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Recruitment of a SUMO isopeptidase
to rDNA stabilizes silencing complexes
by opposing SUMO targeted ubiquitin
ligase activity

Jason Liang,"** Namit Singh,'* Christopher R. Carlson,' Claudio P. Albuquerque,’
Kevin D. Corbett,">? and Huilin Zhou'?

'Ludwig Institute for Cancer Research, San Diego Branch, La Jolla, California 92093, USA; *Department of Chemistry and
Biochemistry, University of California at San Diego, La Jolla, California 92093, USA; *Department of Cellular and Molecular
Medicine, University of California at San Diego, La Jolla, California 92093, USA

Post-translational modification by SUMO (small ubiquitin-like modifier) plays important but still poorly understood
regulatory roles in eukaryotic cells, including as a signal for ubiquitination by SUMO targeted ubiquitin ligases
(STUDLSs). Here, we delineate the molecular mechanisms for SUMO-dependent control of ribosomal DNA (rDNA)
silencing through the opposing actions of a STUbL (SIx5:S1x8) and a SUMO isopeptidase (Ulp2). We identify a
conserved region in the Ulp2 C terminus that mediates its specificity for rDNA-associated proteins and show that
this region binds directly to the rDNA-associated protein Csm1. Two crystal structures show that Csm1 interacts
with Ulp2 and one of its substrates, the rDNA silencing protein Tof2, through adjacent conserved interfaces in its C-
terminal domain. Disrupting Csm1’s interaction with either Ulp2 or Tof2 dramatically reduces rDNA silencing and
causes a marked drop in Tof2 abundance, suggesting that Ulp2 promotes tDNA silencing by opposing STUbL-me-
diated degradation of silencing proteins. Tof2 abundance is rescued by deletion of the STUbL SLX5 or distuption of
its SUMO-interacting motifs, confirming that Tof2 is targeted for degradation in a SUMO- and STUbL-dependent
mannet. Overall, our results demonstrate how the opposing actions of a localized SUMO isopeptidase and a STUbL

regulate rDNA silencing by controlling the abundance of a key rDNA silencing protein, Tof2.
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Protein sumoylation regulates a variety of nuclear pro-
cesses, including gene transcription, nuclear transport,
and DNA metabolism, in eukaryotic cells (Johnson
2004; Gareau and Lima 2010). Similarly to ubiquitin,
SUMO (small ubiquitin-like modifier) is attached to ly-
sine residues of target proteins via an enzymatic cascade
consisting of an El-activating enzyme, an E2-conjugating
enzyme, and one of several E3 ligases (Johnson and Gupta
2001; Zhao and Blobel 2005; Reindle et al. 2006; Albu-
querque et al. 2013). Counteracting the sumoylation ma-
chinery are SUMO-specific isopeptidases, which cleave
SUMO off its target proteins (Li and Hochstrasser 1999,
2000). Together, these enzymes maintain sumoylation
homeostasis and responsiveness to a variety of environ-
mental stimuli (Zhou et al. 2004; Cremona et al. 2012).
While much has been learned about the identities of
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sumoylation and desumoylation enzymes as well as their
substrates, relatively little is known about how their ac-
tivities are controlled in different subcellular compart-
ments and on specific substrates.

The identification of a family of SUMO targeted ubiqui-
tin ligases (STUDbLSs) has demonstrated how sumoylation,
particularly polysumoylation, can act as a protein degra-
dation signal (Prudden et al. 2007; Sun et al. 2007), and
several cases of such regulation have been reported
(Mukhopadhyay et al. 2010; Nie and Boddy 2015). In Sac-
charomyces cerevisiae, the STUbL SIx5:S1x8 has been
shown to preferentially target polysumoylated substrates
in vitro, with this activity directed by at least four SUMO-
interacting motifs (SIMs) in Slx5 (Xie et al. 2007, 2010). In
vivo, S1x5:51x8 has been shown to target several mutant or
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overexpressed proteins for degradation, including a tem-
perature-sensitive mutant of Motl (Wang and Prelich
2009) and overexpressed Cse4 (Ohkuni et al. 2016). While
these cases point to a role for sumoylation and STUbL ac-
tivity in protein quality control and homeostasis in mu-
tant situations, direct evidence for their regulation of a
normally expressed wild-type protein in S. cerevisiae has
so far been elusive.

One well-established function of sumoylation in S. cer-
evisiae is in the maintenance and regulation of the ribo-
somal DNA (rDNA)] repeats, an array of ~100-200 copies
of a 9.1-kb unit coding for the 55 and 35S ribosomal
RNAs (Fig. 1A; Schweizer et al. 1969; Rubin and Sulston
1973). The rDNA repeats are tightly regulated to mini-
mize illegitimate recombination between repeats (which
can result in copy number changes or generate extrachro-
mosomal DNA circles) and to silence transcription by
RNA polymerase II (Elion and Warner 1986). The Sir2 his-
tone deacetylase and its binding partners, Netl and
Cdcl4, make up a key rDNA silencing complex termed
RENT (regulator of nucleolar silencing and telophase
exit) (Shou et al. 1999; Straight et al. 1999). The RENT
complex and Tof2, a paralog of Netl, are recruited to
rDNA through Fobl, which specifically binds a “replica-
tion fork block” sequence in each rDNA repeat (Huang
and Moazed 2003). Also associated with RENT is a com-
plex (sometimes termed “cohibin”) comprising Csml
and Lrs4, which is necessary for rDNA silencing and
also mediates localization of the rDNA to the nuclear pe-
riphery (Huang et al. 2006; Mekhail et al. 2008). Both func-

Ulp2 stabilizes rDNA silencing complexes

tions of the Csml:Lrs4 complex depend on the direct
binding of Csm1 to the RENT-associated Tof2 protein
(Huang et al. 2006; Corbett et al. 2010). Thus, a complex
network of protein—protein interactions plus the deacety-
lase activity of Sir2 all contribute to maintenance of
rDNA copy number and rDNA silencing.

Work from several laboratories, including our own, has
indicated that the IDNA maintenance network described
above is regulated by sumoylation and particularly
through opposing activities of a SUMO isopeptidase,
Ulp2, and the STUDL S1x5:S1x8. First, several key tDNA
silencing proteins, including Netl, Cdcl4, and Tof2,
have been shown to be sumoylated (Reindle et al. 2006;
Cremona et al. 2012; Albuquerque et al. 2013; Srikumar
et al. 2013; de Albuquerque et al. 2016; Gillies et al.
2016). These proteins—plus distinct sets of proteins asso-
ciated with centromeres and origins of DNA replication—
show dramatically increased sumoylation in a ulp2A
mutant, demonstrating that they are Ulp2 substrates (de
Albuquerque et al. 2016). Ulp2 preferentially localizes to
the nucleolus and interacts with Csml, suggesting that
Ulp2 specificity may be regulated at least in part by local-
ization (Srikumar et al. 2013). Functionally, rDNA copy
number is affected by mutants of either SUMO E3 ligases
(Takahashi et al. 2008) or Ulp2 (Srikumar et al. 2013),
demonstrating a direct role for sumoylation in tDNA
maintenance. Finally, mutation of ulp2 causes a dramatic
reduction in the levels of both Netl and Tof2 associated
with the rDNA as measured by chromatin immunopre-
cipitation (ChIP) (Gillies et al. 2016). A further mutation
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of sIx5 rescues Netl/Tof2 rDNA association, suggesting
that Ulp2’s desumoylation activity stabilizes rDNA si-
lencing complexes against Slx5-mediated degradation
(Gillies et al. 2016). Importantly, however, effects on over-
all abundance of rDNA silencing proteins have not been
demonstrated, leaving open the question of whether
Ulp2 and SIx5:S1x8 act through protein stabilization/deg-
radation or an alternate mechanism.

While the above data paint a compelling picture of
Ulp2 and SIx5:S1x8 playing antagonistic roles in rDNA
maintenance, key aspects of this picture remain unre-
solved. First, as Ulp2 remains largely uncharacterized be-
yond its catalytic domain, the molecular mechanisms of
its nucleolar recruitment remain unknown. Furthermore,
it is not known whether Ulp2’s specificity for its other
substrates at centromeres and DNA replication origins
is mediated by a similar localization mechanism. Finally,
as mentioned above, there remains no direct evidence
that ulp2 or six5 mutants affect the overall abundance
of any rDNA silencing protein. Here, we resolve these
questions by outlining in detail the molecular mecha-
nisms of Ulp2 recruitment to rDNA and of the opposing
actions of Ulp2 and SIx5-SIx8 at the rtDNA. We show that
ulp2 mutants are defective in rDNA silencing and that
this activity is mediated by a conserved region in the pre-
viously uncharacterized Ulp2 C terminus that interacts
with Csml. A crystal structure of the Ulp2:Csml com-
plex reveals that Ulp2 binds Csml equivalently to the
monopolin complex subunit Maml. A second crystal
structure reveals that Csml can bind Ulp2 and Tof2
simultaneously, thereby mediating the juxtaposition of
enzyme (Ulp2) and substrate (Tof2). Disruption of Ulp2-
Csml binding causes a dramatic increase in polysumoy-
lated Tof2 and a corresponding decrease in Tof2’s overall
abundance. The loss of Tof2 abundance is rescued by
deletion of six5 or disruption of its four SIMs, demon-
strating a direct role for SUMO-directed ubiquitination
and degradation by Slx5:S1x8. Together, these findings
demonstrate that opposing actions of the SUMO isopep-
tidase Ulp2 and the STUDbL S1x5:S1x8 control the stability
of a key rDNA silencing protein, Tof2, via SUMO-depen-
dent degradation.

Results

A conserved region in the Ulp2 C terminus is required
for rDNA silencing and nucleolar protein desumoylation

Prior data showing that Ulp2 acts specifically on proteins
associated with certain chromosomal loci, including the
rDNA, strongly suggest that Ulp2 is recruited directly to
these loci (de Albuquerque et al. 2016). To identify regions
of Ulp2 important for rDNA localization, we progressive-
ly truncated its uncharacterized C-terminal region and ex-
amined effects on rDNA maintenance. While reduction of
ULP2 expression was shown previously to cause an in-
crease in rDNA copy number (Srikumar et al. 2013), we
could not detect changes in rDNA copy number in a
ulp2A strain (data not shown). We instead turned to an
rDNA silencing assay, which measures the ability of cells
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with mURAS3 reporter genes inserted at different loci, in-
cluding the NTSI and NTS2 intergenic spacers in the
rDNA repeats (Fig. 1A}, to grow on medium lacking uracil
(Huang and Moazed 2003). As reported previously, dele-
tion of the histone deacetylase Sir2 disrupts silencing of
mURAS3 reporter genes inserted at both NTS1 and NTS2
(Fig. 1C). In contrast, the ulp2A mutation causes a specific
loss of silencing at NTS1 (Fig. 1C; Supplemental Fig. 1A-
C). NTS1-specific loss of silencing is characteristic of mu-
tants in RENT and RENT-associated proteins, including
Fobl, Tof2, Csml, and Lrs4, all of which associate specif-
ically with NTS1 through Fob1-DNA binding (Huang and
Moazed 2003; Huang et al. 2006). We next examined
NTS1 silencing in constructs with the ULP2 C terminus
progressively truncated at amino acids 873, 781, and 707
(Fig. 1B,C). We found that while silencing is maintained
in the ulp2-873A strain, it is disrupted in both ulp2-781A
and ulp2-707A (Fig. 1C). Thus, the region between amino
acids 781 and 873 of Ulp2 promotes rDNA silencing at
NTS1, potentially by mediating its colocalization with
RENT and RENT-associated rDNA silencing proteins.
We showed previously that loss of Ulp2 causes a dra-
matic accumulation of polysumoylated Netl (de Albu-
querque et al. 2016); therefore, we next examined
polysumoylation levels of its paralog, Tof2. Using a previ-
ously described strain (HF-SUMO) encoding a HIS,-
3xFlag-SMT3 gene that allows purification of total sumoy-
lated proteins with a two-step affinity purification proce-
dure (Albuquerque et al. 2013), we found that both the
ulp2A and ulp2-781A mutations cause a significant in-
crease in polysumoylated Tof2 (Fig. 1D, Ni**/aFlag elu-
tion). Both ulp2 mutations also caused a significant
decrease in overall Tof2 abundance (Fig. 1D, input). This
decrease in abundance suggests that Tof2 polysumoylation
may target the protein for STUbL-mediated degradation
and that Ulp2 maintains Tof2 abundance by suppressing
its polysumoylation. In contrast, while Net1 polysumoyla-
tion also increases substantially in the ulp2A mutant (de
Albuquerque et al. 2016), Netl’s overall abundance is not
significantly affected in this mutant (Fig. 1E).

Ulp2781-873 binds the monopolin complex subunit Csm1

Ulp2 was shown recently to interact with Csm1 (Srikumar
et al. 2013), which mediates NTS1-specific rDNA silenc-
ing through its association with Tof2 (Corbett et al.
2010). One explanation for our findings above is that the
Ulp2 C terminus binds Csm1, mediating its recruitment
to rDNA-localized RENT complexes (Fig. 2A). Using
SILAC (stable isotope labeling with amino acids in cell cul-
ture) and quantitative mass spectrometry (MS), we purified
Ulp2 from ULP2-TAF (the TAF tag includes protein A, the
TEV protease cleavage site, the Flag tag, and Hiss) (Chen
etal. 2007)versus ulp2-781A-TAF cells and compared asso-
ciated proteins between these two samples (Supplemental
Fig. 2A). Out of 72 proteins with at least three identified
peptides, Csm1 and its binding partner, Lrs4, were the
only two that showed a significant decrease upon deletion
of the Ulp2 C terminus (Fig. 2B; Supplemental Table 1), in-
dicating that the Ulp2 C terminus mediates the interaction
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between Ulp2 and Csml. We next tested whether Ulp2
colocalizes with Csm1 at rDNA using ChIP and quantita-
tive PCR (qPCR). We detected a strong localization of Ulp2
to the previously established Tof2/Csm1/Lrs4-binding site
at NTS1 (Huanget al. 2006) as well as a more disperse asso-
ciation with NTS2, and localization to both regions was
strongly disrupted in the ulp2-781A mutant (Fig. 2C). Fi-
nally, we found that the csmIA mutation causes an in-
crease in Tof2 polysumoylation and a reduction in its
abundance (Fig. 2D), further supporting a direct role for
Csml in Ulp2 recruitment to rDNA.

We next tested whether Ulp2 residues 781-873 mediate
adirect physical interaction with Csm1. We found that pu-
rified GST-Ulp278'873 robustly binds both full-length
Csml and its globular C-terminal domain (residues 69—
181) (Fig. 2E), which also binds Tof2 and the kinetochore
protein Dsnl (Corbett et al. 2010). Ulp2 binding is not af-
fected by mutations in a conserved hydrophobic surface
of Csml known to mediate binding to both Tof2 and
Dsnl (Corbett et al. 2010), indicating that a separate sur-
face of Csml interacts with Ulp2 (Supplemental Fig. 2B).
We finally coexpressed Ulp2”817873 with Csm1%°#! and

A B
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found that they form a stable complex with 2:2 stoichiom-
etry (Fig. 2F).

ulp2 and csm1 mutants affect sumoylation of nucleolar
and kinetochore proteins

We previously used SILAC and quantitative MS (Fig. 3A)
to show that ulp2 deletion causes a dramatic increase in
sumoylation of proteins associated with three distinct
chromosomal regions, including the rDNA, the centro-
mere, and origins of DNA replication (Fig. 3B, top panel;
de Albuquerque et al. 2016). To examine the role of the
Ulp2 C-terminal domain in substrate targeting, we used
the same analysis to examine global sumoylation levels
in ulp2-781A and csm1iA strains. These mutations affect
a specific subset of previously identified Ulp2 substrates,
including the nucleolar proteins Netl, Tof2, and Cdcl4
(in both cases), and the inner kinetochore proteins
Mcm21, Okpl, and Mcm22 (for ulp2-781A; data for these
proteins in csm1A did not pass our quality threshold) (Fig.
3B; Supplemental Tables 2, 3). Notably, neither mutant
caused an increase in sumoylation of previously identified
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Figure 2. Ulp2 binds the Csm1 C-terminal domain. (A) Schematic of the Ulp2-binding (residues 821-847; green) and Csm1-binding (res-
idues 69-181; blue) regions. (B) Quantitative MS comparison of Ulp2-TAF-associated proteins (Chen et al. 2007) in ULP2-TAF versus ulp2-
781A-TAF strains. Csm1l and Lrs4 are the only two proteins showing a strong enrichment in wild-type ULP2 cells compared with ulp2-
781A cells. (C) ChIP-gPCR assay to detect the localization of Ulp2-TAF (solid green line) or Ulp2-781A-TAF (dashed green line) to rDNA
repeats (average of triplicate samples shown, showing fold enrichment over untagged control). Localizations of Tof2 (orange) and Csm1
(blue) were measured previously by ChIP-PCR, reproduced here for comparison (Huang et al. 2006). (D) Western blot showing that the
csm1A and ulp2-781A mutants have similar effects on Tof2 sumoylation and abundance. (E) GST pull-down assay showing a direct inter-
action between Csml (full-length or isolated C-terminal domain residues 69-181) and GST-Ulp2781-873 The Ulp2-Csm1 interaction is
not affected by mutations to the conserved hydrophobic surface on Csml that has been implicated in binding Dsnl and Tof2
(Supplemental Fig. S2A; Corbett et al. 2010). (F) Size exclusion chromatography/multiangle light scattering (SEC-MALS) analysis of
SUMO-Ulp2781-873:Csm1%°-18!. Elution volumes of 158- and 44-kDa standards are shown at the top. Calculated molecular weight (red

box) indicates a stoichiometry of two Ulp2:two Csm1.
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Ulp2 substrates in the MCM complex, indicating that
while Csm1 binding is required for Ulp2 activity on nucle-
olar and kinetochore substrates, specificity for DNA repli-
cation origin-associated proteins is controlled differently.
Given our observed effects on both nucleolar and kineto-
chore proteins, it is interesting to note that Csm1:Lrs4 is
known to localize to kinetochores in both mitotic ana-
phase (Brito et al. 2010) and meiotic prophase (Rabitsch
et al. 2003) as part of the monopolin complex. Based on
our biochemical and MS data, it seems likely that Csm1
mediates Ulp2 localization to not only the rDNA but ki-
netochores as well.

Ulp2781-873 contains a Csm1-binding region similar
to Mam1

To identify and characterize the minimal region of Ulp2
necessary for Csml binding, we progressively truncated
Ulp2 based on sequence conservation and tested for
Csml binding by coexpression in Escherichia coli
(Supplemental Fig. 2C). We next determined a 2.15 A-res-
olution X-ray crystal structure of the minimal Ulp2 frag-
ment, residues 821-847, in complex with Csm1%°18!
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Figure 3. The Ulp2 C-terminal domain and Csm1 contribute to
desumoylation of nucleolar and kinetochore proteins. (A) Experi-
mental scheme for SILAC-MS to quantify differential sumoyla-
tion in ulp2-781A versus wild-type using HISs-3xFlag-SMT3
(HE-SUMO). (B) Quantitative MS analysis. (Top panel) ulp2A ver-
sus wild type (gray bars) (de Albuquerque et al. 2016). (Middle pan-
el) ulp2-781A versus wild type (black bars). (Bottom panel) csm1A
versus wild type (black-outlined bars). Positive log, values indicate
proteins whose sumoylation increases in the mutant. Shown is a
subset of proteins previously shown by other studies to be sumoy-
lated and/or to be Ulp2 substrates (see Supplemental Tables 2, 3 for
a complete list of the modified proteins identified). The asterisk in-
dicates protein not found with at least three unique peptides.
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(Fig. 4A,B; Supplemental Table 4). In agreement with
our biochemical data, the structure shows a Csm1 dimer
bound to two copies of Ulp2, each of which wraps around
one side of the Csm1 dimer and makes contacts with both
Csml protomers (Fig. 4A, top panel). Ulp2 buries several
conserved residues against Csml, including Y826 and
F827, which insert into a shallow hydrophobic pocket on
one Csml protomer, and L832, R835, F839, and V842,
which contact the dimer-related Csm1l protomer (Fig.
4B). As expected from our binding assays with Csml
mutants, Ulp2 does not interact with the conserved hy-
drophobic surface on Csml that mediates Tof2/Dsnl
binding. Thus, simultaneous interaction of Csml with
Ulp2 and Tof?2 is likely possible.

At meiotic kinetochores, Csm1 binds both the kineto-
chore protein Dsnl and the monopolin complex subunit
Maml through adjacent interfaces on its C-terminal glob-
ular domain (Corbett and Harrison 2012). Strikingly, the
interaction of Ulp2821847 with Csml closely resembles
that of Mam1 (Fig. 4A, middle panel). While Mam1 forms
a more extensive interface with Csm1l that includes a
short C-terminal a helix packing against the Csml f
sheet, the bulk of Mam1’s interface with Csml overlays
closely with that of Ulp2. A structure-based sequence
alignment shows that Mam1 and Ulp2 share limited se-
quence homology in their Csml-binding regions, espe-
cially in residues that make specific hydrophobic or salt
bridge contacts with Csml (Fig. 4A, bottom panel).
Thus, Csm1 uses a common surface to mediate function-
ally distinct interactions in the nucleolus (with Ulp2) and
the meiotic kinetochore (with Mam1).

To validate our structural findings, we performed a pull-
down assay with GST-Ulp2781873 containing mutations
in key hydrophobic residues that interact with Csml:
F827, L832, and F839. While mutation of L832 had no
detectable effect, mutation of either F827 or F839 to a neg-
atively charged residue (aspartate) completely disrupted
Ulp2 binding to Csm1 (Fig. 4C). Single mutations of these
residues to alanine showed a more subtle effect, but muta-
tion of both phenylalanine residues to alanine (2A mu-
tant; F827A/F839A) also completely disrupted binding
(Fig. 4D). Using isothermal titration calorimetry, we
found that Ulp2/8'-%73 binds Csm1 with a K; of 0.9 pM
and a stoichiometry of approximately one Ulp2 per
Csml (two Ulp2s per Csml dimer). By comparison, the
ulp2-F839D mutation causes a 20-fold weakening of the
binding affinity of Ulp2’81-%73 for Csml (18 uM) (Fig.
4E). In agreement with these data, we found that the
ulp2-F839D mutation strongly reduces the amount of
Csml associated with Ulp2 in cells when both Csml
and Ulp2 are expressed at their endogenous levels (Fig. 4F).

Ulp2-Csm1 binding is required for Tof2 stabilization
and rDNA silencing

To verify the biological significance of the Ulp2-Csm1 in-
terface that we identified, we next tested the effects of mu-
tating Ulp2 residues F82.7 and F839 on Tof2 abundance and
sumoylation and on rDNA silencing at NTS1. We tested
three Ulp2 mutants that disrupted Csm1 binding in vitro:
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Figure 4. Structural basis for Ulp2 binding to Csml1. (A) The top panel shows the structure of Ulp282'~%*7 (green) bound to Csm1%7-18!

(blue, white surface). The middle panel shows the structure of Mam1%22°° (magenta) bound to Csm1°7'8! (blue, white surface). The
view is equivalent to the top panel. Shown is a rebuilt version of our original Csm1:Mam1 structure (Protein Data Bank ID 5KTB)
with a register error fixed (see the Materials and Methods; Supplemental Fig. 3). The bottom panel is a structure-based sequence alignment
of Ulp2 and Mam1, with equivalent Csm1-binding residues boxed in green. (B) Detail views of Ulp2 binding to Csm1 (locations indicated
by dotted boxes in the top panel of A). (C,D) GST pull-down assays showing the effects of mutating Ulp2 residues F827, L832, and F839 on
its interaction with Csm1. (E) Isothermal titration calorimetry showing binding between Csm1°°7'°? and Ulp2781-873 wild-type versus
ulp2-F839D mutant. Fit values for wild type: n1=0.91+0.004; K=1.07 x 10°+7.51 x 10* M™!; AH=-8613 +51.73 cal/mol; AS = —1.49
cal/mol/deg. Fit values for the F839D mutant: n=0.46+0.02; K=5.58 x 10* £ 9.68 x 10 M~!; AH = —1078 = 58.39 cal/mol; AS = 18.1 cal/
mol/deg. (F) Coimmunoprecipitation of Csm1-HA by Ulp2 in ULP2-TAF and ulp2-F839D-TAF strains.

F827D, F839D, and F827A/F839A (2A). All three point mu- while the ulp2-F827D mutant did not, in overall agree-
tants showed a strong increase in Tof2 sumoylation simi- ment with our data on Tof2 abundance (Fig. 5C). The ob-
lar to the ulp2-781A mutation (Fig. 5A,B). The three servation of strong silencing defects in ulp2-F839D and
mutants had a much more variable effect on Tof2 abun- ulp2-2A, which showed only modest reductions in Tof2
dance, with ulp2-F839D and ulp2-2A both showing a mod- abundance, were initially puzzling. We found previously
estreduction in Tof2 levels, and ulp2-F827D showinglittle that protein polysumoylation (i.e., SUMO chain formation
effect. None of the three point mutants showed as dra- on substrates) is partially compromised in the HF-SUMO
matic a reduction in Tof2 levels as in ulp2-781A, likely strain (de Albuquerque et al. 2016), suggesting that if poly-
because the point mutants weaken but do not completely sumoylation is necessary for Tof2 degradation, the HF-
eliminate Csm1 binding (Fig. 5A,B). Our observations that SUMO strain background might suppress this effect. We
overall Tof2 abundance shows more variation than Tof2 therefore examined Tof2 abundance in cells with untagged
sumoylation levels in different mutants is likely due to wild-type SMT3 and found that, in this background, both
the turnover of sumoylated Tof2 by desumoylation and/ ulp2-2A and ulp2-F839D cause a much more dramatic re-
or degradation (see below). We next found that both ulp2- duction in Tof2 abundance (Fig. 5D). These data suggest

F839D and ulp2-2A caused a silencing defect at NTS1, that polysumoylation of Tof2 is likely critical for its
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instability in ulp2 mutants. Together, these results con-
firm that Ulp2 binding to Csm1 is necessary to desumoy-
late and stabilize Tof2, thereby maintaining robust
rDNA silencing.

A conserved motif in Tof2 mediates Csm1 binding
and is required for rDNA silencing

We showed previously that Csm1 binds Tof2 through a
conserved hydrophobic surface on its C-terminal globular
domain but did not identify the region of Tof2 responsible
for this interaction (Corbett et al. 2010). Using pull-
down assays with in vitro translated Tof2 fragments, we
identified a short motif between residues 390 and 400,
conserved in fungal Tof2 and Netl proteins, that is suffi-
cient for Csm1 binding and whose binding is disrupted by
the Csml conserved patch mutant L161D (Fig. 6A,B;
Supplemental Fig. 4). This motif contains two conserved
basic residues (R391/R392 in Tof2) followed by two hydro-
phobic residues (1393 and F396) and then two to four acidic
residues (D398-D401). While mutation of either R391 or
R392 to alanine had little effect on Csm1 binding, alanine
mutations of either conserved hydrophobic residue (I393A
and F396A) or most of the acidic residues (D398A, E400A,
and D401A) strongly affected binding in a pull-down assay
(Fig. 6B). We found that the equivalent region of Netl (res-
idues ~516-526) also binds Csml, albeit considerably
more weakly than Tof2, and that this interaction is disrupt-
ed by mutation of Netl residues R518, M519, F522, or
D524 (Supplemental Fig. 5A). We next used a fluorescence
polarization assay to more quantitatively test binding of
Csml to a synthetic Tof23884%4 peptide and a second pep-
tide containing the F396A mutation (this mutation had the
most severe effect on Csm1 binding in our pull-down as-
says) (see the “high-exposure” panel in Supplemental Fig.
5A). We found that both Csm1%°1%? and the Ulp28>!-847;
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Csm1%71%° complex bound to the wild-type Tof2388-404
peptide, but neither detectably bound the peptide contain-
ing the F396A mutation (Fig. 6C). These data indicate that
Tof2 and Ulp2 can simultaneously bind to Csm1.

We attempted to cocrystallize the conserved Tof2 motif
with Csm1l to understand the structural basis of their in-
teraction. After failing to obtain crystals of the complex
with a Tof2 peptide (data not shown), we designed a series
of constructs fusing the Csm1-binding regions of Ulp2 and
Tof2 with different length linkers. The best-behaved
fusion construct included Ulp2 residues 825-844
fused directly to Tof2 residues 384-400 (Ulp2825-844_
Tof238449) " which formed a stable 2:2 complex with
Csml when coexpressed in E. coli. Importantly, the puri-
fied Ulp2825-84_Tof2384-400.Csm 15910 complex did not
bind the Tof23884%* peptide (Supplemental Fig. 5B), sup-
porting the idea that the Tof2 region of this fusion con-
struct occupies its native binding site on Csm1.

We obtained crystals of the Ulp2825-844_Tofp384-400.
Csm1%718! complex and determined its structure to a res-
olution of 1.3 A (Supplemental Table 4). In this structure,
Ulp2825-844 binds Csm1 as described above (Fig. 6D), ex-
cept that Y826 and F827 interact with a crystallographic
symmetry-related Csm1l dimer instead of the same dimer
as in the Ulp2821847:Csm1%°18! structure (Supplemental
Fig. 6C,D). The residues near the Ulp2-Tof2 fusion junc-
tion are disordered, but Tof2 residues 389-398 are clearly
visible, bound to the Csm1 conserved hydrophobic sur-
face (Fig. 6D,E). Tof2 C390 docks into a small hydrophobic
patch on Csm1, while Tof2 R391 and R392 form hydro-
gen-bonding interactions with several conserved acidic
residues in Csml. The Tof2 hydrophobic residues 1393
and F396 dock into the previously identified bowl-shaped
hydrophobic surface on Csml, with F396 in particular
deeply nestled among several hydrophobic Csml resi-
dues. Finally, Tof2 residues S397 and D398 appear to
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interact electrostatically with several lysine residues in
Csml, including K174 and K177. While not visible in
our structure, the negatively charged C terminus of the
Tof2 motif (residues 398-401; DEED) may also interact
electrostatically with positively charged residues in
Csm1l’s disordered C-terminal region (residues 181-190;
KKREKKDETE). Overall, the structure reveals high spe-
cificity in the Tof2-Csml interaction, incorporating
both polar and hydrophobic interactions. Comparison of
the Tof2 motif with Dsnl, which we previously found
binds the same Csml surface, reveals a similar sequence
in one segment of its Csm1-binding region, termed “box
3" (Fig. 6A; Sarkar et al. 2013). Dsnl box 3 contains two
positively charged residues (K102 and R103) followed by
two hydrophobic residues: V104 and the highly conserved
F107. In place of Tof2'’s acidic residues at the C terminus
of the motif, Dsnl contains two conserved serine residues
(S109/S110), hinting that phosphorylation of these resi-
dues could modulate the Dsn1-Csml interaction by in-

troducing negative charges that could interact with
Csml’s positively charged C terminus. Overall, our struc-
tural data on Csml’s interactions with both Ulp2 and
Tof2 and their parallels with Mam1 and Dsn1, respective-
ly, reveals that Csm1 uses a common set of protein—pro-
tein interfaces to nucleate assembly of functionally
divergent protein complexes in the nucleolus and at mei-
otic kinetochores.

Given its effect on Csml binding in vitro, we next
examined the effects of the tof2-F396A mutation on
rDNA silencing and Tof2 abundance/polysumoylation.
The tof2A mutant was shown previously to disrupt silenc-
ingat NTS1 (Huang et al. 2006), and we observed a similar
loss of silencing in the tof2-F396A mutant (Fig. G6F).
This effect is equivalent to that of the csm1-L161D mu-
tant, which disrupts binding to both Tof2 and Dsnl
(Supplemental Fig. 1D; Corbett et al. 2010). The tof2-
F396A mutant also causes elevated Tof2 sumoylation
and a significant loss of abundance at least equivalent to
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the effect of ulp2-F839D in this strain (Fig. 6G). We also
found that, as expected, the tof2-F396A and ulp2-F839D
mutations are epistatic, with the double mutant showing
silencing at NTS1 similar to either single mutant
(Supplemental Fig. 7A). Together, these findings confirm
that binding of Ulp2 and Tof2 to distinct surfaces on
Csml facilitates Ulp2-mediated Tof2 desumoylation and
stabilization.

SIx5 and its SIMs are required for the reduction
of Tof2 abundance

Our finding that increased Tof2 sumoylation is accompa-
nied by a marked loss in protein abundance suggests that
sumoylation may induce Tof2 degradation through the ac-
tion of a STUDL. To address this, we examined whether
SIx5 (Fig. 7A) plays a role in regulating Tof2 abundance.
We first examined Tof2 abundance in ulp2, sIx5A, and
ulp2 slx5A double-mutant cells and found that while the
sIx5A mutant alone has little effect on Tof2 abundance,
it strongly suppresses the loss of Tof2 abundance caused
by ulp2A and ulp2-781A (Fig. 7B). We also tested more spe-
cifically the role of the SIx5 SIMs (Xie et al. 2010), which
recognize SUMO-conjugated substrates (Song et al.
2004). We found that disruption of SIx5’s four SIMs (sIx5-
sim) strongly suppresses the loss of Tof2 abundance seen
in ulp2-7814A, indicating that specific recognition of
sumoylated Tof2 by SIx5 is required for its loss of abun-
dance (Fig. 7B).

We next examined whether sIx5A could suppress the ef-
fects on Tof2 abundance and rDNA silencing caused by
ulp2-F839D and tof2-F396A mutants. It was reported pre-
viously that the sIx5A mutant alone affects rDNA silenc-
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ing at NTS1 (Darst et al. 2008), but we found no such
defect in our sIx5A single mutant (this difference may be
due to a lack of the 2-uym plasmid in our strains) (Fig.
7D; see the Materials and Methods). When we combined
sIx5A with either ulp2-F839D or tof2-F396A, we observed
a strong suppression of Tof2 abundance loss in both
strains (Fig. 7C) as well as restoration of NTS1 silencing
to the ulp2-F839D mutant (Fig. 7D). Interestingly, sIx5A
did not fully restore NTS1 silencing in the tof2-F396A mu-
tant (Fig. 7D). Since localization of Csm1 and its associat-
ed proteins is still defective in the tof2-F396A sIx5A
double mutant, Tof2 stabilization alone appears insuffi-
cient to rescue rDNA silencing. Together, these findings
demonstrate that the S1x5:S1x8 STUDL mediates the deg-
radation of polysumoylated Tof2 and that Ulp2 desumoy-
lates Tof2 to stabilize it against this degradation.

Discussion

Protein sumoylation plays important roles in a wide range
of cellular pathways, yet the molecular basis for substrate
specificity in sumoylation and desumoylation enzymes is
not well understood. We showed previously that of the
two known SUMO isopeptidases in S. cerevisiae, Ulpl
is responsible for most desumoylation, while Ulp2 shows
strong specificity for proteins associated with the rDNA,
centromeres, and origins of DNA replication (de Albu-
querque et al. 2016). Here, we identify a region in Ulp2'’s
previously uncharacterized C terminus that interacts
with Csm1l, thereby mediating its specificity for IDNA-as-
sociated—and likely also centromere-associated—pro-
teins. We show that Ulp2 plays an important role in
rDNA silencing by desumoylating the RENT-associated
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Figure 7. The roles of SIx5 in rDNA silencing and the control of Tof2 abundance. (A) Schematic of SIx5 showing SIMs 1-5 and the C-

terminal RING domain. In the slx5-sim mutant, SIMs 1-4 are disrupted (SIM #1: VILI2+%7
— ATAA) (Xie et al. 2010). (B) sIx5A and sIx5-sim rescue the loss of Tof2 abundance caused
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by ulp2A and ulp2-781A mutations in strains with HF-SUMO. (C) sIx5A rescues the loss of Tof2 abundance in ulp2-F839D and tof2-F396A
mutants in strains with untagged wild-type SMT3. (D) sIx5A rescues the loss of tDNA silencing at NTS1 in ulp2-F839D and tof2-F396A

mutants.
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Figure 8. Control of rDNA silencing complexes by sumoylation/desumoylation. (A) Model for Ulp2’s contribution to rDNA silencing. In
the nucleolus, Ulp2 (green) desumoylates Tof2 to inhibit its SIx5-mediated degradation, thereby maintaining RENT complex stability and
rDNA silencing. (B) In the absence of Ulp2 localization, Tof2 is extensively sumoylated and targeted for degradation by Slx5:SIx8, com-
promising RENT complex stability and rDNA silencing. (C) Csm1 nucleates distinct complexes in different contexts. (Left) In the nucle-
olus, Csm1 binds Tof2 via the conserved hydrophobic surface patch and Ulp2 on the “sides” of the dimer. (Right) At the meiotic
kinetochore, the same Csm1 surfaces mediate binding of Dsnl and Mam1, respectively. (Middle) Our MS data (Fig. 2B) suggest that
when Csm1:Lrs4 localizes to kinetochores in mitotic anaphase, it may recruit Ulp2 to desumoylate kinetochore proteins.

Tof2 protein, thereby stabilizing it against ubiquitination
by the STUDbL S1x5:S1x8 and subsequent degradation.

The Csml:Lrs4 complex leads a double life. As the
“cohibin” complex, these proteins participate in rDNA
copy number maintenance and silencing in association
with the RENT complex, but, during meiotic prophase,
they take on a second role as part of the monopolin com-
plex to regulate kinetochore-microtubule attachments
(Huang and Moazed 2003; Huang et al. 2006; Mekhail
et al. 2008; Brito et al. 2010; Corbett et al. 2010). Our struc-
tural and biochemical data now show how Csm1 recruits
Ulp2 to the rDNA and also reveal that Csml uses a
common set of protein-protein interfaces to nucleate
functionally distinct protein complexes in these two dif-
ferent contexts (Fig. 8C). Ulp2 and the meiosis-specific
monopolin subunit Mam1 bind Csm1 in a strikingly sim-
ilar manner, and Tof2 binding to the conserved hydropho-
bic surface on Csml is likely similar to that of the
kinetochore protein Dsnl. While Csml:Lrs4 is now
known to bind Ulp2/Tof2 at the rDNA and Mam1/Dsnl
at meiotic kinetochores, there may also be some overlap
between these roles. Csm1:Lrs4 localizes to kinetochores
in mitotic anaphase, where it contributes to the fidelity of
chromosome segregation in an unknown manner (Brito
etal. 2010). Our MS data show an increase in sumoylation
of the inner kinetochore proteins Mcm21, Okpl, and
Mcm?22 in mutants where Ulp2-Csm1 binding is disrupt-
ed (Fig. 3B), suggesting that Csm1 may recruit Ulp2 to
kinetochores in mitotic cells (Fig. 8C). Interestingly,
depletion of SENPG, the human ortholog of Ulp2, was
shown to cause degradation of the inner kinetochore
protein CENP-I (Mukhopadhyay et al. 2010). CENP-I is
the human ortholog of yeast Ctf3 and a member of the
so-called constitutive centromere-associated network
(CCAN), which in yeast also includes the Ulp2 substrates
Mcm21, Okpl, and Mcm22 (Westermann et al. 2007).
How Ulp2 localization and desumoylation of inner kinet-
ochore CCAN proteins might contribute to chromosome
segregation fidelity in mitosis and potentially also in mei-
osis will be an intriguing avenue for future research.

A well-known function of Ulp2 is to prevent accumula-
tion of polysumoylation of its substrates (Bylebyl et al.
2003). Considering Slx5’s ability to bind poly-SUMO
chains via its multiple SIMs (Xie et al. 2007, 2010}, one
might expect that Ulp2 substrates could be preferentially
targeted by SIx5, especially in cells lacking Ulp2, where
these proteins become highly polysumoylated. However,
our prior analysis of Netl and MCM subunits in the
ulp2A mutant did not reveal any evidence that Ulp2 con-
trols these proteins’ overall abundance (de Albuquerque
et al. 2016). While these findings initially cast doubt on
the functional link between polysumoylation and
STUbL-mediated degradation, we now show that Tof2 un-
dergoes SUMO- and Slx5- dependent degradation that is
suppressed by Ulp2. These data provide a mechanistic ex-
planation for the recent finding that deletion of ULP2
causes loss of Tof2 from rDNA and that localization is res-
cued by further deletion of SLX5 (Gillies et al. 2016). We
speculate that a similar antagonism between desumoyla-
tion and STUbL-mediated degradation might also regulate
the abundance of other Ulp2 substrates, including those at
the inner kinetochore and at DNA replication origins.

A remaining question is the apparent specificity of SIx5:
SIx8 for Tof2 versus Netl. Prior work has suggested that
S1x5:S1x8, preferentially ubiquitinates proteins conjugat-
ed with SUMO chains in vitro (Mullen and Brill 2008).
Our finding that the HF-SUMO strain, in which SUMO
chain formation is partially compromised (de Albuquer-
que et al. 2016), shows weaker Tof2 abundance losses in
mutant strains compared with a wild-type background
supports this idea. We further found that the smt3-allR
mutation, which eliminates any branched SUMO chain
formation, although linear SUMO chains could still
form (Bylebyl et al. 2003), rescues rDNA silencing at
NTS1 in the ulp2-F839D mutant (Supplemental Fig. 7B),
suggesting a role for poly-SUMO chains in this process.
In addition to poly-SUMO chain formation, a second
factor governing S1x5 recognition may be the overall num-
ber of SUMO-modified lysine residues in the substrate
protein. We identified 10 modified lysine residues in

GENES & DEVELOPMENT 811


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.296145.117/-/DC1

Liang et al.

Tof2 versus only two for Netl (Supplemental Tables 5, 6;
Wohlschlegel et al. 2006; Albuquerque et al. 2015), raising
the possibility that multiple poly-SUMO chains on Tof2
could further contribute to its specific recognition by
SIx5. While these findings are in general agreement with
the known function of SIx5 in targeting sumoylated sub-
strates, further investigation into the in vivo determi-
nants for substrate recognition by S1x5:S1x8, particularly
the relative contributions of SUMO chain formation and
the number and precise locations of sumoylated lysine
residues on its substrate, should provide important in-
sights into how this STUbL enzyme functions.

Taken together, the findings presented here reveal a key
role for Csm1 in dictating the substrate specificity of Ulp2
through direct binding and recruitment to its substrates.
Ulp2 in turn plays an important role in rDNA silencing
by desumoylating Tof2 and preventing its Slx5-mediated
degradation, demonstrating how opposing actions of a
SUMO isopeptidase and a STUbL can maintain protein
homeostasis. The specific recruitment of Ulp2 to other
chromosomal loci, including kinetochores (possibly
through Csm1) and DNA replication origins (through a
currently unknown mechanism), likely plays a similar
role in regulating the stability of key protein complexes
at these loci.

Materials and methods

Construction of plasmids and yeast strains

Yeast strain construction was performed using standard methods.
Yeast strains used here had their 2-um circles removed where
noted and were generated similar to a previous study (Chen
et al. 2005).

Protein expression and purification

The Ulp2 C-terminal domain Ulp278'87% was cloned into a
pET3a-derived vector containing an N-terminal Hiss-GST tag
and expressed in E. coli Rosetta2 DE3 pLysS cells (EMD Milli-
pore). Ulp2 point mutations were cloned by PCR mutagenesis.
The recombinant Ulp2 C-terminal domain (full-length and point
mutants) was purified using glutathione affinity sepharose resin
(GE Healthcare Life Sciences) followed by cation exchange
(HiTrap SP HP, GE Healthcare Life Sciences) chromatography be-
fore pooling fractions and concentrating. We expressed Csm1 as
described previously (Corbett et al. 2010). Briefly, we cloned
full-length S. cerevisiae Csml (or the 69-190 or 69-181 trunca-
tions) into a pET3a-derived vector containing an N-terminal
Hisg tag and expressed the protein in E. coli Rosetta2 DE3 pLysS
cells (EMD Millipore) for 16 h at 20°C in 2x YT medium by induc-
tion with 0.25 mM IPTG. We purified Csm1 using Ni>* affinity
(Qiagen Ni-NTA Superflow), anion exchange (HiTrap Q HP, GE
Life Sciences), and size exclusion (Superdex 200, GE Life Scienc-
es) chromatography; concentrated the protein; and snap-froze al-
iquots for biochemical assays. For Ulp2:Csml complexes (and
Ulp2-Tof2 fusion:Csm1 complexes), we generated a coexpression
vector with Ulp2 fragments fused to a TEV protease-cleavable
N-terminal Hiss-SUMO-tagged and untagged Csm1%8! (for
crystallography) or Csm1%7®° (for Tof2-binding assays). The
complexes were purified with Ni2* affinity chromatography fol-
lowed by tag cleavage with TEV protease and removal of tags
and uncleaved protein with Ni** resin and then passed over a
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Superdex 200 size exclusion column in a final buffer of 20 mM
Tris-HCI (pH 7.5) and 300 mM NaCl. The protein was concentrat-
ed and stored at 4°C for crystal trays.

ChIP-gPCR

For analysis of Ulp2 localization to rDNA, ChIP was carried out
as described previously (Nelson et al. 2006). Yeast cultures
(50 mL for each immunoprecipitation) were grown to an ODggg
0f 0.8 and cross-linked for 1 h in 1% formaldehyde. qPCR was per-
formed using SYBR Green 2x master mix on a Roche LightCycler
480. The input was diluted 1:100, and immunoprecipitated sam-
ples were diluted 1:5 in water. The fold enrichment was calculat-
ed as an average of triplicate experiments. Genomic DNA was
prepared from HZY4162 cells to make serial dilutions in order
to calculate relative amounts of DNA per primer pair using a
standard curve. Fold enrichment values were calculated as de-
scribed previously [rDNA(immunoprecipitate)/CUPI(immuno-
precipitate)]/[rDNA(input)/CUP1(input)] (Huang and Moazed
2003) and normalized to the untagged reactions. Primer pairs
used were as described previously (Huang et al. 2006): #7
(ATCCGGAGATGGGGTCTTAT/CTGACCAAGGCCCTCAC
TAC); #9 (CTAGCGAAACCACAGCCAAG/AATGTCTTCAA
CCCGGATCA), #11 (TGGCAGTCAAGCGTTCATAG/CAG
CCGCAAAAACCAATTAT), #13 (TTTGCGTGGGGATAAAT
CAT/CATGTTTTTACCCGGATCAT), #15 (AGGGCTTTCA
CAAAGCTTCC/TCCCCACTGTTCACTGTTCA), #17 (GGAA
AGCGGGAAGGAATAAG/CGATTCAGAAAAATTCGCACT),
#19 (GAGGTGTTATGGGTGGAGGA/GCCACCATCCATTT
GTCTTT), #21 (AGAGGAAAAGGTGCGGAAAT/TTTCTG
CCTTTTTCGGTGAC), #23 (GGGAGGTACTTCATGCGAAA
JAAGATGCCCACGATGAGACT), and #25 (GGCAGCAGAG
AGACCTGAAA/GAGCCATTCGCAGTTTCACT).

Protein interaction assays

For quantitative MS analysis of Ulp2-associated proteins in wild-
type and ulp2-781A cells, a C-terminal TAF (Chen et al. 2007) tag
was integrated in the endogenous ULP2 locus. ULP2-TAF cells
were grown in SILAC heavy-labeled Lys/Arg medium, and ulp2-
781A cells were grown in SILAC light-labeled Lys/Arg medium.
Cells were harvested, washed with TBSN (50 mM Tris-HCI at
pH 8.0, 150 mM NaCl, 0.2% NP-40), and resuspended in 0.25
vol of cell pellet with TBSN buffer (protease inhibitors: 2 mM
phenylmethylsulfonyl fluoride, 200 uM benzamidine, 0.5 ng/
mL leupeptin, 1 pg/mL pepstatin A) before being frozen drop-
wise in liquid nitrogen. Cells (3 g per sample) were ground using
a SPEX SamplePrep 6875D freezer/mill and then thawed in 0.25
vol of 4x glycerol mix buffer (40% glycerol, 100 mM Tris-HCl
at pH 8.0, 300 mM NaCl, 0.4% NP-40) and 4x concentration of
protease inhibitors. Lysate was cleared by ultrahigh-speed centri-
fugation, and protein concentration was determined by Bradford
assay. Both Ulp2-TAF and Ulp2-781A-TAF were purified sepa-
rately using a two-step purification. Briefly, equal amounts
(~60 mg) of cell lysate were incubated with anti-Flag M2 resin
for 2 h at 4°C. After washing with TBSN buffer, Ulp2 and associ-
ated proteins were eluted with 0.2 mg/mL 3x-Flag peptide in
TBSN buffer. Eluted samples were then bound to IgG sepharose
resins for 2 h at 4°C, washed with TBSN buffer, and finally eluted
by a buffer containing 8 M urea and 50 mM Tris-HCI (pH 8.0). El-
uents were combined and processed for quantitative MS analysis.
For coimmunoprecipitation experiments, similar methods were
used to prepare cell lysate, except that IgG sepharose resins
were used to purify Ulp2-TAF, which was eluted by 1% SDS
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buffer, and the associated Csml was detected using anti-HA
antibody.

To analyze the interaction between Ulp2 and Csm1 by pull-
down, either GST-Ulp278-873 or GST alone was incubated with
10 pg of bait protein (Hisg-Csm1 or Hisg-Csm®8!) in 40 pL of
binding buffer (20 mM HEPES at pH 7.5, 300 mM NaCl, 5% glyc-
erol, 1 mM DTT, 0.1% NP-40) for 90 min at 4°C. Ten percent of
the purification was removed to be analyzed as input, and the re-
maining fraction was bound to glutathione sepharose beads for 2
h at 4°C. The beads were washed three times with 0.5 mL of bind-
ing buffer, eluted with 25 pL of elution buffer (25 mM glutathione
in 2x LDS sample buffer), and boiled. The eluted proteins were an-
alyzed by SDS-PAGE and visualized by Coomassie staining.

For in vitro translation of Tof2 and Netl fragments in rabbit re-
ticulocyte lysate, expression constructs were cloned into a
pET3a-derived vector containing a Kozak sequence (CCG
CCACC) and an N-terminal maltose-binding protein (MBP tag),
and point mutants were generated by PCR mutagenesis. Purified
plasmid DNA (Qiagen Miniprep kit) was added to a coupled tran-
scription/translation kit (TNT T7, Promega) in the presence of
35S-methionine. For pull-down assays, 10 pL of transcribed pro-
tein mix was incubated with 10 pg of bait protein (Hisg-Csm1,
Hisg-Csm1-L161D, or Hisg-SUMO-Ulp2821¥47:Csm1%°-1°) in 50
pL of buffer (20 mM HEPES at pH 7.5, 100 mM NaCl, 20 mM im-
idazole, 5% glycerol, 1 mM DTT, 0.1% NP-40) for 90 min at 4°C,
15 pL of Ni-NTA beads was added, and the mixture was incubat-
ed a further 45 min. Beads were washed three times with 0.5 mL
of buffer, eluted with 25 pL of elution buffer (2x SDS-PAGE load-
ing dye plus 250 mM imidazole), and boiled. Samples were run on
SDS-PAGE, dried, and scanned with a phosphorimager.

For fluorescence polarization assays, N-terminal FITC-labeled
peptides (B-alanine linkage) were synthesized (Tufts University
Core Facility) and resuspended in binding buffer (20 mM HEPES
at pH 7.5, 150 mM NaCl, 5% glycerol, 1 mM DTT, 0.1% NP-
40). Fifty-microliter reactions containing 10 nM peptide plus
200 nM to 400 uM Csm1%°7° or Ulp2821-847.Csm1%°1° (con-
centration expressed in terms of Csm1 monomer concentration)
were incubated for 30 min at room temperature, and fluorescence
polarization was read in 384-well plates using a TECAN Infinite
M1000 Pro fluorescence plate reader. All binding curves were
done in triplicate. Binding data were analyzed with Graphpad
Prism version 7 using a single-site-binding model. The peptides
used were Tof2 wild type (residues 388-404 with C390A and
F402A mutations to increase peptide solubility) fluorescein-
ENARRIEAFSDEEDANE and Tof2 F396A (as Tof2 wild type
with F396A mutation) fluorescein-ENARRIEAASDEEDANE.

Isothermal titration calorimetry was performed at the Sanford
Burnham Prebys Medical Discovery Institute Protein Analysis
Core Facility. Assays were performed in buffer containing 25
mM Tris-HCI (pH 7.5), 270 mM NaCl, and 1 mM DTT using an
ITC200 calorimeter from Microcal. Nineteen 2.0-uL aliquots of
solution containing 700 uM Hiss-GST-Ulp2”817873 were injected
into the cell containing 200 pL of 102 pM (monomer concentra-
tion) Hise-Csm1%°71°C at 23°C. For Ulp2 F839D, 1.68 mM Hise-
GST-Ulp2781873 F839D was added to 266 uM Csml. Data were
analyzed using Origin software provided by Microcal.

Analysis of Tof2 sumoylation and sumoylation sites on Net1 and Tof2

Total sumoylated proteins were purified from an HF-SMT3 strain
(Hisg-3xFlag-SMT3) containing HA-tagged TOF2 using Ni-NTA
(Qiagen) followed by anti-Flag affinity resin as described previous-
ly (de Albuquerque et al. 2016). Tof2 and the slower-migrating
Tof2-SUMO conjugates were detected by anti-HA Western
blot. To detect the abundance of Tof2 in whole-cell lysate, equal
amounts of cell lysate were used, and anti-PGK antibody was
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used to confirm equal loading. To identify sumoylation sites,
we used a similar method described previously (Albuquerque
et al. 2015) to identify lysines modified with a diglycine remnant
(K-e-GG]J in a strain with HF-smt3-I96R ulp2A. After the initial
Ni-NTA/anti-Flag purification, sumoylated proteins were eluted
using 6 M urea, 100 mM sodium carbonate, and 0.2% NP-40 and
neutralized by HCI. Eluate was rebound by fresh Ni-NTA resins
and washed, and sumoylated proteins were digested by trypsin
in PBS buffer containing 0.2% NP-40 for MS analysis.

Gene silencing assay

Silencing assays were performed similarly to as described (Huang
and Moazed 2003; Huang et al. 2006). Yeast strains (Supplemental
Table 7) were grown overnight in YPD and then normalized to an
equal density. Tenfold serial dilutions were plated on CSM com-
plete and CSM-URA plates for rDNA silencing, CSM—TRP for
HMR locus silencing, and CSM 5-FOA for telomere silencing
strains. Plates were incubated for at least 3 d at 30°C before
imaging.

Quantitative MS analysis of intracellular sumoylation

The quantitative MS analysis used to measure changes in sumoy-
lated protein abundance between two strains was described previ-
ously (Albuquerque et al. 2013). Each mutant strain was grown in
synthetic medium containing either light or heavy stable isotope-
labeled lysine and arginine. Cell pellets of the two yeast strains to
be compared were combined and used to purify sumoylated pro-
teins under denaturing conditions for quantitative MS analysis.
MS data were searched using Sequest on a Sorcerer 2 (Sage-N| sys-
tem and quantified using Xpress (Trans-Proteomic Pipeline ver-
sion 4.3). Complete lists of sumoylated proteins and their
abundance changes are in Supplemental Tables 2 (ulp2-781A)
and 3 (csm1A). Each sumoylated protein was quantified based
on the median of the abundance ratios of at least three unique
peptides per protein. A minimal ion intensity of 1.0 x 10~ was
used to calculate abundance ratios when corresponding peptides
were below the detection limit.

Crystallography

We obtained crystals of Ulp2821-847:Csm1%°18! by mixing 15 mg/
mL protein 1:1 in a crystallization buffer containing 100 mM
HEPES (pH 7.5) and 20% PEG 3350 in hanging drop format. We
added 25% glycerol for cryoprotection, flash-froze crystals in lig-
uid nitrogen, and collected diffraction data on Beamline 14-1 at
the Stanford Synchrotron Radiation Lightsource. We integrated
and scaled all data sets with HKL2000 (Otwinowski and Minor
1997) and converted to structure factors with Truncate (Winn
et al. 2011). We determined the structure by molecular replace-
ment in Phaser (McCoy et al. 2007) using a previous structure
of Csm1 (Protein Data Bank ID 3N4S) (Corbett et al. 2010). We
manually built Ulp2 residues 821-845 into difference density
maps in COOT (Emsley et al. 2010), guided by the structure of
Mam1??'2°0:Csm1 (Protein Data Bank ID 4EMC). We refined
the model in phenix.refine (Afonine et al. 2012) using positional,
individual B-factor, and TLS refinement (statistics in
Supplemental Table 4).

We obtained crystals of the Ulp2825-844_Tof2384400.Cgpy 169181
complex by mixing 15 mg/mL protein 1:1 in a crystallization buff-
er containing 0.2 M ammonium acetate, 0.1 M HEPES (pH 7.5),
and 25% PEG 3350. We added 25% glycerol for cryoprotection,
flash-froze crystals in liquid nitrogen, and collected diffraction
data on Beamline 24ID-E at the Advanced Photon Source at
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Argonne National Laboratory. Data were processed using the
RAPD npipeline (https://github.com/RAPD/RAPD; Frank Mur-
phy), which uses XDS (Kabsch 2010) for data indexing and reduc-
tion, Aimless (Evans and Murshudov 2013) for scaling, and
Truncate (Winn et al. 2011) for conversion to structure factors.
We determined the structure by molecular replacement, rebuilt
it, and refined it as above (statistics in Supplemental Table 4).

By comparison of the final Ulp2821-847:Csm1%°-'8! complex
structure with our previous 3.05 A-resolution structure of
Mam1221"2%0:Csm1 (Protein Data Bank ID 4EMC) (Corbett and
Harrison 2012), we identified a register error in the N-terminal re-
gion of the Mam1 model due to a missing residue around residue
239. After rebuilding and rerefinement, the Mam1?*120:Csm1
structure shows a significantly lower Ry, value than the original
structure (24.1% vs. 26.0%), and a structure-based sequence
alignment of the Csm1-binding regions of Mam1 and Ulp2 shows
a strong similarity between pairs of Csml-binding residues
(Fig. 4A). The updated structure of Mam122'2°0:Csm1 has been
deposited at the Research Collaboratory for Structural Bioinfor-
matics Protein Data Bank under accession number 5KTB (super-
seding 4EMC).
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