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Ulp1 and Ulp2, in the yeast Saccharomyces cerevisiae, are the
founding members of deSUMOylating enzymes. These enzymes
remove small ubiquitin-like modifier (SUMO) from proteins
and are conserved in all eukaryotes. Previous studies have
shown that Ulpl deSUMOylates the bulk of intracellular
SUMOylated proteins, whereas Ulp2 is a highly specific enzyme.
However, the mechanism for Ulp2’s substrate specificity has
been insufficiently understood. Here we show that the C-termi-
nal regulatory domain of Ulp2 contains three distinct, yet con-
served, motifs that control its in vivo substrate specificity and
cell growth. Among them, a SUMO-interacting motif (SIM) was
found to coordinate with the domain of Ulp2 that binds to the
nucleolar protein Csm1 to ensure maximal deSUMOylation of
Ulp2’s nucleolar substrates. We found that whereas the Csm1-
binding domain of Ulp2 recruits this enzyme to the nucleolus,
Ulp2’s C-terminal SIM promotes its SUMO protease activity
and plays a key role in mediating the in vivo specificity of Ulp2.
Thus, the substrate specificity of Ulp2 is controlled by both its
subcellular localization and the SUMOylation status of its sub-
strates. These findings illustrate the highly coordinated and
dynamic nature of the SUMO pathways in maintaining homeo-
stasis of intracellular SUMOylation.

Small ubiquitin-like modifier (SUMO),®> a member of the
ubiquitin-like proteins (Ubls), is a highly conserved, ubiquitous
and widely utilized post-translational modification (1, 2).
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SUMO is structurally similar to ubiquitin, despite being mostly
different at the primary sequence level (3). Like ubiquitin, the
conjugation of SUMO to its substrates also occurs in an ATP-
dependent manner that involves a cascade of three enzymes: a
heterodimeric SUMO-activating E1 enzyme (Aos1 and Uba2 in
yeast), a SUMO-conjugating E2 enzyme (Ubc9 in yeast), and a
number of SUMO E3 ligases that impart specificity for the con-
jugation of SUMO to its substrates (4). Together, these
enzymes catalyze the formation of isopeptide bonds between
the C terminus of SUMO and lysine side chains on substrate
proteins. Although a single E1 and E2 enzyme exists in budding
yeast, three mitotic E3 ligases (Sizl, Siz2, and Mms21) are
known to exist (5, 6) and have been shown to have overlapping
and distinct substrates (7, 8). On the other hand, the removal of
SUMO from proteins requires the activity of the SUMO pro-
teases, a family of isopeptidases conserved from yeast to
human, which cleave the isopeptide linkages between SUMO
and its substrates (2). The first SUMO proteases, Ulpl and
Ulp2, were discovered in the budding yeast Saccharomyces
cerevisiae (9, 10); and further investigations led to the discovery
of the homolog human SUMO proteases SENP1-SENP3 and
SENP5-SENP7 (11-14). Because Ulpl and Ulp2 are the only
two SUMO proteases known to exist in budding yeast, they are
expected to deSUMOylate a broad range of SUMOylated tar-
gets identified through proteomic studies (7, 15-18). Defining
the mechanism by which these enzymes deSUMOylate specific
substrates in vivo, will go a long way in understanding their
diverse functions.

Prior studies regarding the localization and biochemical
activity of the yeast SUMO proteases, Ulpl and Ulp2, have
established their distinct roles in SUMO homeostasis; with
Ulp1 being responsible for the maturation of SUMO and Ulp2
playing a larger role in the cleavage of SUMO-SUMO linkages
in poly-SUMO chains (9, 19, 20). The maturation of SUMO is
essential for cell viability; however, yeast cells expressing a
mature form of SUMO, in the ulplA background, are still
unable to grow (9). This indicates that Ulp1 plays an essential
role in deSUMOylating other cellular proteins. Interestingly,
our recent study showed that Ulpl is not essential in the
absence of the main yeast SUMO E3 ligases, Siz1 and Siz2 (21);
which perform the bulk of intracellular SUMOylation (7, 8).
This genetic finding strongly suggested that the essential func-
tion of Ulpl, besides SUMO maturation, is to antagonize the
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activities of Sizl and Siz2, and keep the bulk of intracellular
SUMOylation levels sufficiently low. Consistent with this idea,
loss of Ulp1 in the sizIAsiz2A mutant still resulted in a substan-
tial increase in global SUMOylation even in the absence of Siz1
and Siz2 (21), indicating a major role for Ulpl in performing
global deSUMOylation. When combined with Ulpl’s highly
potent in vitro activity (9, 19), these findings established a major
role for Ulpl in maintaining global SUMO homeostasis (21).

Unlike Ulp1, Ulp2 is not essential for cell viability, although
loss of Ulp2 leads to severe growth defects and interestingly, a
rapid accumulation of survivors with aneuploidy (10, 22). The
tendency of the ulp2A mutant to form survivors has compli-
cated its analysis, although mutations affecting poly-SUMO
chain formation appeared to rescue the growth defect of the
ulp2A mutant (20). Remarkably, Ulp2 was found to be a highly
specific enzyme that targets specific protein complexes in-
volved in distinct cellular processes such as ribosomal DNA
(rDNA) maintenance, chromosome segregation, and DNA rep-
lication (21). With the knowledge of Ulp1 and Ulp2 substrates
in hand, a major unsolved question is what dictates the in vivo
substrate specificity of Ulpl and Ulp2? One clue might be
related to the distinct subcellular localizations of Ulpl and
Ulp2. Prior studies have shown that Ulpl and Ulp2 are both
localized to the nucleus via a nuclear localization signal; with
Ulp1 localizing to the nuclear envelope and Ulp2 localizing
throughout the nucleus (19, 23). Moreover, Ulp2 has a C-ter-
minal SUMO-interacting motif (SIM) (10), which is defined by
a core consensus of I/V-X-1/V-1/V with an acidic residue usu-
ally flanking one side of the consensus (24, 25). Although not yet
experimentally confirmed, this putative SIM of Ulp2 could pro-
mote it to specifically process poly-SUMO chains (20); how-
ever, its role in contributing to Ulp2’s in vivo substrate specific-
ity have yet to be investigated.

Disruption of the SUMO pathways in yeast and mammals
can lead to genome instability and defects in processes such as
rDNA maintenance, chromosome segregation, DNA repair,
transcription, and proteostasis (7, 22, 26-31). Prior studies
have identified Ulp2 as a key player in rDNA maintenance, and
furthermore, Ulp2 was found to localize to the rDNA via its
association with the Cohibin complex, Csm1-Lrs4, which con-
nects the nuclear envelope and rDNA (26, 29, 31-34). The
Cohibin complex associates with the rDNA through the Tof2
scaffolding protein, which is anchored to the rDNA via its bind-
ing to Fob1 at the replication fork barrier of each rDNA repeat
(32-34). At each replication fork barrier, the RENT complex
(Cdc14-Sir2—Netl) is also anchored by Fob1, and forms a pro-
tein network with Cohibin that is important for rDNA stability
and silencing (32, 34). This set the stage for our recent study to
solve the structure of the Ulp2—Csml binding interface, and
demonstrate that Ulp2’s interaction with the Csm1 subunit, via
a newly identified domain in Ulp2’s C terminus, was important
for rDNA silencing (29). This study demonstrated that Ulp2’s
Csm1-binding domain targets Ulp2 to the rDNA and is impor-
tant for SUMO homeostasis and proper silencing at the rDNA
(29). In particular, Tof2 becomes poly-SUMOylated in ulp2
mutants, which signals the recruitment of the SUMO-targeted
ubiquitin ligase (STUbL) SIx5-SIx8; resulting in the degradation
of Tof2 (29, 35, 36). However, the ulp2-781 mutant, which
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lacks the Csml-binding domain entirely, does not have an
appreciable growth defect, unlike the u#/p2A mutant (10, 29).
Moreover, a relatively modest increase of SUMOylated Netl,
Cdc14, and Tof2 is observed in the ulp2—-781 mutant, relative to
WT cells (29). In contrast, an ~20-fold accumulation of
SUMOylated Net1, Cdc14, and Tof2 was observed in the ulp2A
mutant (21). These findings indicated that the Csm1-mediated
targeting of Ulp2 to the nucleolus is insufficient to account for
the exquisite substrate selectivity of Ulp2 toward its nucleolar
substrates; despite that eliminating the Csm1-Ulp2 binding is
sufficient to cause a defect in rDNA silencing via aberrant deg-
radation of Tof2 (29).

To further understand the substrate specificity of Ulp2,
we investigated the role of Ulp2’s C-terminal non-catalytic
domain, which is largely unstructured, and identified two con-
served regions among Ulp2 fungal orthologs, aside from the
Csm1-binding domain. We provide evidence supporting that
one of these conserved regions contains a SIM between resi-
dues 725 and 728 of Ulp2, and further shows that the C-termi-
nal Ulp2 SIM plays an unexpected and major role in contribut-
ing to its in vivo substrate specificity toward Ulp2’s nucleolar
substrates in conjunction with Csm1-mediated Ulp2 recruit-
ment to the nucleolus.

Results

The Ulp2 C terminus contains three conserved regions with
distinct and overlapping functions

Our previous study identified a conserved binding interface
(residues 821-847) in Ulp2’s C terminus that binds to the Csm1
protein to direct Ulp2 to the rDNA region (29). However, the
ulp2-781 truncation mutant, in which the binding between
Ulp2 and Csml is eliminated, does not fully recapitulate the
defects of ulp2A, suggesting that other parts of Ulp2 are also
necessary for its in vivo specificity (29). To address this,
sequence alignment of S. cerevisiae Ulp2 was performed across
several fungal species (Fig. 1B). This revealed two other con-
served regions in the Ulp2 C terminus, besides the Csm1-bind-
ing domain, one of which was previously suggested to be a SIM
based on its amino acid sequence (23). The other conserved
region will be referred to as the C-terminal conserved region, or
CCR, as its role remains unknown.

Because the u/p2A mutant is known to readily accumulate
survivors as well as exhibit a severe growth defect (10, 22), any
ulp2 mutation that compromises cell growth could potentially
accumulate faster growing survivors to obscure the direct effect
of such mutation. To address this issue, we introduced specific
ulp2 mutations, in a centromeric plasmid under its native pro-
moter, into the ulp2A strain that contains a complementing
centromeric plasmid with the WT Ulp2 sequence under the
control of its native promoter. Upon treatment with 5-fluoro-
oratic acid (5-FOA), to remove the complementing plasmid
containing ULP2, the acute effect on growth of these ulp2
mutations could be determined within the first 20-25 genera-
tions. To ascertain if Ulp2’s C-terminal SIM and CCR are
important for its in vivo function, triple alanine (3A) mutants of
the SIM and CCR (SIM>* and CCR>*) were generated to sub-
stitute the conserved bulky hydrophobic residues within these
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Figure 1. The Ulp2 C terminus contains three conserved regions with distinct and overlapping functions. A, schematic of the conserved regions of Ulp2.
B, sequence alignment of two conserved regions in the C terminus of Ulp2 orthologs; excluding its Csm1-binding domain. C, effect of ulp2 mutations on cell
growth in the presence of 5-FOA to acutely remove the complementing WT Ulp2 plasmid. YPD loading control is shown along with growth after 3 and 5 days
on 5-FOA plates incubated at 30 °C. D, protein abundance of WT and various mutants of Ulp2 following 5-FOA treatment. Coomassie staining is shown to
indicate equal loading. £, flow cytometry of asynchronous yeast cells expressing various forms of the Ulp2 protein following 5-FOA treatment.
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motifs. Growth analysis revealed that the F839D mutation of
Ulp2 does not impair cell growth. Moreover, the SIM>* and
CCR** mutations do not cause a noticeable growth defect on
the 5-FOA plate, indicating these mutations have a minimal
effect on the overall integrity of Ulp2 (Fig. 1C). Interestingly,
double mutations combining SIM>3*, and either F839D or
CCR?4, result in a significant slower growth phenotype on
5-FOA (Fig. 1C). In contrast, the double mutation combining
F839D and CCR** does not cause an additive growth defect
compared with the ulp2-CCR?** single mutant. This slow
growth defect was exacerbated further when all three C-termi-
nal-conserved regions were mutated, with very little growth
observed on the 5-FOA plate (Fig. 1C). To determine whether
these C-terminal mutations affect the overall abundance of
Ulp2, whole cell extracts were assayed for the abundance of
TAF-tagged Ulp2 using anti-Protein A antibody. As shown in
Fig. 1D, none of the C-terminal mutations of Ulp2 reduces the
abundance of Ulp2 compared with WT. Instead, the abundance
of Ulp2 in the ulp2-SIM**CCR** and the ulp2 triple mutant
appear to be higher relative to WT, which could be due to an
unknown compensatory effect of the mutations. In any case,
these findings suggest that these u/p2 mutations unlikely affect
the overall integrity of the Ulp2 protein in cells; although they
likely affect the mutated regions locally.

We noticed that additional streaking of the ulp2-
SIMPACCR** and the ulp2 triple mutants, obtained from the
5-FOA plate, rapidly led to faster growing survivors; possibly
resembling those generated in the u/p2A mutant (22). Because
it was reported that truncation of the C terminus of Ulp2 did
not appreciably impair cell growth (23), contrary to what we
observe here (Fig. 1C), to address these contrasting results, we
integrated the same set of u/p2 mutations into the chromo-
somal locus of Ulp2, and confirmed them via DNA sequencing;
a process that allows the cells to grow over 100 generations. We
then examined the growth of these chromosomal integrated
ulp2 mutants. As shown in Fig. S14, none of the C-terminal
ulp2 mutants exhibit an appreciable growth defect on YPD
media, and is in agreement with a previous report (23). These
findings suggest that survivor formation may have previously
obscured the critical role of Ulp2’s C terminus in maintaining
cell growth and underscore the importance of observing the
growth defects caused by ulp2 C-terminal mutations immedi-
ately after the complementing ULP2 allele is removed (Fig. 1C).

Furthermore, flow cytometry was performed to assay for any
specific cell cycle arrest that might be present in any of the ulp2
C-terminal mutants that are immediately derived after 5-FOA
plating (Fig. 1C). As shown in Fig. 1E, there is no appreciable
cell cycle-specific arrest for any of the u/p2 C-terminal mutants,
apart from a slight accumulation of S-phase and G2 cells in the
ulp?2 triple mutant. However, we caution here that this finding
could still be affected by the accumulation of unknown survi-
vors at an unknown rate during cell growth. Further study is
needed to determine the precise nature of the genome instabil-
ity defects associated with these ulp2 mutants.

Taken together, these results demonstrate that the C termi-
nus of Ulp2 has distinct and overlapping functions in maintain-
ing cell growth, contrary to previous findings (23). More specif-
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ically, the C-terminal SIM of Ulp2 shares redundant roles with
either the Csm1-binding domain or the CCR of Ulp2.

The Ulp2 C-terminal SIM shows increasing affinity for longer
linear SUMO chains

To characterize Ulp2’s C-terminal SIM and its CCR further,
a binding assay was developed to measure the interaction
between a synthetic peptide of each conserved region and vary-
ing lengths of linear SUMO chains, which were expressed and
purified from bacteria. Synthetic biotinylated peptides of the
WT and 3A variants of either the C-terminal SIM or CCR were
bound to NeutrAvidin resin and incubated with a mixture of
linear poly-SUMO chains containing SUMO, 2X-SUMO,
4X-SUMO, and 6X-SUMO proteins (Fig. 24). As seen in Fig.
2A, the WT Ulp2 SIM peptide, but not the Ulp2 SIM>* peptide,
bound specifically to 4X-SUMO and 6 X-SUMO proteins, but
not 2X-SUMO or SUMO; confirming that it is a bona fide
SUMO-interacting motif with an increasing affinity to longer
linear SUMO chains. Furthermore, we replaced Ulp2’s C-ter-
minal SIM with the previously described M-IR2 SIM of RanBP2
(Ran-binding protein 2) or the SIM of PIASX (protein inhibitor
of activated STAT X) (25, 37). As expected, the growth defect
of the ulp2-SIMP*CCR?**F839D on 5-FOA is rescued by
the replacement of the SIM** with either the PIASX SIM
(sequence: VDVIDI) or the RanBP2 M-IR2 SIM (sequence:
VIIVW); indicating that the slow growth of the triple mutant is
due to the loss of a functional SIM (Fig. S1B). In contrast, bind-
ing between the CCR peptide and any of the SUMO variants
was not detected; suggesting that the CCR does not play a role
in the direct binding of SUMO (Fig. 2B). We have not investi-
gated the function of Ulp2’s CCR further and chose to focus on
characterizing Ulp2’s C-terminal SIM in this study.

To quantitatively assess the binding affinity between the
Ulp2 SIM peptide and different lengths of linear SUMO vari-
ants, isothermal calorimetry (ITC) was performed. The Ulp2
SIM peptide was injected into ITC cells containing SUMO,
4X-SUMO, or 6X-SUMO, and thermodynamic parameters
were recorded (Fig. 2, C—E). The ITC data shows that the Ulp2
SIM peptide only exhibits weak binding to SUMO with a K, of
99 um (Fig. 2C). However, the measured binding affinity
between the Ulp2 SIM peptide and 4X-SUMO was 2-fold
greater than SUMO (K, 52 um); and 10-fold greater for
6X-SUMO (K, 6.5 um) (Fig. 2, D and E). Moreover, binding
between the Ulp2 SIM peptide to SUMO and 4X-SUMO is
enthalpy driven (Fig. 2, C, D, and F), whereas in the case of
6X-SUMO the Ulp2 SIM peptide binds with a stronger contri-
bution from entropy. In the absence of structural data, the basis
for this entropy contribution is unknown; although this result
suggests that poly-SUMO to SIM binding can be modulated via
structural rearrangements.

The Ulp2 C-terminal SIM promotes its SUMO protease activity
toward linear SUMO chains

To determine the role that Ulp2’s C-terminal SIM plays in its
function, we sought to determine its role in regulating in vitro
Ulp2 SUMO protease activity. To do so, recombinant
2X-SUMO, 4X-SUMO, and 6X-SUMO were purified from
bacteria and used as substrates; whereas a truncated form of
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Figure 2. The Ulp2 SIM peptide preferentially binds to longer linear SUM
peptide and linear SUMO chains. 1X loading is used for each sample. Alanine

O chains. A, pulldown assay to detect binding between WT and mutant Ulp2 SIM
substitutions of residues in Ulp2’s SIM are indicated in bold. B, pulldown assay to

detect binding between WT and mutant Ulp2 CCR peptide and linear SUMO chains. Residues of Ulp2's CCR that were substituted by alanine are indicated in red.
C-E, ITC analysis of 1X-, 4X-, and 6 X-SUMO binding to the Ulp2 SIM peptide (DDDDEEIQIIENIDQSSKD). Dissociation constant (K,) and binding stoichiometry
(N) are indicated for each titration. F, ITC summary of the average of at least two independent measurements.

recombinant Ulp2 (residues 400-767), containing either the
WT or SIM># variant, was purified from bacteria (Fig. 34). It is
worth noting that the Ulp2 SIM** mutant protein contains a
minor degradation product, but the enzyme used for subse-
quent biochemical assays were normalized using the non-de-
graded form of Ulp2 (residues 400 —767) (Fig. 3A). Attempts to

SASBMB

purify full-length Ulp2 from bacteria were unsuccessful; how-
ever, this truncated version of Ulp2 (residues 400-767) con-
tains the catalytic domain as well as the C-terminal extension
containing the SIM sequence, allowing us to evaluate the func-
tion of the C-terminal SIM in regulating Ulp2’s SUMO protease
activity.
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Figure 3. The Ulp2 C-terminal SIM promotes Ulp2’s SUMO protease activity toward linear SUMO chains. A, Coomassie staining of purified Ulp

2400-767

proteins (WT and SIM3*). Degradation products are indicated by an asterisk. B-D, cleavage of 2X-, 4X-, and 6 X-SUMO by Ulp?*°°~7¢” enzyme (WT and SIM3*).
Quantification of Coomassie staining is included to the right of each corresponding reaction.

Ulp2’s SUMO protease activity was assessed after incubation
with 2X-SUMO, 4X-SUMO, and 6 X-SUMO for varying dura-
tions. At 15, 30, and 60 min post-incubation; equal amounts of
samples were withdrawn and analyzed by SDS-PAGE and Coo-
massie Blue staining. The intensity of each protein was quanti-
fied by densitometry and Ulp2’s SUMO protease activity is eval-
uated according to the percentage of 2X-SUMO, 4X-SUMO,
or 6X-SUMO remaining (Fig. 3, B-D). Each experiment was
performed in triplicate, and the average of these repeats are
shown. The SIM** mutant significantly reduces Ulp2’s
SUMO protease activity for all of the linear SUMO sub-
strates (Fig. 3, B-D). However, its effect appears to be more
pronounced as the SUMO chain length is increased.
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Although the WT Ulp2 processes ~40% more 6X-SUMO
compared with the Ulp2 SIM?>* (Fig. 3B), WT Ulp2 pro-
cesses, a relatively reduced, ~30% more 4X-SUMO and
~15% more 2X-SUMO than the Ulp2 SIM®* (Fig. 3, C and
D). Furthermore, WT Ulp2 processes longer linear SUMO
chains more efficiently; as the starting amount of 6 X-SUMO
remaining after 60 min is ~5%, whereas there is ~55 and
~75% 4X-SUMO and 2X-SUMO remaining, respectively.
Thus, Ulp2’s C-terminal SIM helps it to preferentially cleave
longer SUMO chains, most likely via its increased binding
affinity to longer SUMO chains. Our finding here is consis-
tent with a prior study showing that Ulp2 preferentially
cleaves longer SUMO chains in vitro (38). However, we have
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not investigated whether our purified Ulp2 enzyme exhibits
a directionality in processing SUMO chains or its detailed
mechanism of action; rather, we chose to focus on the role of
Ulp2’s C-terminal SIM in regulating its cleavage activity
here, which was not investigated in prior studies (10, 38).

Ulp2 SIM peptide competitively inhibits the cleavage of linear
SUMO chains by Ulp2#°°~767

The above finding suggests that the C-terminal SIM of
Ulp2 recruits SUMO chains through direct binding, and thus
facilitates its SUMO-protease activity. This model predicts
that the addition of excess free SIM peptide should compet-
itively inhibit Ulp2’s cleavage activity. To test this, different
amounts of Ulp2 SIM peptide were added to the Ulp2 cleav-
age reaction using 6 X-SUMO as substrate. As shown in Fig.
4A, free SIM peptide acts to inhibit the cleavage of
6X-SUMO by Ulp2 in a dosage-dependent manner. More-
over, addition of the SIM peptide of Ulp2 causes a significant
reduction of cleavage of 6X-SUMO over time (Fig. 4, B and
C). Taken together, these findings further support a model in
which the C-terminal SIM of Ulp2 acts to recruit SUMO-
ylated targets and facilitate their cleavage by Ulp2’s catalytic
domain.

SASBMB

The Ulp2 C-terminal SIM facilitates the processing of branched
SUMO chains

The majority of poly-SUMO chains in yeast cells are
known to be branched as opposed to linear (20). To assess
the role of Ulp2’s C-terminal SIM in its ability to cleave
branched poly-SUMO chains, poly-SUMO chains were syn-
thesized through an in vitro SUMOylation reaction (Fig. 5A4).
Previous studies have also shown that these poly-SUMO
chains are formed through branched lysine SUMO-SUMO
linkages (20), and thus were used as a substrate to determine
the SUMO isopeptidase activity of Ulp2 containing either
WT SIM or the SIM?* mutant. Similar to its effect on linear
SUMO chains, the Ulp2 SIM?* mutant is severely compro-
mised in the cleavage of shorter SUMO chains, which are
still detected 60 min post-incubation; whereas they are not
detected when incubated with WT Ulp2 (Fig. 5B). It is diffi-
cult to assess the effect of the Ulp2 SIM>* mutant on the
cleavage of longer SUMO chains, as we also cannot exclude
the possibility that Ulp2’s catalytic domain likely possesses
additional recognition for SUMO itself. This demonstrates
that the Ulp2 C-terminal SIM increases its protease activity
for both linear and branched poly-SUMO chains, irrespec-
tive of the peptide linkage between SUMO involved, and is
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particularly important for the efficient cleavage of shorter
poly-SUMO chains.

The Ulp2 C-terminal SIM promotes the desumoylation of
endogenous sumoylated proteins by Ulp2

Considering that Ulp2’s C-terminal SIM is needed for effi-
cient cleavage of shorter poly-SUMO chains, we sought to eval-
uate its role further in the cleavage of endogenous SUMOylated
proteins. For this purpose, we chose to purify total SUMO-
ylated proteins from an ulp2A mutant that expresses His,—
3XFLAG-Smt3 (HF-Smt3) (7). This mutant allowed us to
purify total SUMOylated proteins using anti-FLAG affinity res-
ins, which were eluted under native conditions using an excess
of 3XFLAG peptide (Fig. 5C). One caveat of this purified sam-
ple is that the relative amount of poly-SUMO chains versus
mono-SUMOylated proteins is difficult to determine; largely
because there are hundreds of SUMOylated proteins, along
with a few identified poly-SUMOylated Ulp2 substrates (21).
Moreover, multiple subunits of the same protein complex are
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often SUMOylated and each SUMOylated protein could have
multiple lysines being modified by SUMO (39). Despite these
caveats, recombinant Ulp2 WT and the Ulp2 SIM>* mutant
proteins were incubated with the purified total SUMOylated
proteins, and as seen in Fig. 5D, little to none of the endogenous
SUMOylated proteins were processed by the Ulp2 SIM>*
mutant, yet WT Ulp2 was able to cleave the majority of the
SUMOylated proteins. Unlike the processing of in vitro synthe-
sized poly-SUMO chains (Fig. 5B), treatment by WT or SIM>#
mutant of Ulp2 here did not lead to an accumulation of shorter
SUMO chains, suggesting that poly-SUMO chains likely exist at
alevel below our detection limit. Therefore, most of the SUMO
signals of the endogenous SUMOylated proteins are likely
attributed to either mono-SUMOylated protein species or pro-
teins with shorter SUMO chains, which were observably
cleaved by the WT Ulp2 but not the Ulp2 SIM** mutant (Fig.
5D). This finding indirectly suggests that WT Ulp2 is able to
process proteins with shorter or mono-SUMOylated moieties;
and requires its C-terminal SIM to do so. Considering that
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SUMOylation can occur on multiple lysines on a given protein,
or on multiple proteins of the same protein complex, it is con-
ceivable that multiple SUMOs on a single protein—protein
complex could make it a better substrate for Ulp2. In any event,
the apparent difference in the cleavage of endogenous SUMOy-
lated proteins by WT Ulp2 and Ulp2 SIM>* revealed a critical
role for Ulp2’s C-terminal SIM in facilitating its SUMO-cleav-
age activity from native SUMOylated substrates.

Both the Ulp2 C-terminal SIM- and Csm1-binding domains
contribute to its in vivo substrate specificity toward its
nucleolar substrates

To determine whether Ulp2’s C-terminal SIM plays any role
in the processing of in vivo Ulp2 substrates, a quantitative pro-
teomic assay was performed to evaluate the SUMOylation sta-
tus of three known Ulp2 targets in the nucleolus: Netl, Cdc14,
and Tof2 (Fig. 6A). In each case, we performed stable isotope
labeling of WT and ulp2 mutant cells, and purified total
SUMOylated proteins for quantitative mass spectrometry (MS)
analysis as previously described (7, 29). Using our quantitative
SUMO proteomics assay, the relative abundance of SUMO-
ylated Ulp2 targets, Cdc14, Netl, and Tof2, were determined
(Fig. 6B). The F839D mutant of Ulp2 was previously shown to
have a partial loss of Ulp2 function (29), which is observed here
as the relative abundance of Cdc14 and Netl are moderately
increased relative to WT by 10- and 5-fold, respectively (Fig. 6B
and Table S1). The abundance of SUMOylated Tof2 is not
appreciably changed in the ulp2-F839D mutant; and this can
be attributed to our earlier observation that the overall abun-
dance of Tof2 is reduced in this ulp2—-F839D mutant, whereas
the abundance of Netl and Cdc14 are largely unchanged (Fig.
6B) (29). Interestingly, the ulp2-SIM>* mutant substantially
increases the amount of SUMOylated Cdc14, Net1, and Tof2 to
a much higher level, 5-18 —fold, than the effect of the ulp2-
F839D mutation (Fig. 68 and Table S1), indicating that the
Ulp2’s C-terminal SIM has a stronger role than its Csm1-bind-
ing domain for its substrate selectivity in vivo. Furthermore, the
double mutant, ulp2-SIM3**F839D, exhibits an over 20-fold
accumulation of SUMOylated Netl and Cdc14, which is com-
parable with the effect of ulp2A on these proteins (21). To
address the possibility that these effects are simply due to a
lower abundance of Ulp2, Western blots were performed to
assess the abundance of Ulp2 in these strains. As seen in Fig.
S2A, we did not see a change in the abundance of Ulp2 in these
strains. Furthermore, flow cytometry of these strains also indi-
cated that the asynchronous cell cycle profiles were no different
from WT (Fig. S2B), thus the changes in SUMOylated Net1 and
Cdc14 are unlikely caused by any cell cycle perturbation. Taken
together, the ulp2-SIM®*F839D mutant recapitulates the
effect of the ulp2A on the SUMOylation of Cdc14, Netl, and
Tof2, indicating that the C-terminal SIM and Csm1-binding
domain of Ulp2 are both necessary and sufficient for Ulp2’s
specificity toward these proteins.

Finally, to determine whether mutating Ulp2’s C-terminal
SIM or Csm1-binding domain causes a defect in the processing
of poly-SUMOylated Ulp2 substrates; we chose to purify total
sumoylated proteins from Netl-3xHA and HF-Smt3—-tagged
cells carrying the ulp2-SIM>*, F839D, or the SIM**F§39D dou-
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ble mutant (Fig. 6C). Following enrichment for SUMOylated
proteins using Ni-NTA and anti-FLAG affinity columns (29),
immunoblots for Netl-HA revealed that the ulp2—-SIM>* and
SIM?*F839D mutations drastically increased the amount of
poly-SUMOylated Netl, whereas the effect of ulp2—-F839D
mutation alone on Netl SUMOylation is modest; which is in
agreement with the quantitative MS result (Fig. 68). Together,
these findings show that both the Ulp2 C-terminal SIM and
Csm1-binding domain are involved in the deSUMOylation of
Ulp2’s nucleolar substrates; with the Ulp2 C-terminal SIM
playing a greater role compared with its binding to Csm1.

Discussion

The findings here indicate that Ulp2’s C-terminal SIM and its
Csm1-binding domain both promote deSUMOylation of its
nucleolar substrates; including the RENT complex and Tof2
(Fig. 6D). We have previously shown that Ulp2 binds to Csm1,
which recruits Ulp2 to the nucleolus where it is poised to
deSUMOylate Tof2 and likely the RENT complex (29). Here we
demonstrated that the C-terminal SIM of Ulp2 plays an unex-
pected and major role in controlling Ulp2’s in vivo specificity,
specifically its ability to deSUMOylate the RENT complex and
Tof2 in the nucleolus.

Removal of the C terminus of Ulp2 was previously shown to
cause minimal growth defect (23), which differs from our find-
ing here (Fig. 1C). However, a major difference lies in the
approaches used to analyze the growth of the u/p2 C-terminal
mutants. Because the ulp2A mutant was shown to accumulate
faster growing survivors via the formation of aneuploidy (22),
we reasoned that mutations to the C terminus of Ulp2 could
also generate survivors. Thus, we chose a plasmid shuffling
approach to observe the growth of ulp2 mutants within the first
25 generations after the complementing ULP2 plasmid is
removed (Fig. 1C). Our approach allowed us to identify the
specific regions of the Ulp2 C terminus that are needed to main-
tain cell growth (Fig. 1C). Interestingly, and consistent with a
prior study (23), when the same ulp2 mutations were integrated
into the chromosomal Ulp2 locus, which involved about 100
generations of cell division, the growth defect of ulp2 mutant
was no longer detectable (Fig. S1A). Because formation of sur-
vivors, like all other genetically unstable mutants, is directly
correlated with the number of cell divisions, the relatively larger
number of cell divisions needed to generate chromosomally
integrated ulp2 mutants has likely masked their growth defects.
However, plasmid shuffling allowed us to identify the specific
regions in the Ulp2 C terminus that play a major role in main-
taining cell growth; as relatively fewer cell divisions are needed
before analysis, thereby reducing the chance of survivor forma-
tion (Fig. 1C). At present, the nature or rate of survivor forma-
tion in these ulp2 mutants, particularly the ulp2-sim**CCR**
double mutant, is unknown. It should be interesting to deter-
mine whether aneuploidy of a specific chromosome will accu-
mulate in this #/p2 mutant, much like what was previously
reported for the ulp2A mutant (22).

The SUMO-SIM interaction generally has a relatively mod-
est affinity (25). Consistent with this notion, the Ulp2 C-termi-
nal SIM also exhibits a modest affinity to monomeric SUMO
but a stronger affinity to longer SUMO chains (Fig. 2), which
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allows Ulp2 to cleave poly-SUMO chains more efficiently (Figs.
3 and 4). Although these in vitro results strongly implicate the
function of Ulp2’s C-terminal SIM in SUMO-binding, the in
vivo data suggests a surprisingly strong requirement for the
SIM in the Ulp2-dependent deSUMOylation of its nucleolar
substrates (RENT complex and Tof2) (Fig. 6D); raising the pos-
sibility that poly-SUMO chains or multisite SUMO modifica-
tions, on these nucleolar proteins, may act to recruit Ulp2
toward their own cleavage. It is worth noting that deletion of
Ulp2 in the 4R-smt3 mutant, which lacks the major poly-
SUMOylation sites in the N terminus of Smt3 (21), still resulted
in substantial accumulation of SUMOylated Netl, Tof2, and
Cdc14 (21). Thus, poly-SUMO chains are unlikely to be the sole
determining factor for the recruitment of Ulp2. Instead, SUMO
attached to multiple lysines on the same protein, or different
proteins in the same protein complex, could also recruit Ulp2
for their deSUMOylation. In support of this idea, multiple
lysines of Netl and Tof2 have been found to be SUMOylated,
although MS identification of SUMO modification sites of
these proteins could still be incomplete (40). Moreover, Net1,
Cdc14, and Tof2 have been shown to form a large protein com-
plex (32); suggesting a mechanism by which cells would contin-
uously SUMOylate Netl, Cdc14, and Tof2 to a high level, and
thus, necessitate the presence of Ulp2 to keep sumoylation of
these nucleolar proteins low in WT cells. One potential con-
cern is whether the ulp2-SIM?**F839D mutant could form sur-
vivors, and if so, whether its effect on SUMOylation of Ulp2’s
nucleolar substrates could be altered. We consider this unlikely
for several reasons. First, to detect SUMOylated proteins in
yeast cells (Fig. 6), we used the HF-Smt3 strain in which the HF
tag at the N terminus of Smt3 appears to compromise poly-
SUMO formation and thus suppress the growth defect of the
ulp2A mutant (21). Thus, it is unlikely that any #/p2 mutants
containing HF-Smt3 would accumulate survivors. Second, the
ulp2-SIM>* single mutant, even without HF-Smt3, exhibits lit-
tle to no growth defect (Fig. 1C), yet a significant amount of
SUMOylated Netl and Cdc14 accumulates in this mutant (Fig.
6). Third, although the ulp2—-SIM3**CCR** mutant is prone to
generate survivors in the absence of HF-Smt3 (Fig. 1C), this
mutation likely affects SUMOylation of other Ulp2 substrates
that are outside of the nucleolus. Further studies are needed to
investigate the defect of this mutant, including its tendency to
accumulate survivors.

Given the ability of Ulp2 to bind SUMOylated proteins via its
C-terminal SIM, one may ask why Ulp2 specifically deSUMO-
ylates relatively fewer substrates compared with Ulpl (21).
Prior studies have shown that Ulp1’s protease domain directly
binds to SUMO with nanomolar affinity (K, = 12.9 nm) (41). In
contrast, binding between SUMO and the catalytic domain of
Ulp2, or its human ortholog Senp7, has not been reported (42),
or detected via our own pulldown assay.* We suggest that the
modest affinity between Ulp2’s C-terminal SIM and SUMO
may ensure that only those substrates with multiple SUMO
modifications, either via poly-SUMO chains or multiple lysines

* A lack of binding between Ulp2's catalytic domain and SUMO was demon-
strated in the Zhou lab (Zhou, H., and Albuquerque, C. P., unpublished
results).
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on the substrates, would provide a strong enough signal to
recruit Ulp2 for their destruction. Besides the RENT complex,
several other nucleolar SUMOylated proteins have been iden-
tified, including Rpal35, Rpal90, and others (21); yet deletion
of Ulp2 does not appreciably alter SUMOylation of these pro-
teins. One possible explanation is that these proteins are not
SUMOylated to a high enough level to be recognized by Ulp2.
In contrast, the RENT complex and Tof2 are likely continu-
ously SUMOylated, although the mechanism behind their
SUMOylation is presently unknown.

Ulp1 is unable to deSUMOylate the nucleolar substrates of
Ulp2; despite its stronger binding to SUMO and its potent
activity toward SUMOylated proteins (9). This is likely due to
the distinct localization of Ulp1 at the nuclear periphery (19,
43), and its noted absence in the nucleolus (44). Indeed, the
removal of the N-terminal domain of Ulpl mislocalizes it
throughout the cell (19, 43), and also results in the aberrant
deSUMOylation of the nucleolar Ulp2 substrates in an Ulp2-
independent manner (21). We therefore speculate that the
potent activity of Ulpl is restricted by its localization to
the nuclear periphery, despite the fact that Ulp1 still performs
the majority of deSUMOylation in cells. In doing so, Ulp1 keeps
most of the intracellular SUMOylation relatively low, so that
they are not recognized by Ulp2, even though Ulp2 appears
throughout the nucleoplasm. On the other hand, Ulp2 is local-
ized to the nucleolus via its Csm1-binding domain, whereas its
C-terminal SIM further directs it toward poly-SUMO and/or
multi-SUMO to selectively deSUMOylate proteins that would
otherwise be SUMOylated to a high level, such as the RENT
complex and Tof2 (Fig. 6).

Besides the RENT complex and Tof2 in the nucleolus, Ulp2
also specifically deSUMOylates several inner kinetochore pro-
teins, as well as specific subunits of the MCM complex (21). We
do not know whether these SUMOylated kinetochore and
MCM subunits are found on the centromeres and origins of
DNA replication of all chromosomes, or exclusively those on
chromosome 12, which reside in the nucleolus. However,
mutations that eliminate Csm1-Ulp2 binding do not apprecia-
bly alter SUMOylation of either the inner kinetochore or MCM
subunits, unlike the deletion of Ulp2, and argue against the
latter idea (29). Analogous to Ulp2’s mechanism for deSUMO-
ylating its nucleolar substrates, we speculate that the same par-
adigm could apply for other Ulp2 substrates. In other words,
Ulp2 may utilize additional protein—protein interactions to
gain access to other substrates, in addition to its C-terminal
SIM, to target those proteins that become hyper-SUMOylated.
In support of this idea, the CCR of Ulp2 appears to be needed
for optimal cell growth (Fig. 1C), especially when the Ulp2
C-terminal SIM and Csm1-binding domain are also mutated.
Thus, the CCR of Ulp2 may have an unknown but important
role in mediating other Ulp2 functions in cells, and further
studies are needed to fully understand how Ulp2 achieves all of
its substrate specificity.

Extensive studies of the deubiquitination enzymes have also
shown that these enzymes possess distinct ubiquitin-binding
properties; a critical aspect in their ability to process ubiquiti-
nated substrates (45). The findings here support the general
concept that SUMO-mediated interaction plays a major role in
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the specificity of deSUMOylating enzymes. Although Ulp1 uti-
lizes its stronger interaction with SUMO for its potent activity
as well as its distinct localization to keep its activity under con-
trol; Ulp2 employs two modes of substrate recognition via a
specific adaptor protein such as Csm1 and a relatively modest
SUMO-SIM interaction to selectively target its hyper-
SUMOylated substrates, as a way to antagonize the actions of
the SUMOylation enzymes. Thus, our findings have provided
new insights into the mechanism of SUMO protease substrate
recognition; however, future studies are needed to fully charac-
terize how Ulp2 selectively desumoylates its other substrates, as
well as the mechanism that underlies hyper-SUMOylation of
specific Ulp2 substrates in unperturbed cells.

Experimental procedures

Standard yeast genetic methods were used to construct the
yeast strains used in this study. The genotypes of all strains and
plasmids used in this work can be found in Table S2. ULP2 was
deleted by polymerase chain reaction (PCR)-based methods
using natMX4 to confer resistance to nourseothricin. All dele-
tions were confirmed by PCR to ensure both the presence of the
deletion and the removal of the WT allele. All mutations were
integrated in yeast chromosomal loci, and were confirmed by
DNA sequencing.

The 5-FOA sensitivity assay was performed as follows: eight
different ULP2 alleles were carried on pRS315 plasmids that
were transformed into HZY3658; carrying L/LP2 on a pRS316
plasmid. These eight transformants were grown in 5 ml of
Complete Synthetic Medium lacking leucine (0.69 g/liter of
CSM-Leu drop out mixture, 7 g/liter of yeast nitrogen base, and
20 g/liters of glucose) until reaching an A, of ~2.0. Cell den-
sity of the eight cultures were normalized according to their
Agoo to ensure equal plating. Five 1:10 serial dilutions were then
performed for each transformant in a sterile 96-well plate using
sterile-deionized water as a diluent. 4 ul of each well was spot-
ted onto either YPD (1.0% yeast extract, 2.0% peptone, 2%
D-glucose, and 2.4% agar) or 5-FOA (0.67% yeast nitrogen base,
0.77 g/liters of CSM—Ura drop-out mixture, 20 mg/liter of ura-
cil 0.1% 5-FOA plates, and 2.4% agar). Both plates were incu-
bated at 30 °C, between 2 and 5 days, and representative images
were acquired using a Bio-Rad ChemiDoc™ MP imaging
system.

To measure the growth of chromosomally integrated ulp2
mutants, a plating assay was performed as follows: eight differ-
ent yeast strains (Table S2: HZY621, HZY001-HZY006, and
HZY035) carrying ULP2 or C-terminal mutations of ulp2 were
grown in YPD overnight until saturation ~Ag, 3.0. Cells were
then normalized to an Agy, of 2.0 and 1:10 serial dilutions
were performed in a sterile 96-well plate using sterile-deionized
water. 4 ul of each well was spotted onto YPD plates and
allowed to grow for 3 days at 30 °C, and representative images
were acquired using a Bio-Rad ChemiDoc™ MP imaging
system.

To evaluate the relative abundance of Ulp2, whole cell
extracts were generated using a base—acid lysis approach. Spe-
cifically, the eight strains used in the 5-FOA sensitivity assay
were taken from 5-FOA plates and grown in 50 ml of YPD to an
Agoo of 0.5. Cells were then centrifuged at 2,000 X g for 5 min
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and the supernatants were decanted. Then to each cell pellet
the following was added: 250 ul of glass beads, 200 ul of 1 m
NaOH, 500 ul of H,O, 100 ul of 1 M phosphate buffer, pH 8.0,
and 200 ul of 10% SDS. The cells were then lysed at 4 °C by
vortexing for 5 min, after which 200 ul of 1 M HCl was added to
the sample to neutralize pH. Samples were then heated for 10
min at 65 °C and centrifuged at 15,000 X g. Bradford reagent
was used to normalize protein concentrations, and equal
amounts of whole cell extract were loaded and run through a
10% SDS-PAGE gel to be either visualized by Coomassie stain-
ing or Protein A-Western blotting. The relative abundance of
Ulp2 was assayed by Western blotting using «-Protein A pri-
mary antibody (Sigma P3775) and «a-rabbit HRP secondary
antibody (Millipore Sigma).

Samples for flow cytometry were prepared as follows: yeast
cells were grown to A, of 0.5 and 300 ul of yeast cell culture
was mixed with 700 ul of pure ethanol for fixation. Samples
were then incubated overnight at 37 °C in 1 ml of buffer (50 mm
sodium citrate, pH 7.0, 250 pug/ml of RNase A, and 1 mg/ml of
proteinase K). The following day, samples were resuspended by
sonication in 1 ml of buffer containing (50 mm sodium citrate,
pH 7.0, and 1 um Sytox Green). Samples were incubated 30 min
in the dark before being analyzed by flow cytometry. All flow
cytometry was performed on a BD LSR II flow cytometer.

Mature Smt3 (SUMO) was cloned into the pET21B plasmid,
whereas the other Smt3 constructs containing Smt3 monomer,
Smt3 dimer (pKDC297), Smt3 tetramer (pKDC298), and Smt3
hexamer (pKDC296), were a generous gift from Dr. Kevin D.
Corbett (University of California, San Diego) and contain an
N-terminal His;—tobacco etch virus cleavable tag. These
SUMO constructs were expressed in Escherichia coli
Rosetta™-2(DE3)pLysS (Novagen) cells, and were grown in 4
liters of LB (Luria Broth) media containing 100 ug/ml of ampi-
cillin. Constructs were induced overnight when cells reached
an Agy, of 0.6 at 18 °C with 0.2 mm isopropyl B-p-1-thiogalac-
topyranoside. The Smt3 constructs were lysed in phosphate-
buffered saline (PBS) with 10% glycerol and 14 mMm B-mercap-
toethanol (B-ME), and purified using a Ni-NTA column
(Qiagen). Constructs were further purified by FPLC gel filtra-
tion (Superdex 200 10/300 GL) using AKTA pure FPLC system,
and fractions containing the Smt3 proteins were pooled and
stored at —80 °C.

WT Ulp2*°~7¢7 and SIM>*-Ulp2*°°~7¢7 were cloned into a
2BT LIC (ligation independent cloning) plasmid containing a
His, tag. They were then expressed in E. coli Rosetta™!-
2(DE3)pLysS cells as described for the Smt3 constructs. WT
Ulp2*°°=767 and SIM>A-Ulp2*°°~7%” were then lysed in PBS
with 10% glycerol and 14 mm 3-ME and purified via FPLC using
Ni-NTA in PBS followed by cation exchange (HiTrap SP), gel
filtration (Superdex 200 10/300 GL), and anion exchange
(monoQ 5/50 GL) via AKTA pure FPLC system. Fractions con-
taining WT Ulp2*°~7¢” and SIM**-Ulp2*°°~7¢” were pooled
and stored at —80 °C. Expression and purification of Aosl-
Uba2 (E1), Ubc9 (E2), and Sizl (E3, residues 167—465) enzymes
were described previously (40).

For the endogenous purification of sumoylated proteins, 2
liters of HF-SMT3 ulp2A NET1-HA (HZY3725) were grown in
YPD to an A, of 1.5. Cells were harvested and washed with 10
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ml of PBS/Nonidet P-40 (0.2% Nonidet P-40) containing 10 mm
iodoacetamide and 10 mm N-ethylmaleimide. Cells were then
resuspendedin2.5mlof PBS/Nonidet P-40 with 10 mmiodoacet-
amide, 10 mMm N-ethylmaleimide, and protease inhibitor mix-
ture (2 mm phenylmethylsulfonyl fluoride, 200 um benzami-
dine, 0.5 pg/ml of leupeptin, 1 ug/ml of pepstatin A). The
resuspended cells were frozen dropwise in liquid nitrogen. Cells
were pulverized using a SPEX SamplePrep 6875D freezer/mill
and then thawed in % volume of PBS/Nonidet P-40 with pro-
tease inhibitor mixture. Cell lysate was cleared by ultracentrif-
ugation and incubated with 100 ul of packed anti-FLAG-M2
resin (Sigma) for 2 h at 4 °C. Following incubation, the resin was
washed four times with 2 ml of PBS/Nonidet P-40 containing
protease inhibitor mixture. Proteins were eluted in 1000 ul of
PBS containing 10% glycerol, 12 mm B-ME, 0.2 mg/ml of
3x-FLAG peptide and protease inhibitor mixture.

Pulldown assay for detecting binding between the Ulp2
SIM peptide and linear SUMO chains was performed using
biotinylated peptides purchased from EZbio: UIp27°8 ~7435IM
(Biotin-KSTNINNNENYDDDDEEIQIIENIDQSSKDNNA -
QLT), Ulp2708-7435IM3A (Biotin-KSTNINNNENYDDDDE-
EAQAAENIDQSSKDNNAQLT), Ulp28¢-237<CR (Bjotin-
NNTNIVISDTEQDSRLGVNSESKNTSGIVNRDDSDVNLI-
GSS), and UIp2896—937CCR3A (Biotin-NNTNIVISDTEQDSR-
LGVNSESKNTSGIVNRDDSDANAAGSS). 20 g of each lin-
ear SUMO construct, 1X, 2X, 4X, and 6X, was mixed and incu-
bated with 10 ul of NeutrAvidin-agarose resin (preincubated with
the biotinylated peptide) in 100 ul of PBS buffer for 2 h at 4 °C.
Beads were washed 3 times with 200 ul of PBS, and eluted by
boiling at 100°C in 100 ul of 2% SDS. 5% of the input, flow-
through, and elution were loaded and run through a 15% SDS-
PAGE gel and visualized by Coomassie staining.

In vitro SUMOylation for generating poly-SUMO chains was
carried out in 500 ul of reaction buffer containing 20 mm
HEPES, pH 7.5, 0.15 M NaCl, 1 mm ATP, and 2 mm MgCl,.
Working concentrations of E1, E2, E3, and Smt3 were: 0.4 um
Aos1-Uba2, 2 um Ubc9, 0.4 mm Sizl (residues 167—465), and 5
uM Smt3. Reactions were incubated for 1 h at 30 °C, and 100 mm
EDTA was used to quench and stop the reaction.

In vitro assays for measuring the activity of UIp2*°°~7¢” WT
or SIM># toward linear SUMO chains was performed as fol-
lows: 100 ug of each respective construct, dimer, tetramer, or
hexamer, to 50 ul of PBS containing 1 mm DTT and 1 ug of
UlIp2*°° =787 WT or SIM>* at room temperature. 10-ul aliquots
of the reaction were then collected for SDS-PAGE analysis at 0,
15, 30, and 60 min after the initial addition of each construct. 2
png of SUMO from each fraction was loaded to a 15% SDS-
PAGE gel and visualized by Coomassie staining and quantified
by densitometry using the Image] processing and analysis
software.

In vitro assays for measuring the activity of UIp2*°°~7%” WT
or SIM>* toward in vitro poly-SUMO chains were performed as
described above but with the following changes: 75 g of in
vitro synthesized poly-SUMO chains were used as a substrate,
and 0.75 ug of either WT Ulp2*®°~7%7 or SIM>A-Ulp2*°°~7¢”
was used in a total reaction volume of 50 ul. 30 ng of SUMO for
each time point was analyzed by Western blotting using a
4—12% gradient gel (Invitrogen); blots were performed using an
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a-Smt3 (rabbit polyclonal antibody made via Covance, Inc.)
and an a-rabbit HRP antibody (Millipore Sigma).

Invitro cleavage activity of UIp2*°° =" WT or SIM>* toward
endogenous sumoylated proteins was measured as described
above with the following changes: 100 ul of endogenous
sumoylated protein was used as a substrate (purification
described above), and 0.75 ug of either WT Ulp2*®°~7¢” or
SIM>A-Ulp2*°°~7¢7 was used. 20-ul aliquots for each time
point were collected, and 5 ul was loaded onto a 4-12% gradi-
ent gel (Invitrogen). Western blotting was performed using
a-Smt3 and a-rabbit HRP. In vitro cleavage inhibition assays of
Ulp2 were performed with the same parameters as the in vitro
cleavage assay, except for the addition of SIM peptide at the
indicated final concentrations.

ITC experiments were carried out at the Sanford Burnham
Prebys Medical Discovery Institute Protein Analysis Core Facil-
ity. The SUMO proteins used for ITC were dialyzed in PBS, and
two replicates of ITC was performed using an ITC200 calorim-
eter from Microcal (Northampton, MA) at 23 °C. 2.0-ul ali-
quots of solution containing 2 mm Ulp25™ peptide (DDDDEE-
IQIIENIDQSSKD, GenScript) were injected into the cell
containing 0.04 to 0.2 mMm of the SUMO constructs in PBS.
Nineteen injections of 2 ul were performed. ITC data were
analyzed using Origin software provided by Microcal.

The preparation of samples for quantitative MS analysis to
measure changes in SUMOylated protein abundance between
two strains was performed as previously described in Ref. 7, but
with the following changes. FLAG elution was performed using
500 ul of elution buffer containing: 8 M urea, 40 mm sodium
carbonate in 50 mm phosphate buffer, pH 8, and incubated for 5
min at room temperature. The elution was then neutralized
with 18 ul of 1 M HCl and then bound to 75 ul of packed Ni-
NTA-agarose beads (Qiagen). The beads were washed once
with 1 ml of 8 M urea in 50 mm phosphate buffer, pH 8, followed
by 2 ml of ammonium bicarbonate containing 0.04% Nonidet
P-40. Samples were then incubated with 500 ul of ammonium
bicarbonate with 0.5 ug of trypsin (Promega; sequencing grade)
for 12 h. Samples were then dried and fractionated on a HILIC
column, before being analyzed by LC-MS/MS (Thermo Scien-
tific Orbitrap Fusion Lumos mass spectrometer; acquired via
NIH S10 OD023498) (7).

SILAC abundance ratios of Cdcl4, Netl, and Tof2 were
determined by first applying several filters to the data set: 1) a
peptide probability score of greater than 0.8, 2) a parental ion mass
accuracy filter of =10 ppm, and 3) a minimum spectral intensity
cutoff of 1.0 X 10% Then the top five most abundant spectra,
assigned to each protein, was used to determine the average abun-
dance ratio for each protein along with standard deviations of each
protein ratio. In the case of Cdcl4 only four peptides met this
requirement in the ulp2-SIM?**F839D versus WT experiment.
The complete list of SUMOylated proteins identified in each MS
experiment are provided in Tables S3—S5, which include the num-
ber of peptides identified for each protein and the median abun-
dance ratio of each sumoylated protein. To evaluate SUMOylated
Netl-HA in various ulp2 mutants, total SUMOylated proteins
from the indicated strains were purified using the method
described previously (29), and then analyzed by a-HA (Sigma
3F10) antibody to detect Net1-3HA.
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