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SUMMARY

In budding yeast, the nucleolus serves as the site to sequester Cdc14, a phosphatase essential
for mitotic exit. Nucleolar proteins Tof2, Netl, and Fob1 are required for this sequestration.
Although it is known that these nucleolar proteins are SUMOylated, how SUMOylation
regulates their activity remains unknown. Here, we show that Tof2 exhibits cell-cycle-regulated
nucleolar delocalization and turnover. Depletion of the nuclear small ubiquitin-like modifier
(SUMO) protease Ulp2 not only causes Tof2 polySUMOylation, nucleolar delocalization, and
degradation but also leads to Cdc14 nucleolar release and activation. This outcome depends on
polySUMOylation and the activity of downstream enzymes, including SUMO-targeted ubiquitin
ligase and Cdc48/p97 segregase. We further developed a system to tether SUMO machinery

to Tof2 and generated a SUMO-deficient fof2 mutant, and the results indicate that Tof2
polySUMOylation is necessary and sufficient for its nucleolar delocalization and degradation.
Together, our work reveals a polySUMO-dependent mechanism that delocalizes Tof2 from the
nucleolus to facilitate mitotic exit.
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Morton et al. demonstrate cell-cycle-regulated nucleolar localization and protein

abundance of Tof2, a SUMO substrate that anchors Cdc14 phosphatase to the nucleolus. Tof2
polySUMOylation triggers its ubiquitination by STUbL, extraction by Cdc48, and degradation by
the proteasome, which promotes the nucleolar release of Cdcl14 for mitotic exit.

INTRODUCTION

SUMOylation attaches a small ubiquitin-like modifier (SUMO) to target proteins, which
controls protein subcellular localization, abundance, and function.! In the budding yeast S.
cerevisiae, more than 100 SUMO substrates have been identified.2-3 Human cells have about
7,000 SUMO proteins, and perturbations to SUMO homeostasis are correlated with cancers
and neurodegenerative diseases.*° Similar to ubiquitination, SUMOylation is catalyzed
through a sequential cascade involving an E1 activating enzyme, an E2 conjugating enzyme,
and E3 SUMO ligases.5” Budding yeast contains heterodimer, Aos1/Uba2, as SUMO E1;
asingle E2, Ubc9; and several E3 ligases, including Siz1, Siz2, Mms21, and Zip3.8-10 In
contrast, SUMO proteases remove SUMO moieties from SUMO substrates. The two SUMO
proteases in budding yeast are Ulp1 and Ulp2. Although both recognize nuclear substrates,
Ulpl is responsible for the maturation of SUMO, whereas Ulp2 plays a major role in
cleaving polySUMO chains.11-13
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A protein can be modified by monoSUMOylation or polySUMOylation.14
MonoSUMOylation promotes formation of biomolecular condensates or macromolecular
complexes through the interaction between SUMO and SUMO-interacting motifs
(SIMs).1516 |n contrast, polySUMOylation aids in macromolecular complex disassembly
by triggering downstream events. SUMO-targeted ubiquitin ligases (STUbLS) selectively
recognize SUMO chains, ubiquitinating the SUMOylated substrates. The best studied
STUDL in budding yeast is the SIx5/SIx8 heterodimer.17-1° Substrate ubiquitination by
STUDbL enables extraction by segregase Cdc48/p97/VCP (valosin-containing protein) for
proteasomal destruction.20-21 Interestingly, monoSUMOylation can also drive relocalization
of damaged DNA and stalled replication forks.22:23 This study focuses on the role of a
polySUMO-dependent pathway in protein relocation.

The SUMO proteins in budding yeast are enriched in several cell-cycle-related protein
complexes, including the regulator of nucleolar silencing and telophase exit (RENT)
complex, which localizes within the nucleolus.23 Among the RENT proteins, Fob1, Tof2,
and Net1/Cfil are SUMO substrates.324 Fob1 binds to rDNA and further recruits Tof2 and
Net1, whereas Net1 also associates with rDNA in Fob1-independent manners.25:26 Tof2

and Netl function as the nucleolar anchors for Cdc14 phosphatase, which antagonizes
cyclin-dependent kinase (CDK) to enable mitotic exit.2” Prior to anaphase onset, Cdc14

is sequestered within the nucleolus, which prevents its access to CDK substrates,28-30

The bi-phasic nucleolar release of Cdc14 is dictated by two mitotic exit pathways, Cdc14
early anaphase release (FEAR) and mitotic exit network (MEN). FEAR promotes a brief
Cdc14 release in early anaphase, and MEN activation leads to robust Cdc14 release in late
anaphase.3! Once released, Cdc14 phosphatase reverses CDK-imposed phosphorylation and
facilitates anaphase progression.32:33 Mitotic CDK phosphorylates Net1 to trigger its Cdc14
release,34-36 but how cells regulate Cdc14 release from Tof2 remains largely enigmatic.

In this study, we investigated how polySUMOQylation of the yeast RENT proteins Tof2/
Netl/Fobl controls Cdc14 release. We first showed that the abundance of polySUMO
conjugates was cell cycle regulated. Interestingly, Tof2, but not Netl and Fob1, exhibited
reduced nucleolar localization and proteasomal degradation after anaphase onset. We further
uncovered that induction of polySUMOQylation by nuclear depletion of SUMO protease Ulp2
caused untimely nucleolar delocalization and degradation of Tof2 as well as premature
mitotic exit. Inhibiting STUbL or Cdc48 activity suppressed polySUMO-induced Tof2
delocalization and degradation, suggesting the role of the polySUMO axis in this process.
We further showed that chemical-genetic modulation of Tof2 SUMOQylation was sufficient
to control its nucleolar delocalization and degradation. Finally, a SUMO-deficient Tof2
mutant protein showed resistance to polySUMO-induced Tof2 nucleolar delocalization and
degradation. Altogether, these findings support the conclusion that the polySUMO axis
promotes delocalization and degradation of the nucleolar protein Tof2 to facilitate mitotic
exit.
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RESULTS

PolySUMOylation is cell-cycle regulated and critical for mitotic progression

SUMOylation is critical for DNA replication and mitotic progression.37:38 Thus, the level

of SUMOylation may be regulated during the cell cycle. SM73encodes the only SUMO in
budding yeast. Using a chromosomally expressed His-FLAG-Smt3 (HF-Smt3) yeast allele,3?
we measured polySUMOylation in synchronized cells (Figure 1A). PolySUMOylation
significantly increases the molecular weight of substrates, and high-molecular-weight
(HMW) proteins are retained in the stacking gel due to their size. In wild-type (WT) cells,
the level of HMW protein species conjugated with HF-Smt3 increased significantly 40 min
after G, release and declined markedly at 80 min. The decline occurred simultaneously
with Pds1 degradation, which marks anaphase entry.4? Strikingly, the SUMO protease
mutant wjp2A, wherein polySUMO conjugates accumulate,*! showed a much higher level of
HMW HF-Smt3 conjugates throughout the cell cycle (Figure 1A). In addition, v/jp24 cells
showed a cell cycle delay, as evidenced by Pds1 accumulation, suggesting that untimely
polySUMOylation impairs cell cycle progression. Therefore, our results reveal cell-cycle-
regulated polySUMOylation.

We next assessed the role of polySUMOylation in mitotic exit, which is marked by

Cdc14 phosphatase activation. Cdc14 dephosphorylates the CDK substrate Finl to allow

its kinetochore (KT) binding; thus, Finl KT localization reports on Cdc14 activation.#243 In
Figure 1B, we analyzed the colocalization of Fin1-GFP with the KT protein Nuf2-mCherry
in WT and ulpZA cells in cdc13-1 mutants, which arrest at pre-anaphase at high temperature
due to DNA damage checkpoint activation.** After 2-h incubation at 36°C to achieve
pre-anaphase arrest, most cdc13-1 cells (99%) showed undetectable Finl KT localization.
Interestingly, 33% of cdc13-1 ulp2A cells exhibited Finl KT localization, suggesting Cdc14
activation. To test whether polySUMOylation is required for Cdc14 activation in cdc13-1
ulp2A4 cells, we utilized a yeast SUMO mutant in which all lysine residues in SUMO

(Smt3) were mutated to arginine (smt3KRall) to block SUMO chain formation.374° The
introduction of the smt3-KRall mutant abolished premature Finl KT localization in cdc13-1
ulp2A4 cells (2%).

We also examined the role of polySUMOylation in mitotic exit using cdc15-2arrested
telophase cells, where Cdc14 release relies solely on FEAR.3 After 2-h incubation at
36°C, most cdc15-2 cells showed elongated spindles, with 98% exhibiting KT-localized
Finl, indicating Cdc14 activation (Figure 1C). SIk19 is a FEAR component, and s/k19A4
blocks Cdc14 activation in cdc15-2 cells.3! In s/k194 cdc15-2 cells, the cells with Finl
KT localization decreased to 31%. Like s/k194, smt3-KRall also reduced the frequency of
Finl KT localization (71%), indicating the role of polySUMOylation in Cdc14 activation.
Additionally, smt3-KRall cells exhibited slowed growth and cell cycle delay, along with
compromised Pds1 degradation and increased abnormal spindle frequency (Figures S1A-
S1C). These results suggest the mitotic, albeit non-essential, role of polySUMOylation.
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The localization and abundance of Tof2, a nucleolar anchor for Cdc14, is cell-cycle

regulated

Cdc14 localizes within the nucleolus by associating with the anchor proteins Netl and
Tof2 until anaphase entry.28-30 Fob1 recruits Tof2 and some Net1 to rDNA.2%:26 We
monitored Netl, Tof2, and Fob1 localization and levels throughout the cell cycle. Net1-
GFP and Fob1-GFP fluorescence remained steady after G4 release (Figures 2A and 2B).
However, Tof2-GFP showed an initial increase at 60 min, followed by a decline at 80

min, indicating Tof2 delocalization and/or degradation. Live-cell imaging during nuclear
separation revealed stable Net1-GFP signal but decreased Tof2-GFP as the nucleus divided
(Figure S2A), suggesting distinct regulation of Tof2 and Net1. Western blotting confirmed
cell-cycle-regulated levels of Tof2 but not Fobl and Netl (Figure 2C). We also noticed that
Tof2-GFP peaked at 60 min after G, release, but Tof2-myc peaked at 80 min. This difference
may stem from slight variations in cell-cycle kinetics or nucleolar signal loss preceding
degradation.

The release of Cdc14 from the nucleolus is controlled by two mitotic exit pathways, FEAR
and MEN.32 We further investigated if Tof2 delocalization was controlled by these mitotic
pathways. Yeast mutants deficient for MEN (cdc15-2) and mutants deficient for both MEN
and FEAR (cdc15-2 slk194 and cdc15-2 spo124) were used to examine Tof2 localization.3!
Following G release into 37°C medium to inactivate Cdc15, WT and cadc15-2 mutant

cells showed a significant decrease in Tof2-GFP intensity after anaphase entry (Figure
S2B), suggesting that MEN is dispensable for Tof2 relocalization/degradation. However,

in cdc15-2 stk19A and cdc15-2 spol2A cells, a persistent Tof2-GFP signal was detected.
Therefore, Tof2 relocalization/degradation likely depends on the activation of FEAR but not
MEN.

As a nucleolar anchor for Cdc14, the role of Tof2 in regulating Cdc14 activity remains
controversial.39:46 Therefore, we examined the effect of TOF2deletion on both nucleolar
localization and activity of Cdcl14. In cdc13-1 arrested cells, both MEN and FEAR are
inactive.** We used KT localization of Finl protein to monitor Cdc14 activation. As

shown in Figure 2D, after G4 release of cdc13-1 cells for 140 min at 34°C, few cells
showed Finl KT localization (5%). However, 78% of cdc13-1 tof2D cells showed Finl-GFP
KT localization, indicating Cdc14 activation. We also examined nucleolar localization of
Cdcl4 in cdc13-1and cdc13-1 tof2A cells using Nopl as a nucleolar marker. In cdc13-1
arrested cells, the majority of Cdc14-GFP signal colocalized with Nop1-mApple (Figure
S2C). In contrast, the Cdc14-GFP signal colocalized with Nopl decreased in cdc13-1 tof2A
cells. Additionally, many cdc13-1 tof2A cells showed speckled GFP outside the nucleolus,
suggesting that the absence of Tof2 triggers partial Cdc14 release.

Tof2 undergoes a polySUMO-dependent relocalization and turnover during the cell cycle

Because Tof2 is a SUMO substrate, SUMOylation may contribute to cell-cycle-regulated
Tof2 nucleolar localization and degradation. We examined Tof2 protein levels during the
cell cycle in different SUMO mutants, including SUMO protease mutants ¢jp2A with
upregulated polySUMOylation,*” smt3-KRall mutants showing abolished SUMO chain
formation,#® and STUbL mutants s/x54 lacking polySUMO-targeted ubiquitination.1” G;-
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arrested WT, ulp24, smt3-KRall, ulp2A smt3-KRall, and s/x5A cells expressing Tof2-13myc
were released into the cell cycle. Consistently, Tof2 levels peaked 80 min following

Gy release in WT cells (Figure 3A). In ulp2A cells, however, Tof2 levels decreased
significantly, and upshifted Tof2 bands were visible throughout the cell cycle, a likely

result of polySUMOylation (Figures 3A and S2D). Conversely, the Tof2 level was

relatively abundant in smt3-KRall, ulp2A smt3-KRall, and six5A cells, with impaired

Tof2 turnover at late time points during the cell cycle. These results support the notion

that upregulated polySUMOylation destabilizes Tof2, but abolished polySUMOylation or
polySUMO-targeted ubiquitination stabilizes Tof2.

We further used live-cell imaging to examine Tof2-GFP localization and intensity during
nuclear separation in WT and SUMO mutants (Figures 3B and 3C). In smt3-KRall and
six54 mutant cells, Tof2-GFP intensity persisted and was higher than that in WT cells

after nuclear division (Figure 3D). Interestingly, smt3-KRalland s/x5A mutants showed

a significant delay in Tof2-GFP separation relative to nuclear division (H2A-mApple),
indicating impaired nucleolar separation (Figure 3E). Since FEAR-dependent Cdc14

release is required for nucleolar separation,*8:49 this result supports the conclusion that
polySUMOylation promotes Tof2 degradation as well as FEAR-mediated Cdc14 release and
nucleolar separation.

Recent studies indicate the role of SUMOylation in biomolecular condensate formation.1®
Given that the nucleolus is a well-characterized condensate,>% Tof2 SUMOylation may
contribute to its nucleolar localization. Because the SUMO2 E2 enzyme Ubc9 is essential,
we assessed the localization of Tof2 in a temperature-sensitive mutant, ubc9-10.51 Tof2
nucleolar localization was not impacted in vbc9-10 cells incubated at 37°C (Figure

S3A). Cells with depleted Ubc9 using the auxin inducible degron also showed efficient
nucleolar localization of Tof2, indicating that SUMOylation is dispensable for the nucleolar
localization of Tof2.

We next investigated which SUMO E3 ligase mediates Tof2 SUMOylation. In budding
yeast, Sizl, Siz2, and Mms21 are the mitotic SUMO E3 ligases, whereas Zip3 is meiosis
specific.52 Because u/p2A mutants showed decreased Tof2 levels, likely due to upregulated
Tof2 polySUMOylation and degradation (Figure 3A), we examined Tof2 protein levels

in WT, ulpZ4, ulpZA siz1A, ulp2A siz2A, and ulp24 mms21-11 mutants (Figure S3B).
Interestingly, ulp2A siz2A and ulp2A mms21-11 cells, but not vlp24 siz1IA mutants, restored
Tof2 levels, indicating that Siz2 and Mms21 catalyze Tof2 SUMOylation. In support of this
notion, previous studies report that Tof2 SUMOylation is mediated by Siz2 and Mms21,
respectively.3:53

Nuclear depletion of the SUMO protease Ulp2 triggers Tof2 polySUMOylation and
degradation

We observed increased protein polySUMOQylation in u/p2A cells, but this mutant exhibits
various phenotypes, like aneuploidy, temperature sensitivity, and growth defects, which
complicates data interpretation.#1:455 To overcome this, we employed the “anchor away”
system to conditionally remove Ulp2 from the nucleus and induce polySUMOylation.56
This involved fusing Ulp2 with the FKBP12-rapamycin-binding (FRB) domain of human
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mMTOR and expressing Rpl13A (“anchor”) fused to FKBP12, allowing rapamycin-induced
Ulp2 translocation from the nucleus to the cytoplasm (Figure 4A). After confirming the
expression of Ulp2-FRB-GFP in Ulp2-"anchor away” (uv/p2-AA) cells (Figure 4B), we
found that u/p2-AA cells grew poorly in rapamycin plates (Figure S4A), similar to vip2A
cells.>” We also confirmed nuclear depletion of Ulp2-GFP in u/p2-AA cells after rapamycin
addition (Figure 4C). Therefore, we constructed u/p2-AA strains that enable conditional
nuclear depletion of Ulp2 for polySUMOQylation induction.

Using ulp2-AA strains, we first examined the effect of Ulp2 nuclear depletion on Tof2
polySUMOylation and degradation. To exclude the potential effect of cell cycle progression,
we performed the experiment in cells arrested in S-phase with hydroxyurea (HU), a

DNA synthesis inhibitor. To assess Tof2 SUMOylation, cell extracts from uv/jp2-AA cells
expressing HFSmt3 and Tof2-13myc were immunoprecipitated (IPed) with anti-FLAG
antibody for SUMOylated protein species. As expected, minimal Tof2 SUMOQylation was
detected in G4 and HU-arrested cells (Figure 4D). After treating HU-arrested u/jp2-AA

cells with rapamycin to induce Ulp2 nuclear depletion, we observed increased accumulation
of polySUMOylated protein species, as evidenced by the enhanced HF-Smt3 conjugates

in the stacking gel after immunoprecipitation (IP). Increased Tof2 polySUMOylation was
also detected. Notably, total Tof2 levels decreased after rapamycin addition, indicating Tof2
turnover. We further analyzed the effect of nuclear depletion of Ulp2 on nucleolar Tof2-GFP
intensity in HU-arrested u/p2-AA cells (Figure 4E). After rapamycin addition for 20 min,
only a faint Tof2 fluorescence signal was detected, and a nearly complete loss was noticed
after 60 min, suggesting that Ulp2 nuclear depletion causes loss of Tof2-GFP intensity

from the nucleolus. Similar results were obtained in nocodazole-arrested v/jp2-AA cells
after rapamycin addition (Figure S4B). In clear contrast to Tof2, the Net1-GFP signal was
stable when treated with rapamycin in HU-arrested u/p2-AA cells (Figure S4C). Likewise,
the Net1-9myc protein level was minimally affected by Ulp2 depletion (Figure S4D).
Together, our findings reveal that induction of unscheduled polySUMOylation by nuclear
depletion of Ulp2 triggers Tof2 polySUMOylation, loss of Tof2-GFP signal intensity, and
Tof2 degradation.

Because Tof2 is a nucleolar anchor of Cdc14, we tested whether polySUMOylation
induction causes Cdc14 release and activation. We constructed cdc13-1 CDC14-GFPand
cdcl3-1 ulp2-AA CDCI14-GFPstrains, which arrest at pre-anaphase at high temperatures.
After incubating at 34°C for 2 h, we treated cells with rapamycin and examined the Cdc14-
GFP signal (Figure S5A, top). cdc13-1 cells showed the expected nucleolar localization

of Cdc14 after rapamycin treatment, but cdc13-1 ulp2-AA cells exhibited dispersed Cdc14-
GFP, which is characteristic of Cdc14 release. However, total Cdc14 protein levels were
not affected under rapamycin treatment (Figure S5A, bottom). To test whether Cdc14 is
also active, we examined Finl KT localization in cdc13-1 and cdc13-1 ulp2-AA mutants
following rapamycin treatment (Figure S5B). Almost no cdc13-1 cells exhibited Fin1-GFP
foci, indicating inactive Cdc14. In contrast, two clear Fin1-GFP foci were observed in 47%
of cdc13-1 ulp2-AA cells, providing compelling evidence that polySUMOylation triggers
Cdc14 nucleolar release and activation.
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SUMO chain formation and STUbL activity are required for Tof2 chromatin dissociation
and degradation triggered by Ulp2 depletion

As a nucleolar protein, Tof2 associates with chromatin at the rDNA region.26:58.59 To
examine how polySUMOylation affects Tof2 chromatin association and degradation,

we performed chromatin fractionation in HU-arrested uv/p2-AA cells treated with
rapamycin.60:61 As expected, cells arrested with HU exhibited abundant Tof2 protein level
(Figure 5A). However, both total and chromatin-bound Tof2 protein levels reduced over time
following rapamycin-induced Ulp2 nuclear depletion. Notably, Tof2 protein levels in the
chromatin-free fraction were also reduced in rapamycin-treated cells. As conrols, the protein
levels of chromatin-bound histone H3 and cytoplasmic Pgk1 remained consistent. Therefore,
induction of polySUMOylation likely triggers chromatin dissociation and degradation of
Tof2.

We next examined the role of polySUMOylation and STUbL in Tof2 degradation. In
budding yeast, the SIx5/SIx8 heterodimer constitutes the STUbL, which ubiquitinates
polySUMO substrates for degradation.1’-19 In HU-arrested u/p2-AA cells, significant Tof2
degradation was detected after rapamycin addition, but this degradation was blocked in
SUMO chain-deficient vjp2-AA smit3-KRall cells and STUbL-deficient ujp2-AA six5A
cells (Figure 5B). We further examined the role of polySUMOylation and STUbL in Tof2
localization in HU-arrested u/p2-AA cells. Similarly, the decrease in Tof2-GFP intensity
induced by nuclear depletion of Ulp2 was also blocked by smt3-KRalland s/x5A (Figure
5C). Therefore, polySUMO chain formation and STUbL activity are essential for Tof2
chromatin dissociation and degradation.

The distinct roles of the proteasome and Cdc48 segregase in polySUMO-induced Tof2
delocalization and degradation

To test if polySUMO-induced Tof2 degradation depends on the proteasome, we used

a c/m3-1 mutant, wherein the proteasomal subunit Rpt6 becomes inactive at elevated
temperatures.52 ufp2-AA and cim3-1 ulp2-AA cells with Tof2-13myc were arrested with
HU at 34°C for 2 h, and then rapamycin was added to permit polySUMOylation via

Ulp2 nuclear depletion (Figure 6A). The total Tof2 level was indeed stabilized in c/im3-1
cells, indicating the essential role of the proteasome in Tof2 degradation. Interestingly, we
observed reduced Tof2 occupancy on chromatin as well as enriched Tof2 in the chromatin-
free fraction, implying that Tof2 dissociates from chromatin before degradation. To further
assess if polySUMOylation triggers Tof2 dissociation from rDNA, we performed chromatin
IP (ChlIP) to detect direct Tof2-rDNA association. cim3-1 ulp2-AA TOF2-13myc cells were
arrested with HU at 36°C, and then rapamycin was added to induce polySUMOylation.
Sheared DNA was recovered from cross-linked and IPed samples with anti-Myc antibody.
Then, the levels of rDNA and control DNA (CUPI) that bound to Tof2-13myc were
measured by PCR using previously designed primer pairs.2® Strikingly, Tof2-13myc lost
much of its rDNA association following polySUMOylation induction (Figure 6B). These
results indicate that Tof2 polySUMOQylation induces its rDNA dissociation, but Tof2
degradation is dispensable for this process.
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Following SUMOylation and STUbL-mediated ubiquitination, the Cdc48 complex
segregates substrates to facilitate proteasomal degradation.20 In cdc48-3 ulp2-AA mutants,
we observed stabilized total Tof2 and elevated Tof2 levels in the chromatin fraction

after Ulp2 depletion (Figure 6A), indicating that Cdc48 is required for both chromatin
dissociation and degradation of Tof2. Further investigation into Tof2 nucleolar localization
revealed that cac48-3 mutation restored the Tof2-GFP signal at the nucleolus after
polySUMOylation induction in vjp2-AA cells (Figure 6C). Interestingly, cim3-1 ulp2-AA
cells showed a reduced but not abolished Tof2-GFP signal at the nucleolus, possibly due to
Tof2 proteins remaining close to chromatin even after dissociation in c/im3-1 cells.

Cdc48 together with its co-factor Ufd1 recognizes SUMO-modified substrates for protein
extraction, and Ufd1 harbors an SIM to mediate interaction between the Cdc48 complex and
SUMO substrates.20.63.64 To test if the SIM of Ufd1 is required for polySUMO-mediated
Tof2 degradation, we examined Tof2 levels in ujp2-AA ufdAS™ cells (Figure S6A).

After addition of rapamycin in HU-arrested u/jp2-AA ufd145™M cells, Tof2 turnover was
compromised significantly. Additionally, polySUMO-induced Tof2-GFP delocalization was
also suppressed in ujp2-AA ufd145™M cells (Figure S6B). We further examined Cdc14
activity in cdc15-2and cdc15-2 ufd145™ cells (Figure S6C). After 2-h incubation at 36°C,
most cdc15-2 cells (97%) showed KT-localized Finl, but this number was reduced to

46% in cdc15-2 ufd145'™ mutants. Similarly, only 52% of cdc15-2 six54 cells showed

Finl KT localization. Taken together, these results suggest that polySUMOylation triggers
Tof2 nucleolar delocalization and degradation, which subsequently causes Cdc14 nucleolar
release and activation. In addition, this process requires STUbL activity and SIM-dependent
recruitment of the Cdc48 complex to polySUMO substrates.

Establishing a system to tether SUMO machinery to Tof2

Depleting Ulp2 or using smt3-KRall alters overall SUMOylation patterns, complicating

data interpretation due to potential indirect effects. Therefore, we designed a system to
specifically regulate polySUMOQylation of a target protein. GFP binding protein (GBP) is a
nanobody fragment with high GFP affinity,6%:66 which allows us to tether SUMO pathway
enzymes to a GFP-tagged protein. Because fusing SUMO-conjugating enzyme Ubc9 to a
protein increases substrate SUMOylation,%” we constructed a Ppp;sHA-GBP-UBCY plasmid
(Figure S7A). In this plasmid, hemagglutinin (HA)-GBP-Ubc9 expression is under the
control of a DD/2 promoter, which is induced by cyanamide.®8 Of the two SUMO proteases
in budding yeast, Ulp1 exhibits broad activity.11:12 Thus, we fused the protease domain (PD)
of Ulp1 to GBP and generated a Ppp,sHA-GBP-ULPIPP-RFP plasmid (Figures S7B and
S7C). Using endogenous Stu2 as a control, the expression of GBP-Ubc9 and GBP-Ulp1PP-
RFP was induced efficiently by cyanamide (Figure S7D).

We first tested if expressing HA-GBP-Ubc9 induces polySUMOylation of Tof2-GFP by
immunoprecipitating HF-Smt3 from cells growing with cyanamide (Figure S7E). HA-GBP-
Ubc9 expression led to smeared Tof2-GFP bands in the IPed samples, indicating Tof2
polySUMOylation. Since Tof2, Netl, and Fobl are all SUMO substrates and form a
complex,3 recruiting Ubc9 to one protein may lead to SUMOylation of others in the
complex. To verify this, we induced HA-GBP-Ubc9 expression in FOB1-GFP TOF2-13myc
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cells and observed increased SUMOylation of both Fob1-GFP and Tof2-13myc (Figure
S7F). However, tethering Ubc9 to the nucleolus did not enhance SUMOylation of the
cohesin protein Sccl, a non-nucleolar SUMO substrate (Figure S7G).%9 This result suggests
the specificity of GBP-mediated SUMO machinery for proteins within the same complex,
which is consistent with the idea of group modification seen in DNA damage response.”®

PolySUMOylation of Tof2 triggers its delocalization and degradation

Using the GBP tethering system, we investigated how expressing GBP-Ubc9 affects
Tof2-GFP localization and turnover. Cells with Ppp.HA-GBP-UBCY plasmid were HU
arrested, and then GBP-Ubc9 expression was induced by cyanamide. Tof2-GFP intensity
and protein level decreased significantly after GBP-Ubc9 induction (Figures 7A, S8A, and
S8B). However, this effect was not seen in cells lacking the plasmid. Furthermore, the
decrease in Tof2-GFP intensity and protein levels caused by GBP-Ubc9 expression was
abolished in smt3-KRall and six5A mutants (Figures 7A and S8A). Similar trends were
observed in nocodazole-arrested cells (Figure S8C). In contrast, targeting Ubc9 to Netl
and Fob1l did not affect their GFP intensity, indicating distinct regulation of Tof2 and Net1/
Fobl (Figure S9). Overall, these findings support the conclusion that targeting the SUMO
enzyme Ubc9 to Tof2-GFP results in its nucleolar delocalization and turnover, dependent on
polySUMOylation and STUbL activity.

With the PppsHA-GBP-ULPI1PP-RFPplasmid, we assessed if tethering GBP-UIp1PP-RFP
to Tof2-GFP prevents its polySUMOylation induced by Ulp2 nuclear depletion. ujp2-AA
HF-SMT3 TOF2-GFP cells containing the Ppp,-HA-GBP-ULP17P-RFP plasmid were first
arrested in S phase with HU. Then rapamycin and the proteasome inhibitor MG132 were
added to induce Ulp2 depletion and block Tof2 degradation, respectively. Cell extracts
were prepared before and after cyanamide addition to analyze Tof2-GFP SUMOQylation.
Following IP of Tof2-GFP with an anti-GFP antibody, the accumulation of SUMOylated
Tof2-GFP was detected using both anti-FLAG and anti-Smt3 antibodies (Figure S10A).
Strikingly, SUMOylated Tof2-GFP species were largely diminished after GBP-UIp1PP-RFP
expression, indicating that GBP-UIp1PP-RFP indeed abolishes Tof2-GFP SUMOylation.
Tethering GBP-Ulp1PP to Fob1-GFP suppresses the SUMOylation of both Fob1-GFP and
Tof2-13myc (data not shown), further supporting the idea of group modification.

We next analyzed how GBP-UIp1PP-RFP expression impacts polySUMO-induced
Tof2-GFP delocalization and degradation. Using v/jp2-AA TOF2-GFP cells with and
without PppyoHA-GBP-ULPIPP-RFP plasmid, we first pre-treated HU-arrested cells

with cyanamide to induce GBP-UIp1PP-RFP expression before rapamycin was added to
trigger polySUMOylation. In cells lacking PppHA-GBP-ULPIPP-RFP plasmid, Tof2-GFP
signal declined rapidly after rapamycin treatment (Figure 7B). In ulp2-AA TOF2-GFP

cells with GBP-Ulp1PP-RFP expression, GBP-Ulp1PP-RFP colocalized with Tof2-GFP,
indicating successful tethering. Strikingly, GBP-Ulp1PP-RFP expression led to persistent
Tof2-GFP signal after polySUMO induction. A persistent Tof2-GFP protein level was

also observed in these cells (Figure S10B), indicating that GBP-UIp1PP-RFP expression
results in a competitive block of polySUMO-induced Tof2-GFP nucleolar delocalization and
degradation.
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We further utilized Sli15 phosphorylation as a readout to directly assess how Tof2
SUMOylation affects Cdc14 activity. Sli15 is a subunit of the chromosomal passenger
complex, and its phosphorylation by CDK is reversed by Cdc14 after FEAR activation.32 We
examined Sli15 dephosphorylation kinetics in cacl5-2 mutants, wherein the MEN is inactive
when grown at 36°C. In Figure S11A, the majority of Sli15 becomes dephosphorylated

in cdc15-2 cells after G4 release at 36°C for 100 min, as evidenced by increased

intensity of the Slil5 bottom band. However, blocking Tof2-GFP polySUMOylation by
expressing GBP-UIp1PP caused less efficient Sli15 dephosphorylation, suggesting that Tof2
polySUMOylation promotes Cdc14 activation.

A SUMO-deficient tof2 mutant exhibits resistance to polySUMO-induced nucleolar
delocalization

To directly assess the role of Tof2 SUMOQylation in regulating its nucleolar localization
and stability, we sought to abolish Tof2 SUMOylation specifically by generating a SUMO-
deficient tof2 mutant. Across two publications,®71 Tof2 has 21 potential SUMOylation
sites. The Joined Advanced SUMOylation Site and Sim Analyser (JASSA) predicts 16
SUMOylation sites. To preserve Tof2 functionality, we chose six SUMOylation sites
based on overlaps between the publications and JASSA (Figure S11B) and mutated
them to arginine, generating a fof2°X% plasmid. We then transformed plasmids harboring
either TOF2-GFP-FLAG or tof2KR-GFP-FILAG into ulp2-AA strains to examine Tof2
SUMOylation efficiency. PolySUMOylation was induced in v/p2-AA cells with either
TOF2-GFP or tof26KR-GFP, and Tof2-GFP was IPed with anti-GFP antibody (Figure
S11C). Compared to Tof2-GFP, a notable SUMOylation reduction was observed with
Tof28KR_GFP, suggesting that the t0f26KF mutant indeed impairs Tof2 SUMOylation.

We next examined delocalization and degradation of SUMO-deficient Tof2 after
polySUMOylation induction. As expected, in HU-arrested cells, WT Tof2-GFP underwent
significant GFP intensity loss and protein degradation upon triggering polySUMOylation in
ulp2-AA cells. In contrast, the Tof2-GFP intensity loss and protein turnover were markedly
blocked in t0f26KR mutants (Figure 7C), confirming the role of Tof2 polySUMOylation in
its nucleolar delocalization and degradation. Altogether, our results support the conclusion
that polySUMOylation of Tof2 triggers its nucleolar delocalization and degradation, which
subsequently promotes Cdc14 nucleolar release for mitotic exit, and this process depends on
STUDL and Cdc48 segregase (Figure 7D).

DISCUSSION

We studied how polySUMOylation regulates the Tof2-Net1-Fobl nucleolar anchor complex
for Cdc14 phosphatase in budding yeast. We found that polySUMOQylation was cell cycle
regulated and crucial for cell cycle progression. Interestingly, Tof2, but not Netl and

Fobl, exhibited cell-cycle-regulated nucleolar turnover. Using chemical-genetic systems,

we manipulated protein SUMOQylation, and our results revealed that Tof2 polySUMOylation
drove its rDNA dissociation and degradation via the polySUMO-STUbL-Cdc48 axis. FEAR,
a mitotic exit pathway, likely contributes to nucleolar release of Tof2. Thus, we uncovered a
polySUMOylation pathway governing mitotic exit.
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In this study, we created chemical-genetic tools to manipulate Tof2 protein SUMOylation.
We used the “anchor away” system for nuclear depletion of SUMO protease Ulp2,

which induces protein polySUMOylation and leads to Tof2 polySUMOylation, nucleolar
delocalization, and degradation. This process relied on polySUMO-induced ubiquitination
by STUbL and extraction by Cdc48 segregase. Importantly, Tof2 delocalization and
degradation contribute to Cdc14 release and activation for mitotic exit. The results of
tethering SUMO machinery to Tof2-GFP, together with the results from SUMO-deficient
fof2 mutants, affirmed that Tof2 polySUMOylation is necessary and sufficient for its
nucleolar delocalization and degradation. Overall, these chemical-genetic tools offer
valuable insights into SUMO research.

Cdc14 is sequestered within the nucleolus via two anchors, Netl and Tof2, and the activation
of FEAR and MEN enables Cdc14 release.3! Although Netl phosphorylation by CDK

has been shown to trigger Cdc14 release,3* the mechanism governing Cdc14 release from
Tof2 remains elusive. Here, we uncovered a polySUMO-dependent mechanism for Tof2
delocalization and turnover, which results in Cdc14 release. Interestingly, our results showed
that Tof2 turnover is efficient in the MEN mutant cdc15-2but is blocked by FEAR mutants.
Thus, FEAR likely promotes Tof2 polySUMOylation and the subsequent Cdc14 release.

This study demonstrates the role of the polySUMO axis in protein relocation, which is
supported by previous studies. In yeast cells, polySUMOylation recruits STUbL SIx5/SIx8
to persistent DNA break sites, which enables their relocation to the nuclear envelope.22
Additionally, Mms4, a subunit of Mms4-Mus81 endonuclease, shows proteasomal
degradation in a STUbL-dependent manner.”2 The nucleolar release of rDNA repeats during
damage repair also depends on SUMOylation and Cdc48 segregase.54 In human cells, the
polySUMO axis is essential for the removal of the chromatin-trapped histone-modifying
enzyme PARP1.73 These studies support the overarching concept that polySUMOylation
promotes protein displacement from chromatin.14 Our work shows polySUMO-dependent
Tof2 relocation in the context of the cell cycle. Because many proteins are likely subjected
to cell cycle-regulated polySUMOylation, this work opens an avenue to understand how cell
cycle regulators are relocalized via polySUMOylation.

Compared to dozens of E3 ubiquitin ligases,’* only four E3 SUMO ligases have been
identified in budding yeast, suggesting that SUMOylation may occur with less specificity
than ubiquitination. Indeed, DNA damage triggers simultaneous multisite SUMOQylation of
several repair proteins, supporting the concept of group modification.”? The observation

of multiple SUMO substrates within a protein complex, including the replisome, the
cohesin complex, and KT proteins, also supports this concept.38:70.75.76 Consistently, we
demonstrate SUMOylation of neighboring proteins when SUMO enzymes are recruited to
one nucleolar protein. Because of the nature of group modification, SUMOQylation may
maximize its effect by modifying multiple proteins in a complex.

In summary, the results from this study reveal a polySUMO-dependent mechanism that
triggers Tof2 nucleolar delocalization and degradation, ultimately facilitating Cdc14 release
for mitotic exit (Figure 7D). We anticipate that polySUMOylation is likely critical to control
the subcellular localization of more cell-cycle regulators and other proteins. Because many
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cell-cycle regulators are SUMO substrates, such as cohesin, condensin, KT components, and
proteins involved in DNA metabolism, it is important to understand how polySUMOQylation
controls their subcellular localization during the cell cycle.

Limitations of the study

This study reveals that polySUMOQylation of the Cdc14 anchor protein Tof2 prompts its
delocalization and degradation, which is crucial for Cdc14 release and mitotic progression.
A key open question is why Tof2, but not Netl1 and Fob1, experiences polySUMO-
dependent nucleolar changes. One possibility is that Netl and Fobl evade proteasomal
degradation after polySUMOylation. Moreover, mass spectrometry identified 21 SUMO-
modified lysine residues in Tof2 versus two in Net1,5%71 raising the possibility that Tof2 is
easily recognized by SUMO machinery and the downstream enzymes STUbL and Cdc48.

Interestingly, we found that Tof2 delocalization and degradation depend on FEAR
activation rather than MEN, suggesting that FEAR may promote Cdc14 release via Tof2
polySUMOylation. However, how FEAR regulates Tof2 polySUMOQylation remains unclear.
Notably, Ulp2 nuclear depletion triggered a more robust Cdc14 release than fofZD mutants
in cdc13-1arrested cells (Figures S2C and S5A), hinting at an additional mechanism
involving Cdc14 SUMOylation. Overall, more work is needed to understand the connection
between polySUMOylation and mitotic exit.

While many cell cycle regulators may undergo polySUMO-dependent delocalization and
degradation like Tof2, the viability of monoSUMO mutant smt3-KRall and STUbL mutants
six5/84 suggests their non-essential role in cell cycle progression. The polySUMO axis
likely aids in many cell-cycle processes, as seen in the slower growth of smi3-KRall and
six54 mutants. We propose that polySUMOylation facilitates macromolecular complex
disassembly, possibly alongside redundant pathways, such as other types of modifiction

or proteasomal degradation.

In this work, we observed cell-cycle-regulated protein polySUMOQylation. However, it
remains unclear how polySUMOylation is regulated during the cell cycle. Our previous
data show that Polo-like kinase Cdc5 phosphorylates the SUMO protease Ulp2, which
likely inactivates Ulp2 to trigger polySUMOylation.”” Another possibility is that the
interaction of SUMO machinery with targeted substrates is regulated, which ensures timely
polySUMOylation during the cell cycle, but more research is needed to solidify this idea.

STARXMETHODS
RESOURCES AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Yanchang Wang
(yanchang.wang@med.fsu.edu).

Materials availability—All yeast strains and plasmids generated by this work will be
available upon request.
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Data and code availability

. Raw data of all experiments have been deposited on Mendeley and are publicly
available as of the date of publication. DOI is listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The relevant genotypes and sources of the yeast strains used in this study are listed in Table
S1. All the strains listed are isogenic to Y300, a W303 derivative, and they were constructed
by tetrad dissection.

Standard protocols for transformation, mating, sporulation, and tetrad dissection were used
for yeast strain construction. Unless otherwise noted, cells were grown at 30°C in YPD
medium or synthetic dropout medium to maintain selection for plasmids. A PCR-based
strategy was used for protein tagging.”8 For cell cycle synchronization, logarithmic cells
grown at 30°C were arrested in G4 phase using 5 pg/mL a-factor for 2-3 h. a-factor

was added back after 40-min release to block the following cell cycle. For induction of
polySUMOylation, ulp2-AA cells were arrested in either HU (Ambeed, Arlington Heights,
IL) or nocodazole (Sigma, Burlington, MA) before rapamycin (Thermo, Waltham, MA)
was added to a final concentration of 2 pg/mL. For HU arrest, cells in mid-log phase were
incubated with 200 uM HU for 2 h. For nocodazole arrest, cells in mid-log phase were
treated with 20 pg/mL nocodazole in media containing 1% DMSO for 2 h. Expression of
GBP fusion proteins under the DD/2 promoter was induced by adding cyanamide to a final
concentration of 8 mM for 1 h. Yeast growth assays were performed by spotting 10-fold
serial dilutions of the indicated strains on solid agar plates.

METHOD DETAILS

Plasmid construction—The plasmids used in this study are listed in Table S2. A
PCR-based method was used to construct the ULP2-FRB-GFP using template pFAba-FRB-
GFP-HIS3MX6.8 pEGM4 and pEGM5 plasmids were derived from integrating plasmid
pRS405.7° Briefly, PppsHA-GBP-ULPIFP-RFPfragment was synthesized (GenScript,
Piscataway, NJ) and then cloned into pRS405. pEGM5 plasmid was generated by amplifying
UBC9from S. cerevisiae genomic DNA before subcloning into pEGM4, replacing ULP1P-
RFP. For pEGM14 and pEGM15 plasmid constructions, Tof2 was amplified using yeast
genomic DNA as a template and cloned into pRS405. For the 026K mutant, Gibson
assembly method was used for mutagenesis (Molecular Cloning Facility, Florida State
University, Tallahassee, FL). All plasmids were verified via DNA sequencing (Sequencing
Facility, Florida State University, Tallahassee, FL). Plasmid integration into yeast cells was
confirmed by immunoblotting with anti-HA antibody after induction from DD/2 promoter
by adding cyanamide.8 Primers, sequences, and plasmid maps are available upon request.

Budding index—Cells were taken from culture and fixed with formaldehyde to a final
concentration of 3.7%. After sonication, cells were counted and categorized as single cell,
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small-budded, and large-budded cells based on the existence and size of the daughter cell.
A cell was counted as large budded when the diameter of the daughter cell was greater than
half of the diameter of the mother cell. The percentage of large-budded cells (100 cells per
time point) was plotted.

Cytological techniques and live-cell imaging—For fluorescence microscopy,
collected yeast cells were resuspended in 1 x 3 PBS (pH 7.2) for the examination of
fluorescence signals using a microscope with a 60x objective (BZ-X800 from Keyence). For
live-cell imaging, glass depression slides were used to prepare an agarose pad filled with
complete medium. All live-cell images were acquired at 25°C with a 60x objective lens. A z
stack with 11-15 planes of 0.2 um was acquired for each field and converted to a maximum
projection using Keyence BZ-X800 software.

Western blotting—Unless otherwise noted, protein samples were prepared using an
alkaline method. Cell pellet from 1 mL of cell culture is resuspended in 200 uL 0.1M NaOH.
After 5 min at room temperature, the pellet is collected by centrifugation and resuspended

in SDS protein loading buffer. The protein samples were boiled for 5 min and resolved

by 10% SDS—-PAGE. The resources of the antibodies used in this study are listed in the

Key resources table. After ECL (PerkinElmer), western blot membranes were imaged using
Bio-Rad ChemiDoc. For visualization of histone H3, membranes were incubated with the
secondary antibody for 1 h in the dark. Signals were detected using fluorescently-labeled
secondary antibodies on a Li-COR Odyssey CLx imager.

Co-immunoprecipitation (Co-IP)—Cells with HF-Smt3 were grown in 50 mL YPD at
30°C to ODggg = 0.75. For the treatment with proteasome inhibitor MG132 (Millipore, MA),
cells were first incubated with 0.1% L-Proline and 0.003% SDS for 3 h.80 Then, MG132
(50 uM) was added for 30 min before harvesting. Harvested cells were resuspended in 700
pL RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.05% TWEEN
20) supplemented with protease inhibitor cocktail and 20 mM N-ethylmaleimide. Glass
beads were added, and cells were lysed by bead bashing. The samples were centrifuged

at 15,000 rpm for 10 min at 4°C and the supernatants were kept as cell extracts. Input
sample was collected, and the remaining cell extracts were incubated with anti-FLAG beads
(Sigma-Aldrich, St. Louis, MO) for 2 h at 4°C. For IP of GFP-tagged proteins, cell lysates
were incubated with anti-GFP antibody for 2 h at 4°C. Protein A/G beads were then added,
and the lysates were incubated for an additional 2 h. After incubation, the beads were
collected by centrifugation and washed three times with RIPA buffer supplied with protease
inhibitors. After removal of RIPA buffer, SDS protein loading buffer was added, and the
protein samples were incubated for 10 min at 65°C for immunoblotting.

Chromatin fractionation—The chromatin fractionation assay was performed as
described in previous works, with minor modifications.50.:61 Briefly, cells were grown in

5 mL YPD at 30°C to ODggg = 0.75. Cells were resuspended in extraction buffer (100 mM
KCI, 50 mM HEPES-KOH (pH 7.5), 2.5 mM MgCl,, 1% Triton X-100) supplemented with
1 mM DTT, protease inhibitor cocktail, and 20 mM N-ethylmaleimide. Glass beads were
added, and cells were lysed by bead bashing. Cell lysates were briefly centrifuged to remove
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cell debris. The whole cell extract was applied on top of cushion composed of extraction
buffer with 30% sucrose of equal volume. Samples were centrifuged for 20 min at 20,000

g at 4°C. The supernatant containing the soluble protein fraction was carefully collected
from the top of the cushion, sucrose was aspirated, and the pellet containing the chromatin
fraction was resuspended in sample buffer (8 M urea, 5% SDS, 1 mM EDTA (pH 8.0), 1.5%
DTT, 1% bromophenol blue) for subsequent SDS-PAGE and western blotting.

Chromatin immunoprecipitation (ChIP)—ChIP experiments were performed as
described previously,26:°8 with some modifications. Briefly, 50 mL cell cultures were grown
to ODggg = 0.8-1.0, cross-linked with 1% formaldehyde (15 min at room temperature),

and then quenched with 200 mM glycine for 10 min. The cells were resuspended in 800

uL of ice-cold lysis buffer with protease inhibitor (0.1% deoxycholic acid, 1 mM EDTA,

50 mM HEPES-KOH (pH 7.5), 140 mM NacCl, 1% Triton X-100). Cells were lysed via
bead beating. The chromatin fraction was isolated and sheared to 200-500 bp fragments by
sonication (3.5 min, 20 s on/off cycles, 20% amplitude). Lysates were pre-cleared in blocked
protein A/G beads for 1 h at 4°C and 50 puL of pre-cleared sample was used as input DNA.
Samples were incubated overnight with primary antibody (anti-Myc) at 4°C with constant
rotation. Blocked protein A/G beads were added, and samples were further incubated for

2 h. Beads were washed three times with lysis buffer and once with TE (10 mM Tris-HCI
pH 8.0, 1 mM EDTA pH 8.0) at room temperature. Beads were eluted by incubating with
100 pL of 50 mM Tris-HCI (pH 8.0), 10 mM EDTA (pH 8.0), and 1% SDS at 65°C for 15
min. The eluates were transferred to fresh tubes and pooled with a final bead wash of 150
uL of TE with 0.67% SDS. To the 50 pL input DNA sample, 200 L of TE with 1% SDS
was added. All samples were incubated at 65°C with proteinase K to reverse crosslinking.
DNA was cleaned up with E-Z 96 Cycle Pure Kit and eluted with 50 uL of water. The

IPed samples were diluted 1:8 in molecular grade water. The inputs were diluted 1:2000 in
water. Primer pairs (primer pair “15” for rDNA; CUPI for negative control) were used as
described.2® Individual PCR reactions were 10 pL and consisted of 5 uL AccuStart I PCR
SuperMix (Quantabio, Beverly, MA), 1 uL diluted DNA, and 4 uL 2 uM primer pair. PCR
parameters were one cycle of 95°C for 2 min, 55°C for 30 s, and 72°C for 1 min, followed
by 21 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and a final step of 72°C for
4 min. The relative fold enrichment was calculated by averaging triplicates of each reaction
and calculating the ratio of rDNA to CUPI enrichment in the IPed samples and comparing
this with the rDNA/CUPI ratio in the input samples. This is represented in the following
calculation:

[rDNA(IP)/CUPI(IP)]
[rDNA(Input)/CUP1(Input)|

Fluorescence intensity analysis—Fluorescence intensity analysis was determined by
measuring the signal intensity using ImageJ. A region of interest (ROI) harboring the
fluorescence signal was selected for each cell using the Wand tool, which traces regions

of uniform color that form a contiguous area. Tolerance threshold for uniform color was
optimized for each set of experiments for precise ROI delineation. The average intensity
per pixel for that region was multiplied by the total area to determine total fluorescence
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intensity. The ROI was moved to a region in the cell with no observable fluorescence to
calculate the total background intensity, and this value was used to normalize the signal
intensity. At least 50 cells were counted for each strain and timepoint. The signal intensity
levels are represented as mean + SD and were plotted using Graph Pad/Prism software.

Total fluorescence intensity,ommaiz.a = (Meanintensityror X Areagor) — (Meanintensity,,ackgmm X Area,,ackg,,,l,,,d)

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses and graph preparations were done using Graph Pad/Prism software.
Unless indicated otherwise, results from fluorescence microscopy experiments were
determined by counting at least 50 cells for each yeast strain. Experiments repeated

twice or three times are indicated as such. The mean values were calculated and shown

with corresponding standard deviations in bar graphs. We performed unpaired #tests,
one-way ANOVAs, or two-way ANOVAs and the significance was corrected for multiple
comparisons using Tukey’s correction to generate a significance of *p < 0.05, **p < 0.01,
***p < 0.001, or ****p< 0.0001 and is denoted as such. To determine Cdc14-GFP nucleolar
localization, a ROI harboring the Cdc14-GFP signal was selected for each cell using the
Wand tool in ImageJ. This ROI was used to measure both Nop1-mApple (nucleolar marker)
and Cdc14-GFP mean signal intensities, and all graphs are plotted as ratios (Nop1-mApple/
Cdc14-GFP). To determine differences in Tof2 protein levels, we used ImageJ to acquire the
intensity of each protein band from western blotting images. Then, the protein levels were
normalized by determining the ratio to loading control, Pgk1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Protein polySUMOylation is a cell-cycle-regulated process in budding yeast

The localization and abundance of Cdc14 nucleolar anchor Tof2 fluctuate
during the cell cycle

PolySUMO-triggered Tof2 ubiquitination and extraction cause its
delocalization and degradation

PolySUMO-mediated Tof2 delocalization promotes Cdc14 activation and
mitotic exit

Cell Rep. Author manuscript; available in PMC 2024 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gutierrez-Morton et al. Page 24

A

WT

ulp2A

‘ Stack
kDa
190+
cdc13-1
1204 FLAG ulp2A
smt3-KRall
85 M. B -Smt3
60
—

. L |!" A
190 -
..! !,__!!__. cdc15-2 [

100 B Bright Fin1-GFP Nuf2-mCh Merged
80 ——WT ns
——ulp2A ,—‘
60 *okkok
40 cdc13-1

20

0
0 20 40 60 80 100120140160
Time (min) after G, release at 30°C cdc13-1

0 20 40 60 80 100 120 140 160 (min) ulp2A

Large budded cells %

cdc13-1 arrest 2 hours at 36°C
% cells with Fin1-GFP at KT
o o 8 8 & 8
Re ()
R .
& %% -
[ % *
e

W\
0 o R
R
o F &
C
p——— - |Pdst-myc
I —— e i

1204

2 arrest 2 hours at 36°C
% cells with Fin1-GFP at KT
. g 8

t3-KRall
ws ol FLAG sm a
60 -Smt3 .
PR
BN
NI NS
‘ —— ————— — |Pds1—myc cdc15-2 S F FEEP
sk19A © &
(- - | Pokt B

Time (min) after G, release at 30°C

Figure 1. PolySUMOylation is cell cycle regulated and critical for robust mitotic exit
(A) PolySUMOylation during the cell cycle in WT and uip2A cells. Gy-arrested WT

(4677-3-2) and ulp24 (4686-5-2) cells with His-FLAG (HF)-Smt3 and Pds1-18myc were
released. Cells were collected every 20 min for western blotting and budding index. Pgk1,
loading control.

(B) Enhanced polySUMOylation in ujp24 cells causes premature mitotic exit, as

indicated by Fin1-GFP KT localization. Asynchronous cdc13-1 (4115-2-3), cdc13-1 ulp2A
(4145-3-2), and cdc13-1 ulp2A smit3-KRall (4689-1-1) cells with FINI-GFP (pSB1252)
plasmids were cultured at 25°C and then shifted to 36°C for 2 h for cadc13-1 arrest. Finl-
GFP KT localization in representative cells is shown on the left. Cells with a white-dotted
boundary show Fin1-GFP KT localization. Nuf2-mCherry (Nuf2-mCh) marks KTs. Scale
bar, 5 um. Finl KT localization was quantified after three repeats. Statistical analysis used
one-way ANOVA with Tukey’s test. Bars represent mean values + SD.

(C) PolySUMO-deficient mutant smt3-KRall delays Finl-GFP KT localization during the
cell cycle. Asynchronous cac15-2 (4635-2-2), cdc15-2 smt3-KRall (4635-3-3), and cdcl15-2
slk19A (4684-5-2) cells with FINI-GFP at 25°C were shifted to 36°C for 2 h for cdc15-2
arrest. Fin1-GFP KT localization in representative cells is shown on the left. Cells with

a white-dotted boundary lack Fin1-GFP KT localization. Scale bar, 5 um. The statistical
analysis is the same as in (B). Bars represent mean values = SD.
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Figure 2. The abundance of the nucleolar protein Tof2, but not Netl or Fobl, is cell-cycle
regulated

(A) The intensity Tof2-GFP, but not Net1/Fob1-GFP, peaks before anaphase onset. Shown
are representative images for Tof2-GFP (4329-2-4), Net1l-GFP (3727-9-1), and Fob1-GFP
(4567-1-3) intensity during the cell cycle. Gp-arrested cells were released into 30°C YPD
(yeast extract, peptone, dextrose). H2A-mApple marks nuclear division. Scale bar, 5 um.
(B) GFP intensity (7= 50 cells) was calculated as described in STAR Methods. The line
graph represents mean values £SD.

(C) The protein levels of Tof2-13myc (YYW273), Net1-9myc (405-4-2), and Fob1-13myc
(EGM13) during the cell cycle. Gy-arrested cells were released into 30°C YPD and collected
every 20 min for protein levels and budding index. Pgk1, loading control.

(D) Premature mitotic exit in fof2A mutants. cdc13-1 NUF2-mCherry (4115-2-3) and
cdc13-1 NUF2-mCherry tof2A (4126-1-4) cells harboring FINI-GFPat 25°C were arrested
in G1 and then released at 34°C. Fin1-GFP colocalization with Nuf2-mCherry (KT marker)
was counted (n7=100) over time. Representative cells 80 min following G release are
shown. Cells with a white-dotted boundary show premature Finl-GFP KT localization.
Scale bar, 5 ym.
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Figure 3. PolySUMOylation regulates Tof2 protein localization and turnover
(A) Tof2 protein level and modification during the cell cycle in SUMO mutants. G;-arrested

WT (YYW273), ulp2A (4136-1-4), smt3-KRall (4386-3-1), ulp2A smt3-KRall (4396-1-2),
and s/x5A4 (4125-3-4) cells with Tof2-13myc were released and collected every 20 min.
Tof2-13myc protein levels were detected by western blotting and normalized to the loading
control Pgk1.

(B) Live-cell imaging of Tof2-GFP/H2A-mApple in WT (4329-2-4) cells. Log-phase cells
were spotted onto the surface of a slide covered with agarose medium and subjected to
live-cell microscopy at 25°C. H2A-mApple separation marks time = 0 min. Scale bar, 5 ym.
(C) smt3-KRalland s/x5A mutants show persistent Tof2-GFP intensity and a dramatic
delay in Tof2-GFP separation. smt3-KRall (4351-1-3) and s/x54 (4356-4-3) cells containing
Tof2-GFP were treated the same as in (B).

(D) Tof2-GFP intensity from cells in (B) and (C) was quantified. The line graph represents
mean values £ SD.

(E) Percentage of cells (7= 30 Cells) that showed Tof2-GFP separation following nuclear
segregation in live cells.
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Figure 4. Nuclear depletion of SUMO protease Ulp2 induces Tof2 polySUMOylation and
nucleolar delocalization

(A) Scheme of the Ulp2 “anchor away” system. The anchor, ribosomal protein RPL13A,

is fused to two copies of the human FK506 binding protein FKBP12, while the target
protein (Ulp2) is fused to the FRB domain. Rapamycin forms the RPL13A-rapamycin-Ulp2
complex, moving it to the cytoplasm and depleting Ulp2 from the nucleus.

(B) Expression of Ulp2-FRB-GFP in the constructed u/p2-AA strain. Shown is detection
of Ulp2-FRB-GFP expression by western blotting in control (RTY3185) and u/p2-AA
(4338-5-4) cells.

(C) ulp2-AA cells show rapid Ulp2 nuclear depletion upon rapamycin addition.
Asynchronous ulp2-AA (4372-14-1) cells expressing bait Ulp2-FRB-GFP and anchor
Rpl13A-23FKBP12 were treated with 2 ug/mL rapamycin or vehicle control DMSO and
examined for Ulp2-FRB-GFP signal. H2A-mApple, nuclear marker. Scale bar, 5 um.

(D) Nuclear depletion of Ulp2 in ulp2-AA cells triggers Tof2 polySUMOQylation and
degradation. Log-phase ujp2-AA cells expressing Tof2-13myc and HF-Smt3 (4442-3-1)
were either arrested with a-factor or HU for 2 h. HU-arrested cells were subjected to
rapamycin treatment. Cell extracts were IPed to isolate HF-Smt3 conjugates. HF-Smt3 and
Tof2-13myc protein levels in the input and IPed fraction were detected by western blotting.
Y300 (WT) cells served as a negative control. PgkZ1, loading control.

(E) Tof2-GFP delocalizes from the nucleolus upon nuclear depletion of Ulp2. ulp2-AA
TOF2-GFP (4374-4-2) cells were arrested with HU. Then, rapamycin or DMSO was added,
and cells were collected for imaging. The average Tof2-GFP intensity for each time point
(n =150 cells) was quantified. The line graph represents mean values + SD. H2A-mApple,
nuclear marker. Scale bar, 5 mm.

Cell Rep. Author manuscript; available in PMC 2024 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gutierrez-Morton et al.

Page 28

A TOF2-13myc ulp2-AA 1%
NaOH sup Chr =
Rap0 30 60 90 0 30 60 90 0 30 60 90 (min) < g ¥ T B INES)
kDa - - Tof2  © -© Total Tof2 (Rap)
o (120 - - - -myc 2 0.6 & Chr-Tof2 (DMSO)
T | 50— — | ———— |Pgk1 5 0. & Chr-Tof2 (Rap)
0.2
o] &
2120 esepem@am| o ---4%’% .900
— B T T 1
- B0 w— —— —] [ i s | |ng1 0 30 60
Rapamycin/DMSO was added to cells arrested with HU (30°C) Time in treatment (min)
1.0
B TOF2-13myc TOF2-13myc 2
TOF2-13myc ulp2-AA smt3-KRall ~ ulp2-AA six5A < 0.8+
: ]
kDEap 0 30 60 90 0 30 60 9 0 30 60 90 (min) 3 | & Toial Toi2
20| . = }--- - 02 ol B Total Tof2 smt3-KRall
50_1 e — -— —H_‘—‘.'H o «b o a |ng1 g_ A Total Tof2 sIx5A
Rapamycin was added to cells arrested with HU (30°C) % 0.2
. 0.0 T T 1
C ulp2-AA ulp2-AA 0 30 60

ulp2-AA smt3-KRall

Time in Rap (min)

six5A

()

0 min
o

0.8 & WT
o+ smt3-KRall
0.4 - six54

Tof2-GFP intensity (AU)
o
[}

Rap 60 min

Time in Rap (min)

Tof2-GFP, HU arrest at 30°C

Figure 5. Block of polySUMOylation or deletion of STUbL gene SLX5 suppresses Tof2
delocalization and degradation

(A) Nuclear depletion of Ulp2 in u/p2-AA cells triggers chromatin dissociation and turnover
of Tof2. ulp2-AA TOF2-13myc (4366-14-1) cells were first arrested with HU. After
rapamycin addition, cells were collected for chromatin fractionation (STAR Methods).
Tof2-13myc protein levels were detected by western blotting. Pgk1, cytoplasmic protein
control. Histone H3, chromatin-bound protein control. Tof2 protein levels were normalized
by determining the ratio to Pgk1. Chr, chromatin; SUP, supernatant.

(B) The smt3-KRall or six5A mutant stabilizes Tof2 in ulp2-AA cells after Ulp2 depletion.
ulp2-AA (4366-14-1), ulp2-AA smt3-KRall (4422-3-2), and ulp2-AA six5A (4389-13-1)
cells containing Tof2-13myc were first arrested with HU. After rapamycin addition, cells
were collected over time. Tof2-13myc protein levels were detected by western blotting.
Pgk1, loading control. Total Tof2 protein levels were quantified as described in (A).

(C) The smt3-KRall or six54 mutant prevents nucleolar delocalization of Tof2-GFP induced
by Ulp2 depletion. ulp2-AA (4374-4-2), ulp2-AA smt3-KRall (4451-3-3), and ulp2-AA
six54 (4453-1-4) cells containing Tof2-GFP were arrested with HU, and then rapamycin
was added. Cells were fixed before imaging. Representative images are shown on the left.
The average Tof2-GFP intensity for each time point (/7= 50 cells) was quantified. The line
graph represents mean values + SD. Scale bar, 5 um.
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Figure 6. The role of Cdc48 segregase and the proteasome in polySUMO-induced chromatin
dissociation and degradation of Tof2

(A) Tof2 degradation and chromatin binding in cells with compromised activity of segregase
(cdc48-3) and the proteasome (cim3-1). ulp2-AA (4366-14-1), ulp2-AA cdc48-3 (4381-2-1),
and ulp2-AA cim3-1 (4414-5-4) cells containing Tof2-13myc at 25°C were arrested with
HU and then shifted to 34°C for 2 h before rapamycin treatment. Cells were collected

for chromatin fractionation (STAR Methods). Tof2-13myc protein levels were detected

by western blotting. Pgk1, control for cytoplasmic proteins. Tof2 protein levels were
normalized by determining the ratio to Pgk1.

(B) Tof2 dissociates from rDNA upon polySUMOylation induction. ChlP was performed
with anti-Myc antibody using untagged control (Y300/WT) and vjp2-AA cim3-1
TOF2-13myc (4414-5-4) cells. Tof2-associated DNA was determined by PCR with primers
specific for DNA or CUPI (see STAR Methods for details). The relative fold enrichment

at rDNA was calculated from three repeats. Statistical analysis used one-way ANOVA with
Tukey’s test.

(C) Nucleolar localization of Tof2-GFP in cdc48-3 or cim3-1 mutants after Ulp2

nuclear depletion. ujp2-AA (4374-4-2), ulp2-AA cdc48-3 (4451-3-3), and ulp2-AA cim3-1
(4453-1-4) cells at 25°C were arrested with HU and then shifted to 34°C for 2 h. After
rapamycin addition, cells were collected and fixed for imaging. The average Tof2-GFP
intensity for each time point (7= 50 cells) was quantified. The line graph represents mean
values = SD. Scale bar, 5 pm.
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Figure 7. Tethering SUMO machinery to Tof2 is sufficient to alter its nucleolar localization and
stability

(A) Tethering SUMO E2 enzyme Ubc9 to Tof2-GFP promotes its nucleolar delocalization
through the polySUMO-dependent axis. TOF2-GFP (EGM31), TOF2-GFP smt3-KRall
(EGM32), and TOF2-GFP six54 (EGM33) cells were arrested with HU, and then cyanamide
was added to induce GBP-Ubc9 expression. Cells were collected at the indicated time points
and fixed for imaging. The Tof2-GFP signal in representative cells is shown. H2ZA-mApple,
nuclear marker. Scale bar, 5 um. The average Tof2-GFP intensity for each time point (7=

50 cells) was quantified. Statistical analysis used two-way ANOVA with Tukey’s test. Bar
graph represents mean values £SD.

(B) Tethering the SUMO protease domain of Ulp1 (Ulp1PP) to Tof2-GFP prevents its
nucleolar delocalization induced by nuclear Ulp2 depletion. TOF2-GFP ulp2-AA (4453-4-3)
and TOF2-GFP ulp2-AA PppsHA-GBP-ULPI1PP-RFP (4453-5-1) cells were arrested with
HU, and then cyanamide was added to induce GBP-UIp1PP expression. After rapamycin
addition, cells were collected and fixed for imaging. Tof2-GFP and GBP-UIp1PP-RFP in
representative cells are shown. Scale bar, 5 pm. The average Tof2-GFP intensity for each
time point (7= 50 cells) was quantified. The line graph represents mean values + SD.

(C) PolySUMO-dependent Tof2 delocalization and degradation is blocked in the fof26KR
mutant. ulp2-AA TOF2-GFP (EGMA49) and ulp2-AA tof26KR (EGM50) cells were first
arrested with HU and then treated with rapamycin. Tof2-GFP intensity and protein levels
were examined. Scale bar, 5 um. Pgk1, loading control. The average Tof2-GFP intensity for
each time point (7= 50 cells) was quantified. The line graph represents mean values + SD.
(D) PolySUMO-dependent Tof2 nucleolar release and turnover drive mitotic exit. Ulp2
inactivation leads to Tof2 polySUMOylation, followed by STUbL-mediated ubiquitination
and Cdc48-driven extraction. This axis enables Tof2 nucleolar release and proteasomal
degradation, triggering Cdc14 release and mitotic exit.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG Sigma Aldrich Cat# F3165; RRID:AB_259529
Mouse monoclonal anti-Pgk1+ Invitrogen Cat# 459250; RRID:AB_2532235
Mouse monoclonal anti-HA Biolegend Cat# 901515; RRID:AB_2565334
Mouse monoclonal anti-c-Myc Biolegend Cat# 626801; RRID:AB_2235686
Mouse monoclonal anti-Smt3 Santa Cruz Cat# SC-137158; RRID:AB_201891
Mouse anti-FLAG M2 (agarose beads) affinity gel Sigma Cat# A2220; RRID:AB_10063035
Protein A/G PLUS-Agarose Santa Cruz Cat#SC-2003; RRID:AB_10201400
Mouse anti-GFP antibody Santa Cruz Cat# Sc-9966; RRID:AB_627235
Secondary anti-mouse 1gG HRP-linked antibody Cell Signaling Cat# 7076; RRID:AB_330924
Rabbit monoclonal anti-histone H3 Millipore Sigma Cat# 04-928; RRID:AB_10564360
IRDye® 680RD goat anti-rabbit 19G secondary antibody ~ Li-Cor Cat#926-68073; RRID:AB_10954442
Chemicals, peptides, and recombinant proteins

MG132 Sigma-Aldrich 474790

Protease inhibitor cocktail set 111 Millipore-Calbiochem 539136

DeSUMOylation inhibitor N-ethylmaleimide Sigma-Aldrich E3876

ECL PerkinElmer NEL 104001

Hydroxyurea Ambeed Al145474

Nocodazole Sigma M1404

Rapamycin Thermo-Scientific PHZ1235

Cyanamide BeanTown Chemical 420-04-2

Critical commercial assays

E.Z.N.A.® Gel Extraction Kit
E-Z 96™ Cycle Pure Kit
E.Z.N.A.® Plasmid DNA Mini Kit 11

Omega Bio-tek
Omega Bio-tek
Omega Bio-tek

Cat# D2500-01
Cat# D1043
Cat# D6945-01

Deposited data

Raw data

This paper; Mendeley

https://doi.org/10.17632/cbnt5zkgf3.1

Experimental models: organisms/strains

S. cerevisiae: strain background W303; see Table S1

This paper

N/A

Software and algorithms

ImagelJ
GraphPad Prism

National Institutes of Health

Dotmatics

https://imagej.nih.gov/ij/
https://www.graphpad.com/
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