest a potential role for these pro-
teins in assisting Ubc9. In this work, we tested this possi-
bility and clarified the functional link between Esc2 and
Mms21. Our targeted screen of genome stability factors
reveals that Esc2 specifically influences the Mms21 sub-
strates associating with HJs or replication fork structures.
Our complementary in vivo and in vitro tests demonstrate
that the role of Esc2 in sumoylation is mediated by its
SLD2 binding to the so-called “backside” of Ubc9. We
show that this binding contributes to HJ clearance and ge-
nome stability in cells. Our work thus uncovers Esc2 as a
SUMO E2 cofactor that aids the sumoylation of Mms21
substrates located at HJs and replication forks to enhance
repair completion and preserve genome integrity.

Results

Esc2 promotes the sumoylation of a subset of Mms21
substrates

To elucidate the role(s) of Esc2 in sumoylation and its re-
lationship with the Mms21 E3, we queried how Esc2 loss
influences DNA damage-induced sumoylation of genome
maintenance factors. Given that both esc2 and mms21
mutants accumulate HJ structures upon MMS treatment
that are resolved by the STR complex (Branzei et al. 2006;
Mankouri et al. 2009; Sollier et al. 2009), we first exam-
ined STR sumoylation. Mms21-mediated STR sumoyla-
tion is thought to occur at HJs and contribute to HJ
clearance (Bermúdez-López et al. 2016; Bonner et al.
2016).We found that in esc2Δ cells, all three STR subunits
had reduced sumoylation levels upon MMS treatment
(Fig. 1A), suggesting that this defect could underlie the el-
evated HJ levels in esc2Δ cells in this condition.

Since Esc2 preferentially binds to HJs and replication
fork structures (Urulangodi et al. 2015; Sebesta et al.
2017), we next examined two replisome proteins whose

sumoylation is regulated by Mms21. Monosumoylation
of the leading strand DNA polymerase Pol2, which was
suggested to occur at replication forks, and the disumoy-
lated form of theMcm3 subunit of the replicative helicase
are largely abolished inmms21 E3 mutants (Albuquerque
et al. 2016; Meng et al. 2019; Winczura et al. 2019). We
found that esc2Δ phenocopied the mms21 mutant in
both cases (Fig. 1B). In contrast, esc2Δ cells were proficient
for the sumoylation of Mms21 substrates located at other
types of DNA structures (Fig. 1C,D). These include the
dsDNA end binding protein Yku70, ssDNA binding pro-
tein Rfa1, and subunits of three SMC complexes that pre-
dominantly associatewith dsDNA (Zhao and Blobel 2005;
Takahashi et al. 2008; Whalen et al. 2020). In addition,
esc2Δ cells maintained the sumoylation of Siz E3 sub-
strates that bind toHJ, replication fork, or DNA flap struc-
tures (Supplemental Fig. S1A–C; Hoege et al. 2002; Stelter
and Ulrich 2003; Sarangi et al. 2014; Talhaoui et al. 2018).
Our data (summarized in Fig. 1E) suggest that, while Esc2
has a functional partnership with Mms21, it does not act
as a general regulator of this E3; rather, Esc2 specifically
contributes to the sumoylation ofMms21 substrates asso-
ciating with HJs and replication fork structures.

Query of Esc2 interactions with SUMO E2, SUMO E3,
SUMO, and SUMO substrates

Consistent with the above notion that Esc2 is not a gene-
ralMms21 regulator, we did not detect association of Esc2
with the Smc5/6 complex, of whichMms21 is an obligate
subunit, either through coimmunoprecipitation or yeast
two-hybrid assays (Fig. 2A,B). We also did not find evi-
dence that Esc2 could bind to the SUMO substrates iden-
tified above or bridge their interactions with Mms21.
Yeast two-hybrid tests did not reveal interaction of Esc2
with STR subunits, Pol2, or Mcm3 (Fig. 2B). Moreover,
Esc2 did not coimmunoprecipitate with Sgs1 or Pol2,
whereas the association of Sgs1 with Smc5 or Pol2 with
its partner protein Dpb2 was detected (Fig. 2A,C; Supple-
mental Fig. S2A). Purified Esc2 did not show interaction
with STRor Smc5/6 in vitro (Supplemental Fig. S2B,C). Fi-
nally, Esc2 loss did not affect Smc5 association with Sgs1
or Pol2 in vivo (Fig. 2D; Supplemental Fig. S2D).

As Esc2 has been previously shown to interact with
Ubc9 and SUMO by yeast two-hybrid assay (Sollier et al.
2009), we explored the possibility that Esc2 elicits its ef-
fects via these interactions.We found that Esc2 interacted
with Ubc9 and weakly with SUMO (Smt3) in yeast two-
hybrid assays (Fig. 2B). To discern direct binding from in-
direct association, we performed in vitro pull-down tests
using purified proteins. While Esc2 interaction with
Ubc9 was readily detected, we failed to detect Esc2 inter-
actionwith either themonomeric SUMOor a four-SUMO
fusion construct, which can enhance SUMO-mediated in-
teractions (Fig. 2E,F). Using microscale thermophoresis,
we found that Ubc9 bound to Esc2 with a dissociation
constant Kd of 372 ± 57 nM (Supplemental Fig. S2E). Tak-
en together, the above results suggest that Esc2 can asso-
ciate with the SUMO E2, which may contribute to its
sumoylation function.
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SLD2 binding to Ubc9 is critical for Esc2-mediated
sumoylation

Esc2 family proteins contain two SUMO-like domains,
SLD1 and SLD2 (Novatchkova et al. 2005). In Esc2, these
domains are located C-terminal from the DNA binding
domain (Fig. 3A). SLD2 has a higher degree of sequence
similarity with SUMO than SLD1 and adopts a structural
fold reminiscent of SUMO; however, SLD2 lacks key fea-
tures required for conjugation (Prudden et al. 2009;
Sekiyama et al. 2010). Structural studies show that
SLD2 of the fission yeast Rad60 and themouseNip45 pro-
teins bind to Ubc9 in a similar fashion as SUMO
(Sekiyama et al. 2010; Prudden et al. 2011). Both SLD2
and SUMO bind to the “Ubc9 ‘backside,’” which is oppo-
site from the Ubc9 active site that forms a thioester bond
with SUMO (Supplemental Fig. S3A). While SUMO bind-
ing to the Ubc9 backside can stimulate SUMO chain for-
mation (Knipscheer et al. 2007), it is unclear how the
association of SLD2 with Ubc9 affects substrate sumoyla-
tion in cells.
To elucidate how SLD2 binding to Ubc9 contributes to

Esc2 functions, we aimed to generate a mutant disrupting
this interaction. We first built a structural model of the

SLD2-Ubc9 complex using homology modeling based on
the published structures of budding yeast Ubc9 and the
complex of Ubc9-Rad60SLD2 (Duda et al. 2007; Sekiyama
et al. 2010; Prudden et al. 2011). This model highlighted
the conserved D449 residue of SLD2 at the Ubc9 interface
(Supplemental Fig. S3B). We mutated D449 and the adja-
cent conserved residue D447 to alanine (D447A,
D449A), generating the previously described esc2-
SLD2mmutant that has only been examined in combina-
tionwith a SLD1mutant (D286A, I287Yor -SLD1m) (Uru-
langodi et al. 2015). We found that esc2-SLD2m, but not
esc2-SLD1m, abrogated the interaction with Ubc9 in a
yeast two-hybrid assay (Fig. 3B). In vitro pull-down tests
using purified proteins validated the two-hybrid result
(Fig. 3C; Supplemental Fig. S3C). Additionally, the Esc2-
SLD2m mutant protein and the wild-type Esc2 protein
showed similar circular dichroism profiles, indicating
that the loss of interaction was not due to altered confor-
mation of the mutant protein (Supplemental Fig. S3D).
Taken together, we conclude that SLD2, but not SLD1,
is responsible for the Esc2-Ubc9 interaction, and esc2-
SLD2m effectively disrupts this interaction.
We then used esc2-SLD2m to evaluate the biological

significance of the Esc2-Ubc9 interaction. Strikingly,

A B

C

D

E

Figure 1. Esc2 promotes the sumoylation of a specific set of Mms21 substrates. (A) Sumoylation levels of the subunits of the Sgs1-Top3-
Rmi1 complex are reduced in esc2Δ cells. Cells containing His8-tagged SUMO were treated with 0.03% MMS for 2 h to induce STR
sumoylation. Sumoylated proteins were isolated using Ni-NTA resins and examined by immunoblotting using antibodies recognizing
the tag fused to the endogenous Sgs1, Top3, or Rmi1 to visualize sumoylated forms of the proteins (-S), which are indicated by lines
next to the blots. Loading is shown by Ponceau S stain (stain). (WT)Wild type. Similarmethods for examining sumoylation and annotation
of immunoblots are used in subsequent panels unless otherwise noted. (B) esc2Δ reduces the levels of mono-sumoylated form of Pol2 and
di-sumoylated form of Mcm3. (Left) HA-tagged Pol2 was immunoprecipitated and its sumoylated form was detected by immunoblotting
using anti-SUMO antibody as shown previously (Meng et al. 2019). The unmodified bandwas detected against the tag (HA) for equal load-
ing control. (Right) Mcm3 sumoylation was examined as inA. (C ) esc2Δ cells maintain the sumoylation levels of Yku70 and Rfa1. Yku70
sumoylationwas examined as inB (left) and as shown previously (Zhao and Blobel 2005), whereas Rfa1 sumoylationwas examined as inA
as shown previously (Chung and Zhao 2015). (D) esc2Δ cells maintain the sumoylation levels for the subunits of three SMC complexes,
namely cohesin, condensin, and the Smc5/6 complex. Sumoylation of Smc2 was examined as in B (left), and sumoylation of the other
proteins was examined as inA. (E) Summary of the effects of esc2Δ onMms21-dependent sumoylation of DNAmetabolism proteins. Re-
sults inA–D show that esc2Δ reduces the sumoylation of proteins known to associatewithHJ and replication fork structures but not those
that mainly interact with ssDNA or dsDNA.
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esc2-SLD2m, which supported wild-type protein levels,
behaved like esc2Δ in reducing the sumoylation levels
of STR subunits in cells, while esc2-SLD1m had no effect
(Fig. 3D; Supplemental Fig. S3E). In addition, esc2-
SLD2m abolished Pol2 monosumoylation and Mcm3 dis-
umoylation, whereas esc2-SLD1m showed milder defects
(Fig. 3E). We suspect that SLD1 involvement in replica-
tion fork regulation (Urulangodi et al. 2015) and/or the
compromised expression of the Esc2-SLD1m protein
(Supplemental Fig. S3E) could explain the SLD1 mutant’s
effect on Pol2 and Mcm3 sumoylation. Collectively, our
results indicate that Esc2 uses its SLD2 interaction with
Ubc9 to promote substrate sumoylation in cells.

In vitro Sgs1 and Top3 sumoylation systems recapitulate
in vivo requirements

To discern whether SLD2 can directly influence the
sumoylation reaction, we established an in vitro sumoyla-
tion system for Sgs1 using purified proteins (Supplemental
Figs. S2B, S3F). Incubation of Sgs1with SUMO, the SUMO
E1, theUbc9 E2, andATPproducedhighmolecularweight
Sgs1 species reminiscent of the endogenous Sgs1 sumoyla-

tion forms (Supplemental Fig. S3G; Bermúdez-López et al.
2016; Bonner et al. 2016). To confirm that these species
were indeed sumoylated forms of Sgs1, we purified two
Sgs1 variants known to be defective in sumoylation in
vivo, namely Sgs1-K621R mutated for the main sumoyla-
tion site and Sgs1-sim mutated for its SUMO interacting
motifs (Supplemental Fig. S3F; Bermúdez-López et al.
2016; Bonner et al. 2016). As expected, these variants
were not sumoylated in the in vitro reactions, validating
our in vitro system (Supplemental Fig. S3G).

Next, we purified the Mms21-Smc5 complex as the
SUMO E3 complex, becauseMms21 is not well expressed
on its own (Supplemental Fig. S3F; Zhao and Blobel 2005).
The addition of theMms21-Smc5 SUMOE3 complex into
the sumoylation reactions containing the STR complex
greatly stimulated Sgs1 and Top3 sumoylation over
time, as evidenced by their upshifted bands on immuno-
blots (Fig. 4A). This is in linewith in vivo findings (Bermú-
dez-López et al. 2016; Bonner et al. 2016), demonstrating
that Mms21 directly enhances Sgs1 and Top3 sumoyla-
tion. Rmi1 was not sumoylated in this system, possibly
because its sumoylation requires additional factors not
present in the assay.We focused on Sgs1 and Top3 sumoy-
lation thereafter.

A B C

D E F

Figure 2. Examination of Esc2 interactions with Ubc9, SUMO, STR, and the Smc5/6 complex. (A) Smc5 coimmunoprecipitates with
Sgs1 but not Esc2. Cells containing endogenously Myc-tagged Esc2 and HA-tagged Sgs1, with or without TAP-tagged Smc5, were exam-
ined by co-IP tests. Representative immunoblots examining co-IP eluate (IP) and thewhole cell extract (WCE) are shown. (B) Esc2 interacts
with Ubc9 and SUMO (Smt3), but not subunits of the Smc5/6 complex and the STR complex nor Pol2 and Mcm3 in yeast-two-hybrid
assays. (AD) Gal4 activation domain, (BD) Gal4 DNA binding domain, (vec) vector. SC-Leu-Trp media (-L-T) select for BD and AD plas-
mids, while SC-Leu-Trp-Ade media (L-T-A) report for positive interactions. (C ) Esc2 does not coimmunoprecipitate with Sgs1. Similar
levels of Sgs1 were detected in IP samples regardless of whether cells contain Myc-tagged Esc2 or not, reflecting nonspecific binding of
Sgs1 to the beads. (D) Smc5 copurifies with Sgs1 regardless of the Esc2 status. Experiments were done as inA. (E,F ) Protein binding assays
showing that Esc2 binds to Ubc9 but not SUMO or a SUMO chain. Purified GST or GST-Esc2 proteins bound to glutathione beads were
examined for their abilities to pull down Ubc9 (E), SUMO (F, lanes 1–6), or SUMO chain composed of four tandem SUMO moieties (F,
lanes 7–12). Proteins were examined by SDS-PAGE, and pictures of representative gels after Coomassie blue stain are shown. (S) Super-
natant, (W) wash, (E) eluate.
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Esc2 stimulates Sgs1 and Top3 sumoylation and this
requires SLD2 binding to Ubc9

We proceeded to test whether Esc2 directly stimulated
Sgs1 and Top3 sumoylation. As in vitro sumoylation reac-
tions require high concentrations of SUMO,we first asked
whether SUMO and Esc2 compete for binding to Ubc9,
which could obscure potential effects of Esc2 in the assay.
Indeed, we found that Ubc9 prebound to GST-Esc2 on
beads was competed off with increased levels of SUMO
(Supplemental Fig. S4A). To circumvent this competition,
we used a SUMO variant mutated in a key residue for
binding to the Ubc9 backside, Smt3-D68R (SUMO-DR)
(Duda et al. 2007; Knipscheer et al. 2007). SUMO-DR
failed to compete with Esc2 for Ubc9 binding as expected
(Supplemental Fig. S4B). Importantly, SUMO-DR showed
wild-type competency in conjugating to Ubc9 in the pres-
ence of SUMO E1 and ATP (Supplemental Fig. S4C), indi-
cating that it transfers proficiently from E1 to E2.
Furthermore, when used in the Sgs1-Top3 sumoylation
assay described above, SUMO-DR supported the sumoyla-
tion of both proteins (Fig. 4A). In these reactions, SUMO-
DR gave rise to fewer sumoylated species than SUMO,
particularly those of higher molecular weights, consistent
with its reported impairment in SUMO chain formation
(Fig. 4A; Duda et al. 2007; Knipscheer et al. 2007). Taken
together, the above results validate the use of SUMO-
DR in the in vitro sumoylation system.
We moved on to examine how Esc2 affected in vitro

sumoylation using SUMO-DR. Esc2 did not affect E1-me-
diated SUMO conjugation of Ubc9 (Supplemental Fig.

S4C), suggesting that Esc2 must regulate Ubc9 after it is
conjugated (charged) with SUMO at its active site. Time
course experiments showed that Esc2 stimulated E3-de-
pendent sumoylation of Sgs1 and, to a lesser degree,
Top3 (Fig. 4B). For instance, while a small proportion of
Sgs1 was sumoylated in the absence of Esc2 in 5 min
(Fig. 4B, lane 3, top), the majority of Sgs1 was sumoylated
in the presence of Esc2 in the same time (Fig. 4B, lane 7,
top). Importantly, the Esc2-SLD2m mutant that does not
interact with Ubc9 failed to elicit the same effect, indicat-
ing that Esc2 stimulation of sumoylation hinges upon its
SLD2-mediated interaction with Ubc9 (Fig. 4B). Thus, our
in vivo and in vitro results demonstrate a direct role for
Esc2 and its SLD2 in stimulating substrate sumoylation.

The structural mimicry of SLD2 underlies its stimulation
of STR sumoylation

In addressing the mechanisms by which SLD2 binding to
Ubc9 stimulates substrate sumoylation, we considered
previous findings that SUMO binding to the Ubc9 back-
side better orients the Ubc9 active site for SUMO transfer
in SUMO chain formation (Duda et al. 2007; Knipscheer
et al. 2007). We tested whether SLD2 promoted substrate
sumoylation via a similar structure-based mechanism by
examining whether SUMO could substitute for SLD2. To
this end, we generated and purified an Esc2 variant where-
in its SLD2 was replaced by a SUMO moiety that lacked
the diglycine motif required for conjugation (Fig. 4C).

A C

B

D E

Figure 3. Esc2 binding toUbc9 is required for efficient sumoylation of the STR complex, Pol2 andMcm3. (A) A schematic of Esc2 protein
domains. (DNA) DNA-binding domain that prefers to bind HJ and fork structures, (SLD1) SUMO-like domain 1, (SLD2) SUMO-like
domain 2. (B) Mutating the SLD2 but not SLD1 domain of Esc2 abolishes its interaction with Ubc9 in yeast two-hybrid assays. Experi-
ments were done and data are presented as in Figure 2B. (C ) Esc2-SLD2m abolished Ubc9 interaction in vitro. Experiments were done
and data are presented as in Figure 2E. Dotted line denotes removal of superfluous lanes. (D) esc2-SLD2m, but not -SLD1m, reduces
sumoylation levels of the STR subunits in cells. Experiments were done and data are presented as in Figure 1A. (E) esc2-SLD2m reduces
levels of monosumoylation of Pol2 and disumoylation of Mcm3 in vivo. Experiments were done and data are presented as in Figure 1B.
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The resulting Esc2-SLD2Δ-Su fusion protein was profi-
cient for interaction with Ubc9 (Fig. 4D; Supplemental
Fig. S3C). Significantly, Esc2-SLD2Δ-Su stimulated in vi-
tro Sgs1 and Top3 sumoylation to a similar extent as
Esc2 (Fig. 4E). Moreover, this effect relied on binding
to Ubc9, since the Esc2-SLD2Δ-SuDR variant contain-
ing the D68R mutation that impairs Ubc9 backside inter-
action could not stimulate substrate sumoylation (Fig.
4C–E). These results indicate that SLD2 exploits the
SUMO binding surface on the Ubc9 backside to enhance
the SUMO E2 function. We note that, unlike SUMO,
Esc2 did not stimulate free SUMO chain formation, sug-
gesting that, despite using a similar strategy for associat-
ing with the E2, SUMO and Esc2 exhibit distinct effects
(Supplemental Fig. S4D).

To extend our in vitro findings, we replaced the ESC2
gene at its endogenous locus in cells with either esc2-
SLD2Δ-Su or esc2-SLD2Δ-SuDR. While esc2-SLD2Δ-Su
maintained wild-type sumoylation levels of STR sub-
units, esc2-SLD2Δ-SuDR was defective, as seen for esc2-
SLD2m (Fig. 4F). Thus, complementary in vitro and in
vivo data support the conclusion that SLD2 exploits the
SUMO binding surface of Ubc9 to enhance substrate
sumoylation.

Esc2 binding to Ubc9 limits GCRs and recombination
intermediate accumulation

We next addressed the impact of the Esc2-Ubc9 interac-
tion on genome maintenance. Esc2 is known to promote

A

B

E

C

D

F

Figure 4. Esc2 aids sumoylation via its SLD2 binding to the Ubc9 backside. (A) Mms21-Smc5 stimulates Sgs1 and Top3 sumoylation in
the presence of SUMOor SUMO-D68R. In vitro sumoylation assayswere performed by incubating purified STR complexwith the SUMO
E1, the SUMO E2, SUMO (or SUMO-DR), and ATP in the presence or absence of the Mms21-Smc5 SUMO E3 at 30°C for the indicated
time (for details, see the Materials and methods). Sgs1 tagged with FLAG and Top3 tagged with CBP and their sumoylated forms were
detected by immunoblotting against the tags fused to them. Asterisk indicates a cross-reaction band. (B) Esc2, but not Esc2-SLD2m, stim-
ulates Sgs1 and Top3 sumoylation in vitro. Sumoylation assayswere performed as in panelA in the presence ofMms21-Smc5 and SUMO-
DR, except Top3 is tagged with V5. The inclusion of Esc2 or Esc2-SLD2m is indicated. (C ) Schematics of two Esc2 variants wherein its
SLD2 is replaced by SUMO (Esc2-SLD2Δ-Su) or by SUMO-D68R (Esc2-SLD2Δ-SuDR). (D) Esc2-SLD2Δ-Su, but not esc2-SLD2Δ-SuDR, pro-
tein interactswithUbc9 in vitro. GST pull-down testswere performed and results are presented as in Figure 2E. (E) SUMO, but not SUMO-
DR, can replace the SLD2 of Esc2 in stimulating Sgs1 andTop3 sumoylation. Sumoylation assayswere performed as inA in the presence of
Mms21-Smc5 and SUMO-DR, except with shorter time courses. (F ) SLD2 can be replaced by SUMO, but not SUMO-DR, to support STR
sumoylation in cells. Experiments were done and data are presented as in Figure 1A.
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genome stability during growth and enhance HJ removal
in the presence of MMS (Sollier et al. 2009; Albuquerque
et al. 2013). We first queried genome stability using the
gross chromosomal rearrangement (GCR) assay (Putnam
et al. 2009). Similar to previous reports, esc2Δ cells exhib-
ited a 23-fold increase in GCR rates compared with wild-
type cells (Kanellis et al. 2007; Mankouri et al. 2009). We
found that esc2-SLD2m cells showed an approximately
threefold higherGCR rate thanwild type (Fig. 5A), indicat-
ing that the Esc2-Ubc9 association contributes to Esc2’s
roles in maintaining genome stability.
Next, we evaluated the impact of the Esc2-Ubc9 inter-

action on HJ removal. We used both genetic assays and
2D agarose gel electrophoresis followed by Southern blot-
ting (2D gel) for detecting X-shaped molecules (X-mols)
such as HJ structures (Fig. 5B, left). When cells replicated
in MMS, esc2-SLD2m cells exhibited a two- to threefold
increase in the levels of X-mols compared with wild
type at loci near ARS315 or ARS1212 (Fig. 5B, middle
and right). This defect likely reflects an impairment in
STR-mediated HJ clearance and not theMus81-Mms4 nu-
clease function, since STR is responsible for X-mol remov-
al when cells grow in the presence of MMS (Liberi et al.
2005; Matos et al. 2011; Sebesta et al. 2017). In addition,
we found that Esc2-SLD2m was proficient for Mus81-

Mms4 association (Supplemental Fig. S5A). Furthermore,
like STR mutants, esc2-SLD2m sensitized cells lacking
Mms4 or Slx4, which acts in other HJ removal pathways
(Fig. 5C,D). In both cases, esc2-SLD2m rendered thesemu-
tant cells more sensitive to MMS (Fig. 5D). In the case of
slx4Δ, the double mutants also exhibited slower growth
on dissection plates (Fig. 5C). As the sensitization effect
of esc2-SLD2m toward mms4Δ or slx4Δ cells was less
severe than esc2Δ, Esc2 must have SLD2-independent
roles. Interestingly, we found that esc2-SLD2Δ-Su did
not sensitize mms4Δ or slx4Δ, while esc2-SLD2Δ-SuDR
did, suggesting that the observed sensitization by esc2
mutants stems from the loss of Esc2-Ubc9 interaction
(Supplemental Fig. S5B,C). In summary, the corroborative
data described above suggest that the Esc2-Ubc9 interac-
tion limits recombination intermediate accumulation in
cells, and this can be partly mediated by regulating STR
sumoylation.

Discussion

Protein sumoylation regulates many cellular processes,
yet it remains unclear how the limited number of sumoy-
lation enzymes can efficiently modify hundreds of diverse

A C D

EB

Figure 5. Esc2 binding toUbc9 curbs levels of GCR and recombination intermediates. (A) esc2Δ and esc2-SLD2mmutants increase GCR
rates. For each genotype, the median rate of at least nine cultures was calculated from two biological duplicates. Error bars are 95% con-
fidence intervals. Two-tailedMann–Whitney tests were performed for statistical analysis. (B) 2D gel data show that esc2-SLD2mmutants
increase X-mol levels at two genomic sites. α-Factor-arrested G1 cells were released into media containing MMS for 2 h. Samples were
examined by 2D gel followed by Southern blotting using probes at ARS315 or ARS1212. (Left) A schematic of 2D gel images with X-
mol spike indicated by red arrowhead. (Middle) Representative 2D gel images. (Right) Quantification of relative X-mol levels from two
different spore clones per genotype, with error bars representing standard deviations. WT level was set to 1.0, and the P-value is derived
by Student’s t-test. (C ) Tetrad analyses from diploid strains with indicated genotype. Spore clones were grown for 2 d at 30°C. Spores con-
taining different mutations are identified based on genotyping. One representative tetrad among at least nine tetrads per diploid strain is
shown. (D) esc2-SLD2mworsens genotoxic sensitivity of slx4Δ andmms4Δ cells. Cells were spotted in 10-fold serial dilutions and grown
for 2 d at 30°C. (E) A model for Esc2 stimulation of specific substrate sumoylation. Esc2 binding to the backside of Ubc9 (SUMO E2)
through its SLD2 leads to the stimulation of sumoylation of a subset of Smc5-6-Mms21 E3 substrates, likely at HJ and replication fork
sites, contributing to HJ dissolution and genome stability.
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substrates within the SUMO proteome. A previous study
from the Pichler group showed that sumoylation of the
SUMO E2 enzyme leads to increased modification of cer-
tain substrates in mammalian cells (Knipscheer et al.
2008). Our work suggests another means wherein an E2
cofactor can enable specific substrate sumoylation in
yeast. We show that the conserved Esc2 protein aids the
Ubc9 E2 in substrate sumoylation both in vivo and in vi-
tro. Mechanistically, Esc2 uses a SUMO-like domain to
bind the Ubc9 backside, stimulating the sumoylation re-
action. Genetic and 2D gel results suggest that this role
of Esc2 positively affects genome stability and HJ struc-
ture elimination.

We found that Esc2 regulated the sumoylation of a sub-
set of Mms21 substrates that associate with HJ and repli-
cation fork structures. Previous studies have suggested
that STR and Pol2 sumoylation likely occurs at HJ and
replication fork structures, respectively (Bonner et al.
2016; Meng et al. 2019). As Esc2 preferentially binds to
these DNA structures compared with dsDNA or ssDNA
(Urulangodi et al. 2015; Sebesta et al. 2017), Esc2 may be
a DNA structure-specific sumoylation regulator.

Our cellular and in vitro data support the conclusion
that Esc2 stimulates substrate sumoylation and provide
an understanding of the possible mechanisms. Building
upon previous findings, we show that the Esc2-Ubc9 inter-
action depends on its SLD2 rather than SLD1. Our results
further suggest that Esc2 likely employs its SLD2 to bind
the Ubc9 backside, as seen for its homologs (Prudden
et al. 2009; Sekiyama et al. 2010). Importantly, we show
for the first time that esc2-SLD2mmimics esc2Δ in reduc-
ing substrate sumoylation in cells. We also established an
in vitro system for assaying Sgs1 and Top3 sumoylation in
detail. Using this system, we demonstrate that Esc2
directly stimulates the sumoylation reaction in a manner
depending on its binding to Ubc9. Significantly, in vitro
and in vivo Esc2-dependent sumoylation was supported
when SLD2 was replaced by nonconjugatable SUMO,
again in a manner requiring its binding to Ubc9. Thus,
Esc2 likely uses its SLD2 to exploit a SUMO binding sur-
face on Ubc9 to stimulate E2 function. A noteworthy dis-
tinction between SLD2 and SUMO binding to Ubc9 is
that the former did not promote free SUMO chain forma-
tion; rather, it stimulated substrate sumoylation. Despite
this difference, it is possible that Esc2 binding to the
Ubc9 backside may also help to orient Ubc9 for transfer-
ring SUMO to the substrate lysine residue. This premise
is consistent with our observation that Esc2 affects Ubc9
after it is charged with SUMO at its active site.

Molecular details regarding how Esc2 facilitates SUMO
transfer from Ubc9 to specific Mms21 substrates is cur-
rently unclear. In principle, Esc2 could achieve this effect
via binding both to Ubc9 and theMms21 E3. However, we
did not detect a stable interaction between Esc2 and
Mms21, though a transient interaction that may elude
our detection cannot be excluded. Also, we did not find ev-
idence that Esc2 could stably associate with substrates or
bridge substrate-E3 association. Rather, our data suggest
that the Esc2-Ubc9 association is crucial for Esc2-mediat-
ed sumoylation, at least for the substrates examined here.

It is likely that the association of both Esc2 and Mms21
with HJ and replication fork structures poise them for col-
laboration at these sites. The specific requirement of Esc2
also suggests that Mms21 action entails distinct features
from the Siz E3s.While Siz E3s possess SUMO interaction
regions that promote sumoylation (Streich and Lima
2016), Mms21 may use Esc2 to enhance sumoylation.
For example, Esc2 binding toUbc9 duringMms21-mediat-
ed sumoylation may better orient the donor SUMO to the
target lysine.Alternatively, Esc2binding toUbc9may lead
to its own sumoylation,which then allows transient inter-
actions with Mms21 and/or substrates to foster SUMO
transfer. Regardless of the mechanism(s), Esc2 collabora-
tion with Mms21 enhances sumoylation events required
for HJ and replication fork control during genome stress.

We showed that the impaired sumoylation of STR in
esc2-SLD2m cells correlated with more X-mols and sensi-
tization of other HJ processing mutants. Thus, the previ-
ously documented role of Esc2 in HJ removal during
DNA replication (Mankouri et al. 2009; Sollier et al.
2009) can be partly explained by Esc2-mediated STR
sumoylation. Although Esc2 can stimulate Mus81-
Mms4-mediated HJ cleavage, we show Esc2-SLD2m is
proficient for binding to this nuclease. Thus, Esc2 appears
to use distinct domains to regulate both STR and the
Mus81-Mms4 pathways, likely at different cell cycle stag-
es, thereby acting as a master regulator of HJ removal.

We found that esc2-SLD2m had moderately elevated
GCR rates. Impairment of multiple sumoylation events
likely contributes to this, as a pol2 sumoylation-defective
mutant showed a more subtle GCR increase than esc2-
SLD2m (Meng et al. 2019).While certain genome instabil-
ity events, such as HJ accumulation, may not be captured
by this GCR assay, the smaller increase in GCRs in esc2-
SLD2m cells comparedwith esc2Δ cells is consistent with
the milder esc2-SLD2m phenotype observed in the other
assays. These differences likely reflect additional roles of
Esc2 in genome regulation, including affecting the DNA
helicase Srs2 at replication forks (Urulangodi et al. 2015).

Our data, in conjunctionwith previous findings, suggest
a model wherein Esc2 andMms21 localized at HJ and rep-
lication fork structures collaborate for timely and efficient
substrate sumoylation (Fig. 5E). Esc2 binding to the Ubc9
backside can help the SUMOE2 to adopt a productive con-
formation required for SUMO transfer. Esc2may also help
to target Ubc9 to HJs and replication fork structures to in-
crease the local availability of the enzyme. We note that
while SLD2 binding to the Ubc9 backside is a conserved
feature of the Esc2 family of proteins (Prudden et al.
2009; Sekiyama et al. 2010), variations of the abovemodel
may apply to other organisms. In particular, the fission
yeast Rad60 can stably associate with the Nse2 SUMO
E3, suggesting broader effects on sumoylation in this or-
ganism (Raffa et al. 2006; Prudden et al. 2009). It is also in-
teresting to note that the mammalian Esc2 homolog
Nip45 is required for coping with genotoxins, though
the underlying mechanisms remain to be understood
(Hurov et al. 2010). Elucidating the roles of Esc2 homologs
and their SLDs in multicellular organisms will be
informative.
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In summary, we provide insights into how a conserved
SUMO E2 interacting protein stimulates sumoylation
during genome maintenance. Our work sets the founda-
tion for future studies on other Ubc9 binding partners to
better understand how sumoylation efficiency and specif-
icity can be achieved in a variety of cellular contexts and
organisms.

Materials and methods

Yeast strains, plasmids, primers, and genetic procedures

All yeast strains are derivatives of W1588-4C, a RAD5 derivative
of W303 (MATa ade2-1 can1-100 ura3-1 his3-11,15 leu2-3,112
trp1-1 rad5-535). At least two strains per genotypewere examined
in each experiment, and only one is listed in Supplemental Table
S1. Standard procedures were used for cell growth,media prepara-
tion, epitope tagging at endogenous loci, and spot assays. Plas-
mids and primers used are listed in Supplemental Tables S2 and
S3, respectively. For Figure 5C, at least nine tetrads for each cross
were dissected and analyzed, and only one tetrad was shown.

Detection of protein sumoylation in cells

Two methods were used for detecting protein sumoylation ac-
cording to previous publications. In most cases, sumoylated pro-
teins were pulled down from cells containing His8-tagged SUMO
expressed from its endogenous promoter and probed for specific
substrates by immunoblotting (Ulrich and Davies 2009; Wei
and Zhao 2016). In brief, exponentially growing cells were treated
with 0.03%MMS for 2 h before harvest. Protein extracts prepared
by 55% TCA were dissolved in buffer A (6 M guanidine HCl,
100 mM sodium phosphate at pH 8.0, 10 mM Tris-HCl at pH
8.0) and incubated overnight with Ni-NTA resin after the addi-
tion of 0.05% Tween 20 and 4.4 nM imidazole. Resins were
washed twice with buffer A containing 0.05% Tween 20 and
four times with buffer C (8 M urea, 100 mM sodium phosphate
at pH 6.3, 10 mM Tris-HCl at pH 6.3) containing 0.05% Tween
20. HU buffer (8 M urea, 200 mM Tris-HCl at pH 6.8, 1 mM
EDTA, 5% SDS, 0.1% bromophenol blue, 1.5% DTT, 200 mM
imidazole) was used to elute proteins to be examined by SDS-
PAGE and immunoblotting analyses. Ponceau S stain was used
to ensure equal loading.
Epitope-tagged Pol2, Yku70, Smc2, and Saw1 proteins were im-

munoprecipitated, and their sumoylated forms were detected by
an anti-SUMO antibody in immunoblotting analyses (Cremona
et al. 2012). In brief, cells were treated as above, and proteins
were extracted by RIPA buffer (50 mM Tris-HCl at pH 7.4, 5
mM EDTA, 150 mM NaCl, 1.25% Triton-X 100, 1× protease in-
hibitor cocktail fromSigma, 40mMNEM). Immunoprecipitation
was carried out by incubating the extracts with sepharose beads
conjugated with either IgG recognizing the TAP tag fused to
Yku70 and Saw1 or anti-HA antibody for HA-tagged Pol2 and
Smc2 at 4°C for 2–6 h. Beads were washed with RIPA containing
0.1%SDS and elutedwith protein loading buffer. The unmodified
form of the protein, detected by antibody recognizing its corre-
sponding tag in immunoblots, was used for equal loading. Anti-
bodies used included: anti-Myc (Bio X Cell 9E10), anti-TAP
(Sigma P1291), anti-HA (Roche 3F10), anti-Rfa1 (a gift from
S. Brill), anti-GST (Sigma G7781), anti-SUMO (Zhao and Blobel
2005), anti-PCNA (gift from Helle Ulrich), anti-FLAG (Sigma
M2), anti-CBP (Santa Cruz Biotechnology SC33000), anti-V5
(InvitrogenR960-25), anti-Ubc9 (Santa Cruz Biotechnology
yN-19 and yC-19), and anti-Dpb2 (gift from H. Araki).

Yeast two-hybrid assay

Standard assay was performed as described previously (Dhingra
et al. 2019). Briefly, plasmids containing the Gal4 activation
domain (AD) and Gal4 DNA binding domain (BD) with or without
the fusion of genes encoding the proteins of interest were trans-
formed in the two-hybrid host strain pJ69-4. The resultant trans-
formants were mixed for each pair of plasmids and spotted on
plates containing SC-Trp-Leu (selection of plasmids) and SC-Trp-
Leu-Ade (report the expression of the ADE2 reporter) media. Pic-
tures were taken after plates were incubated for 48 h at 30°C.

Coimmunoprecipitation

Exponentially growing yeast cells were treated with 0.03%MMS
for 2 h before harvest. Cells were disrupted by glass bead beating
in lysis buffer with Benzonase added to digest nucleic acid before
centrifugation for 15 min at 20,000g to obtain whole-cell extract
(WCE). The lysis buffer contains 25 mM K-HEPES (pH 7.6), 100
mM NaCl, 100 mM K-glutamate, 5 mM Mg (OAc)2, 0.02% NP-
40, and 0.5% Triton X-100 supplemented by protease inhibitor
cocktail (Sigma) and Complete Ultra EDTA-free protease inhibi-
tor (Roche). Proteins of interest were immunoprecipitated using
IgG-sepharose beads (for TAP-tagged proteins) or Protein G beads
in combination with specific antibodies recognizing the tags on
the proteins for 2–4 h at 4°C. Beads were washed five to six times
using lysis buffer, and proteins were eluted using loading buffer.
After boiling for 5 min, eluted proteins were loaded onto 4%–

20% gradient gels (Bio-Rad) and subjected to SDS-PAGE and im-
munoblotting analyses.

Protein expression and purification

Expression and purification of most recombinant proteins were
carried out following previously published protocols. These in-
clude FLAG-Sgs1 (Niu et al. 2010), V5-Top3/GST-Rmi1 (Wang
et al. 2018), the Mms21/Smc5 complex (Duan et al. 2009), Myc-
Smc5/His9-Strep-Tactin-Smc6 complex (Xue et al. 2014), Esc2
and its variants (Sebesta et al. 2017), Smt3, Smt3-D68R, Ubc9,
Aos1-Uba2 (Zhao and Blobel 2005), 4xSmt3 (Gillies et al. 2016),
and theMus81-Mms4 complex (Matulova et al. 2009). Expression
and purification of CBP-Top3 andRmi1were performed largely as
described (Devbhandari et al. 2017). Briefly, yeast cells were lysed
in extraction buffer (45 mMHepes KOH at pH 7.6, 10% glycerol,
0.02%NP40, 300mMNaCl, 1 mMDTT, 2 mMCaCl2). Calmod-
ulin affinity resin (Agilent) was incubated with lysate, then
washed with washing buffer (45 mM Hepes KOH at pH 7.6,
10% glycerol, 0.02% NP40, 300 mM NaCl, 1 mM DTT, 2 mM
CaCl2) and eluted with elution buffer (45 mM Hepes KOH at
pH 7.6, 10% glycerol, 0.02% NP40, 300 mM NaCl, 1 mM DTT,
1 mM EDTA, 2 mM EGTA). The eluate containing CBP-Top3
and Rmi1 complex was diluted with an equal volume of T buffer
(25 mM Tris-Cl at pH 7.4, 10% glycerol, 0.5 mM EDTA, 0.01%
Igepal, 1 mM DTT) and loaded onto a Resource S column (GE
Healthcare). The column was washed with T buffer containing
150 mM KCl and developed with a 25-mL gradient of 150–650
mM KCl. CBP-Top3/Rmi1 was eluted at ∼350 mM KCl, and
the peak fractions were pooled and concentrated in an Ultracel-
10K concentrator (Amicon) before storing at −80°C in aliquots.

In vitro protein binding assays

For GST pull-down assays, 5 μg of GST-tagged Esc2 or its variants
was incubatedwith 2 μg of Ubc9 (Figs. 2E, 3C, 4D) or 2 μg of Smt3/
4xSmt3 (Fig. 2F) in 30 μLofTbuffer (25mMTris-Cl at pH7.4, 10%
glycerol, 0.5mMEDTA, 0.01% Igepal, 1mMDTT) supplemented
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with 80mMKCl for 30min at 4°C. The proteinmixturewas incu-
bated with 10 μL of Glutathione Sepharose 4B resin (GE Health-
care) for 30 min at 4°C. After washing the resin four times with
200 μL of T buffer with 80 mM KCl, bound proteins were eluted
with 20 μLof 2%SDS. For pull-down tests shown in Supplemental
Figure S2C (lanes 1–6), 0.5 µg of FLAG-Sgs1, 0.5 µg of V5-Top3/
GST-Rmi1, and1.0µgofGST-Esc2were incubated in30µLTbuff-
er with 80mMKCl for 30min at 4°C. Themixturewas further in-
cubated with 10 µL of anti-FLAG agarose resin (Sigma) for 30min
at 4°C. After washing the resin four timeswith 200 μL of the same
buffer, bound proteins were eluted with 20 μL of 2% SDS. For
Strep-Tactin pull-down assays shown in Supplemental Figure
S2C (lanes 7–12), 0.5 µg of Myc-Smc5/(His)9-StreptagII-Smc6
complex and1.0 µg ofGST-Esc2were incubated in 30µLof T buff-
er with 80mMKCl for 30min at 4°C. Themixturewas incubated
with 10 µL of Strep-Tactin resin that retains StreptagII-Smc6 for
30 min at 4°C. After washing the resin four times with 200 μL of
the same buffer, bound proteins were eluted with 20 μL of 2%
SDS. For GST pull-down assays shown in Supplemental Figure
S5A, 3 μg of GST-tagged Esc2 or its variants was incubated with
1.6 μg of the Mus81-Mms4 complex in 30 μL of T buffer supple-
mentedwith 100mMKCl for 30min at 4°C. The proteinmixture
was incubated with 10 μL of Glutathione Sepharose 4B resin (GE
Healthcare) for 30 min at 4°C. After washing the resin four times
with 200 μL of T buffer with 100 mM KCl, bound proteins were
eluted with 20 μL of 2% SDS. In all cases, 10% of the supernatant
(S) and eluate (E) fractions and 2% of the wash (W) fraction were
analyzed by SDS-PAGE and/or immunoblotted using anti-GST
antibody (Sigma) (Supplemental Fig. S2C) or anti-His6 antibody
(Sigma) (Supplemental Fig. S5A).

In vitro sumoylation assays

The in vitro sumoylation assay of the Sgs1-Top3-Rmi1 complex
shown in Figure 4A was carried out by first incubating 20 nM
STR complex with 2.2 μM Smt3 (or Smt3-D68R), 50 nM Aos1-
Uba2 (E1), and 280 nM Ubc9 (E2), with or without 40 nM
Mms21/Smc5 complex (E3) in buffer R containing 45 mM
Hepes-Na (pH 7.0), 5 mM MgCl2, 72 mM KCl, and 0.1 mM
DTT for 10 min on ice. The sumoylation reaction, upon the addi-
tion of 5mMATP, was shifted to 30°C. Samples were taken at in-
dicated time points and mixed with sample loading buffer.
Sumoylation reactions shown in Figure 4, B and E, were supple-
mentedwith orwithout 300 nMwild-type ormutant Esc2 in buff-
er R for 10 min on ice before adding ATP. In all cases, samples
were taken at different time points to mix with sample buffer.
Samples were analyzed by SDS-PAGE and immunoblotting using
antibodies recognizing the tags on Sgs1 and Top3, including anti-
FLAG (Sigma), anti-CBP (Genscript), or anti-V5 (Rockland).
A freeSUMOchain formationassay (Supplemental Fig. S4D)was

performed as above except omitting STR and the SUMO E3 in the
reactions. Ubc9 thioester formation assay (Supplemental Fig. S4C)
was performed as previously described (Knipscheer et al. 2007). In
brief, 2.2 μM Smt3 (or Smt3-D68R) was incubated with 50 nM
Aos1-Uba2, 280 nMUbc9, with or without 300 nM Esc2 in buffer
R for 10 min on ice. The reaction, upon the addition of 5 mM
ATP, was incubated at 30°C for the indicated time. Samples were
mixed with nonreducing (without DTT) or reducing (with 50 mM
DTT) loading buffer, analyzed by SDS-PAGE, and immunoblotted
using an anti-Ubc9 antibody (Santa Cruz Biotechnology).

2D agarose gel electrophoresis

2D gel analysis was performed as previously described (Meng
et al. 2020). Briefly, log-phase yeast cultures were treated with

5 µg/mL α factor (Bio Basic) until at least 90% of cells exhibited
G1 arrest. Cells were released from arrest by pronase treatment
(Millipore), and MMS was added to a final concentration 0.03%
for 2 h. Cells were collected and treated with zymolyase to pro-
duce spheroplasts. After cell lysis, proteinase K (Sigma-Aldrich)
was added and DNAwas purified by CsCl gradient centrifugation
and precipitated. Extracted DNA was digested by EcoRI and sep-
arated by agarose gel electrophoresis in two dimensions. Separat-
ed DNA was transferred onto Hybond-XL membranes (GE
Healthcare) and analyzed by Southern blotting using probes hy-
bridizing to theARS315 orARS1212 locus. Primers used for probe
amplification are listed in Supplemental Table S3. For quantifica-
tion, the signals of 1N DNAwere obtained from short exposures
and X-mol signals from longer exposure. Signal levels fell within
the linear range of detection for the PhosphorImager.

GCR assay

GCR rate measurement was performed as described previously
(Meng et al. 2019). At least nine cultures were examined for
each genotype. Cells werewashed and serial dilutionswere plated
on synthetic complete (SC) medium and FC medium containing
canavanine and 5-FOA. GCR rates were calculated as m/NT us-
ing the following formula: m× (1.24 + ln[m])−NFC=0, where m
ismutational events, NFC is the number of colonies on FC plates,
and NT is the number of colonies on SC plates. The upper and
lower 95% confidence intervals (95% CI) were calculated as de-
scribed (Putnam and Kolodner 2010). A two-tailed Mann-Whit-
ney test was performed as described previously (Myung et al.
2004) using GraphPad Prism version 7.

Microscale thermophoresis (MST) analyses

His-tagged Ubc9 was labeled with a His-Tag labeling kit RED-
tris-NTA (NT-L118, NanoTemper Technologies). The labeling
reaction was performed according to the manufacturer’s instruc-
tions. Twelve doses of Ubc9-His from 4 µM–0.0039 uMwere pre-
pared by 1:1 serial dilution using MST buffer, which contains 20
mMHEPES (pH 7.5), 80 mMKCl, 0.01% Igepal, and 1% glycerol.
Each dose of Ubc9-His in 10 µL of MST buffer was mixed with 40
nMRed-tris-NTA in 10 µL ofMST buffer for 30min at room tem-
perature in the dark. The mixture was loaded into premium
Monolith NT.115 Capillaries (NanoTemper Technologies, MO-
AK005) for binding affinity assay. MST was measured using a
Monolith NT.115 instrument (NanoTemper Technologies) at
25°C. Instrument parameters were adjusted to 70% excitation
power andmediumMST power. Data was analyzed byMO.Affin-
ity Analysis software (version 2.1.3, NanoTemper Technologies)
using the signal from an MST-on time of 5 sec. The Kd of Ubc9-
His labeling was 4 nM. To test the binding affinity of Ubc9
with Esc2, 40 nM Red-tris-NTA in 300 µL of MST buffer was
mixed with 80 nM of Ubc9-His in 300 µL of MST buffer at
room temperature for 30min in the dark for labeling. After centri-
fugation at 15,000g for 10min, the supernatant was transferred to
a fresh tube for the binding assay with Esc2. A total of 16 concen-
trations of Esc2 were serially diluted using an equal volume of
MST buffer from 20 µM to 0.6 nM. Ten microliters of each dose
of Esc2 was mixed with 10 µL of His-labeled Ubc9 supernatant.
Themixture of Ubc9 and Esc2 was loaded into premium capillar-
ies forMSTassaywith parameters set up at 80%excitation power
and medium MST power. Binding affinity was analyzed by the
MO.Affinity Analysis software using the signal from an MST-
on time of 2.5 sec. Three individual experimentswere used to cal-
culate the standard deviation.
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Circular dichroism (CD) analyses

Purified Esc2 and Esc2-SLD2m proteins were diluted to 2.9 μM in
300 μL of CD buffer (10 mM NaH2PO4, 100 mM KCl at pH 7.0).
Spectra were collected by a Jasco J-710 spectropolarimeter at
20°C.
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