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The Ubp15 deubiquitinase promotes timely entry

into S phase in Saccharomyces cerevisiae

Denis Ostapenko, Janet L. Burton, and Mark J. Solomon
Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06520-8114

ABSTRACT The anaphase-promoting complex in partnership with its activator, Cdh1, is an E3
ubiquitin ligase responsible for targeting cell cycle proteins during G1 phase. In the budding
yeast Saccharomyces cerevisiae, Cdh1 associates with the deubiquitinating enzyme Ubp15,
but the significance of this interaction is unclear. To better understand the physiological
role(s) of Ubp15, we examined cell cycle phenotypes of cells lacking Ubp15. We found that
ubp154 cells exhibited delayed progression from G1 into S phase and increased sensitivity to
the DNA synthesis inhibitor hydroxyurea. Both phenotypes of ubp154 cells were rescued by
additional copies of the S-phase cyclin gene CLB5. CIb5 is an unstable protein targeted for
proteasome-mediated degradation by several pathways. We found that during G1 phase, the
APCCdM.mediated degradation of Clb5 was accelerated in ubp154 cells. Ubp15 interacted
with Clb5 independent of Cdh1 and deubiquitinated CIb5 in a reconstituted system. Thus
deubiquitination by Ubp15 counteracts APC activity toward cyclin Clb5 to allow Clb5 accu-
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mulation and a timely entry into S phase.

INTRODUCTION

Protein ubiquitination determines the stability of numerous pro-
teins that regulate cell growth, metabolism, and signaling. During
the cell division cycle, protein ubiquitination requires the coordi-
nated action of E1, an E2, and two major E3 ubiquitin ligases,
Skp1-Cullin-F-box protein (SCF) complex and the anaphase-pro-
moting complex/cyclosome (APC/C; Peters, 2002, 2006; Cardozo
and Pagano, 2004; Thornton and Toczyski, 2006; Matyskiela et al.,
2009). The APC is an essential RING-type ubiquitin ligase com-
posed of a catalytic core and an activator protein, either Cdc20 or
Cdh1 in vegetative yeast cells (Visintin et al., 1997; Fang et al.,
1998). Both Cdc20 and Cdh1 are WD40-repeat-containing pro-
teins that recognize substrates through direct binding to degrada-
tion motifs, typically the Destruction box (D-box; RxxLxxxxN), the
KEN motif, and their variants (Glotzer et al., 1991; Pfleger et al.,
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2001). APC® and cyclin-dependent kinases (CDKs) interact in
complex regulatory networks. Cdh1 and core APC subunits are
phosphorylated, which regulates their interactions and enzymatic
activity (Zachariae et al., 1998; Jaspersen et al., 1999; Sorensen
et al., 2001). Cyclins are an essential class of APC targets, as their
selective degradation redirects CDK activity, thereby changing the
phosphorylation state of numerous proteins. In budding yeast,
Cdc20 promotes the metaphase-to-anaphase transition by ubiqui-
tinating key proteins such as Pds1/securin and the cyclin Clb5,
which contains an N-terminal D-box (Shirayama et al., 1998;
Thornton and Toczyski, 2003). To prevent unscheduled degrada-
tion of APC substrates, Cdc20 and Cdh1 activities are tightly con-
trolled. Cdc20 is an unstable protein that is degraded in an APC-
dependent manner and is a downstream target of the spindle
assembly checkpoint (Prinz et al., 1998; Shirayama et al., 1998;
Foe et al., 2011; Foster and Morgan, 2012). Cdh1 is regulated by
CDK-mediated phosphorylation, its subcellular localization, and its
binding to pseudosubstrate inhibitors (Zachariae et al., 1998;
Jaquenoud et al., 2002; Zhou et al., 2003; Martinez et al., 2006;
Enquist-Newman et al., 2008; Ostapenko et al., 2008).

Most ubiquitinated proteins are rapidly degraded by the 26S
proteasome. However, a substantial number of proteins escape
degradation by undergoing deubiquitination, an enzymatic removal
of ubiquitins carried out by a large family of deubiquitinating en-
zymes (DUBs; Amerik and Hochstrasser, 2004; Reyes-Turcu et al.,
2009; Eletr and Wilkinson, 2014). Based on sequence similarities
and mechanism of catalysis, DUBs are subdivided into five distinct
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groups, including a predominant class of ubiquitin-specific prote-
ases (USPs). Several human USPs have been implicated in cell cycle
control and deubiquitinate selected APC substrates (Li et al., 2002;
Zhang et al., 2006; Stegmeier et al., 2007; Pereg et al., 2010). For
example, USP37 protects cyclin A from APC“4"'-mediated degrada-
tion, enabling efficient transition into S phase (Huang et al., 2011).
Of interest, USP37 association with Cdh1 and its activity toward cy-
clin A are both enhanced by its phosphorylation by CDK. Another
deubiquitinase, USP44, regulates the ubiquitination state of Cdc20
and participates in the spindle assembly checkpoint by preventing
premature activation of APC®¥2 (Stegmeier et al., 2007).

In contrast to humans, which express ~100 DUBs, budding yeast
express only 20 putative deubiquitinating enzymes. All of the yeast
Ubp proteins are encoded by nonessential genes, and individual
(and many multiple) deletions result in only subtle phenotypes, sug-
gesting redundancy in their functions (Amerik et al., 2000; Kouranti
etal., 2010). One of the yeast DUBs, Ubp15, was reported to form a
stable complex with the APC activator Cdh1 (Bozza and Zhuang,
2011). Purified Ubp15 deubiquitinated fragments of Pds1/securin
and cyclin B in vitro, and its activity toward artificial substrates de-
pended on its predicted catalytic residue, Cys-214 (Schaefer and
Morgan, 2011). Similar to several other DUBs, Ubp15 acted more
efficiently to release substrate-proximal ubiquitin  monomers,
whereas extended ubiquitin chains were resistant (Schaefer and
Morgan, 2011). Sequence similarity suggests that Ubp15 is an or-
thologue of human USP7/HAUSP, a DUB implicated in cell cycle
control and DNA damage repair (Li et al., 2002; Khoronenkova
et al., 2012). Among its many cellular functions, USP7 controls the
stability of key regulatory proteins, including p53, PTEN, and FOXO,
and its deficiency leads to increased sensitivity to DNA damage and
predisposition to cancer (Li et al., 2002; Cummins and Vogelstein,
2004; van der Horst et al., 2006; Song et al., 2008). Ubp15 and USP7
share evolutionarily conserved TRAF- and UBL-like domains, impli-
cated in substrate recognition and allosteric regulation, respectively
(Hu et al., 2006; Sheng et al., 2006; Ma et al., 2010; Sarkari et al.,
2010; Faesen et al., 2011).

Given the reported interaction between Ubp15 and Cdh1 and
the sequence similarity between Ubp15 and USP7, we investigated
whether Ubp15 plays a specific role in the budding yeast cell cycle.
We found that in the absence of UBP15, yeast cells exhibited de-
layed progression through S phase and were sensitive to hydroxy-
urea (HU). In ubp 154 cells, the abundance of Clb5 was significantly
decreased due to enhanced APCC'-mediated degradation. On
the basis of these results, we conclude that the opposing activities
of Cdh1 and Ubp15 control CIb5 stability in G1 phase and regulate
the timing of S-phase entry. Deubiquitination and stabilization of
Clb5 by Ubp15 provide a mechanism for promoting the reaccumu-
lation of Clb5 even while the APC is still active.

RESULTS

UBP15 affects the transition from G1 into S phase

Of the known DUB genes in budding yeast, UBP15 is the only one
whose deletion delays cell growth (Amerik et al., 2000). This fact,
plus the recent observation that Ubp15 associates with CdhT,
prompted us to investigate whether Ubp15 has a specific cell cycle
function and to determine what proteins are deubiquitinated by
Ubp15. We first examined whether deletion of UBP15 affected cell
cycle progression. To address this question, we synchronized wild-
type and ubp 154 cells in G1 phase using the mating pheromone o-
factor, released cells from the arrest, and compared their progres-
sion through the next cycle by FACS analysis. Compared to wild-type
cells, ubp15A cells exhibited an ~15-min delay in entering S phase.
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This delay was evident 20 min after release and became more appar-
ent at later time points (Figure 1A). This defect was not due to a slow
Start, as revealed by normal activation of early G1-specific genes
(Figure 2B and Supplemental Figure S1). Further supporting a nor-
mal timing of Start, small budded cells appeared in wild-type and
ubp 154 cells at about the same times (Figures 1C). The slow reduc-
tions in the numbers of cells with small buds and of those with a G
DNA content (Figure 1, A and C) suggests that these cells had a
delayed initiation of DNA replication rather than a delayed progres-
sion through S phase (see also later discussion).

Instability of Clb5 in ubp154 cells

Normal S-phase progression in budding yeast requires the activity
of the Cdc28 cyclin-dependent protein kinase in association with S-
phase cyclins Clb5 and Clbé. Although Clb5 and Clbé are partially
redundant, Clb5 plays a predominant role, as only clb54 cells ex-
hibit specific S-phase defects, such as delays in firing of late-acti-
vated origins of DNA replication (Epstein and Cross, 1992; Schwob
and Nasmyth, 1993). The bulk of Clb5 is degraded during mitosis
via APCCd20 (Irniger and Nasmyth, 1997; Shirayama et al., 1998).
Indeed, ClIb5 is considered an essential substrate of APCCd20 pe-
cause its stabilization prevents cell division (Shirayama et al., 1998;
Thornton and Toczyski, 2003). Less is known about the degradation
of Clb5 by APC® in G1.

We asked whether the stability of Clb5 or Clbé might be com-
promised in the absence of Ubp15, as this could explain the de-
layed S-phase progression. After release from G1 arrest, endoge-
nous Clb5 levels increased rapidly in wild-type cells, reached a
maximum ~20-30 min after the release, and then declined in the
following M phase (Figure 2A). Clbé was expressed slightly earlier
than Clb5. In ubp154 cells, both proteins appeared at the same
time as in wild-type cells. However Clb5, but not Clbé, accumulated
to a lower level and took longer to reach its relative maximum after
30-40 min from the release (Figure 2B). Because Clb6é was not af-
fected by the presence of Ubp15, the following analysis focuses on
Clb5.

To determine whether these differences in Clb5 accumulation
resulted from a change in the rate in CIb5 synthesis or in its rate of
degradation, we compared Clb5 stability in wild-type and ubp 154
mutant cells. We focused on G1, when Clb5 begins to accumulate
in order to promote S phase. We arrested cells in G1 and exam-
ined Clb5 stability after promoter shut-off and the addition of
cycloheximide to inhibit protein synthesis. In agreement with pre-
vious reports, we observed that Clb5 was moderately unstable in
wild-type cells, with an apparent half-life of ~20 min (Figure 2, C,
lanes 1-5, and D). However, Clb5 expression and stability were
significantly lower in ubp154 cells, (Figure 2, C, lanes 6-10, and
D). The increased Clb5 turnover was specific for ubp154 cells, as
it was not observed in several other UBP deletion mutants or
other stages of the cell cycle (Supplemental Figure S2, A and B).
Thus one of the functions of Ubp15 is to maintain normal levels of
Clb5 during G1 by protecting it from ubiquitin-mediated
degradation.

APCCh1 regulates Clb5 stability in G1 phase

Although early studies focused on the degradation of CIb5 in M
phase via APCS¥2, CIb5 is also unstable at other stages of the cell
cycle. We sought to determine whether APCC"" is responsible for
the rapid degradation of Clb5 in G1 phase of ubp154 cells. We
used a cdc28-13 temperature-sensitive mutant to arrest wild-type
and various mutant cells in G1. Although Clb5 was unstable in
cdc28-13 cells (Figure 3A, lanes 1-6), in which APCC" activity was
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FIGURE 1: UBP15 activity is required for normal progression through S phase. (A) Wild-type and ubp154 cells were
synchronized in G1 phase in the presence of the mating pheromone a-factor and released from the arrest. The
progression of the synchronized cells through the next cell cycle was monitored by FACS analysis. (B) The ratios of the
numbers of cells with 2N and 1N DNA contents as determined by FACS analysis were calculated and plotted for each
time point. The plots represent dynamical changes in 2N:1N content for wild-type and ubp154 strains. (C) The
percentage of small-budded cells was determined in wild-type, ubp154, and ubp154 2xCLBS5 cells at the indicated times

after release from a G1 phase arrest as in A.

high, it was fully stabilized in the absence of CDH1, indicating that
Clb5 degradation was mediated by APCC (Figure 3A, lanes 7-12).
Similarly, CIb5 in ubp154 cells was fully stabilized by deletion of
CDH1 (Figure 3A, lanes 13-18) or mutation of the Clb5 D-box
(Figure 2, C, lanes 11-15, and D), indicating that the rapid degrada-
tion of CIb5 in the absence of Ubp15 was still mediated by APCCn?,

We also examined whether Ubp15 could deubiquitinate Clb5 in
vitro. To produce a substrate for Ubp15, we ubiquitinated a D-box-
containing N-terminal fragment of Clb5 by APCCd" (Figure 3B).
Because Ubp15 preferentially removes substrate-proximal ubiqui-
tins (Schaefer and Morgan, 2011), we performed Clb5 ubiquitina-
tion reactions in the presence of methyl-ubiquitin to prevent forma-
tion of polyubiquitin chains. Ubp15 activity was tested by adding
purified glutathione S-transferase (GST)-Ubp15 to these Clb5 ubig-
uitination reactions. We found that wild-type Ubp15 efficiently re-
versed Clb5 ubiquitination, whereas catalytically inactive Ubp15-
C214A did not (Figure 3C). Thus reactions containing purified
Cdh1 and Ubp15 could recapitulate the dynamic balance between
ubiquitination and deubiquitination that determines the stability of
Clb5.
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Increased CLB5 dose rescues the cell cycle defect
of ubp154 cells
If enhanced degradation of Clb5 is the cause of the cell cycle phe-
notypes of ubp 154 cells, then we should be able to suppress these
phenotypes by restoring Clb5 to wild-type levels in ubp 154 cells or
mimic these phenotypes by reducing Clb5 levels in wild-type cells.
We first tried to restore CIb5 levels. In a preliminary set of experi-
ments, we noticed that constitutive expression of CLB5 from a
GAL1p promoter inhibited growth of ubp 154 cells, presumably due
to delayed exit from mitosis caused by excess Clb5. Therefore we
attempted to increase CLB5 expression gradually by adding extra
copies of the gene expressed from its own promoter. We found that
addition of one or two extra copies of CLB5 was sufficient to in-
crease Clb5 levels without any cell toxicity (Figure 4A). Indeed, a
single extra copy of CLB5 (2x CLB5) was sufficient to restore Clb5
expression to normal levels in ubp 154 cells, and the Clb5 showed a
normal cell cycle timing of accumulation and degradation (Figure
4B, bottom).

We asked whether the restoration of CIb5 levels could suppress
the cell cycle phenotype of ubp154 cells. To address this question,
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FIGURE 2: Ubp15 stabilizes Clb5. (A, B) Wild-type (A) and ubp 154 (B) cells were synchronized
and released from G1 arrest as in Figure 1A. The abundance of endogenous Clb5-TAP and
Clb6-Myc was determined by immunoblotting with anti-TAP and anti-Myc antibodies,
respectively. The blots were stripped and reprobed with anti-PSTAIR antibodies to detect Cdc28
as a loading control. (C) The expression of GAL1p-CLB5 (lanes 1-10) and CLB5-mdb (lanes
11-15) was induced in a-factor-arrested wild-type and ubp 154 cells. The levels of Clb5-TAP
were determined by immunoblotting as in A at the indicated times after addition of 2%
dextrose and 500 pg/ml cycloheximide. (D) The Clb5 levels in C were quantitated using ImageJ
software (National Institutes of Health, Bethesda, MD), normalized, and plotted.

we synchronized wild-type, ubp154, and ubp154 2xCLB5 cells in
G1 phase, released cells from the arrest, and monitored their pro-
gression through a new cell cycle by fluorescence-activated cell
sorting (FACS) analysis. Under these conditions, ubp154 cells dis-
played a significant delay in the G1/S transition, which we previously
correlated with the deficiency of Clb5 (Figures 1A and 5A). Signifi-
cantly, a single extra copy of CLB5 allowed these cells to proceed
from G1 through S phase without any delay, as judged by FACS
analysis (Figure 5, A and B) and budding index (Figure 1C). The
same rescue was observed with two additional copies of CLB5 (3x
CLBS5) (Supplemental Figure S3A), whereas wild-type cells did not
demonstrate significant cell cycle progression changes in the pres-
ence of extra copies of CLB5. Therefore increased Clb5 expression
was sufficient to rescue the slow-growth phenotype of ubp 154 cells,
which provides strong support for the idea that Clb5 might be a key

2208 | D. Ostapenko et al.

-sesesewe>» Clbs5

1 12 13 14 15

< ubp15A Clb5-mdb

-0~ ubp15A CIb5

0 10 20 30 40

Introduction of a KEN box accelerates
Clb5 degradation

Compared to Clb2 and other APC sub-
strates, Clb5 is relatively stable and accumu-
lates toward the beginning of S phase. Al-
though Clb2 shares significant sequence
similarity with CIb5, it carries both a D-box
and a KEN box, whereas Clb5 only contains
a D-box motif. We wondered whether the
observed differences in stability might be
attributed to the lack of a KEN box within
Clb5. To test this prediction, we introduced
a KEN box into CIb5 by altering a single
amino acid within an EENxxP sequence in
Clb5 that resembled a KEN box and was
conveniently located downstream to the
Clb5 D-box. The resulting CLB5-KEN, which
carried the natural Clb5 D-box and an opti-
mized KENxxP motif, was fully functional, as
it complemented the HU sensitivity of clb54
cells (Figure 6E; see later discussion). Clb5-
KEN was highly unstable in G1-arrested
cells, in sharp contrast to the slow degrada-
tion of wild-type Clb5 (Figures 6A and 2C).
We next asked whether the newly created
KEN motif functions independently of or in
parallel with the well-characterized N-terminal D-box. Mutation of
the D-box stabilized both wild-type Clb5 (Figure 2C) and Clb5-KEN
(Figure 6A), indicating that the KEN box cannot promote Clb5 deg-
radation independent of the D-box. Thus a KEN box can increase
the rate of Clb5 turnover, but its function still relies on a functional
D-box.

Because insertion of the KEN box enhanced Clb5 degradation,
we wondered whether the rate of Clb5-KEN degradation would ac-
celerate even further in the absence of UBP15 or if only D-box sub-
strates are sensitive to the presence of Ubp15. We found that the
half-life of Clb5-KEN was the same in wild-type and ubp154 cells
(Figure 6, A and B). Therefore Ubp15 did not have a stabilizing ef-
fect on the rapidly degraded Clb5-KEN.

We conclude that Clb5-KEN is ubiquitinated sufficiently
quickly that few molecules are deubiquitinated by Ubp15 before
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FIGURE 3: APCC" mediates Clb5 degradation during G1 phase. (A) Strains carrying the temperature-sensitive
cdc28-13 allele and the indicated additional mutations were arrested in G1 phase by shift to the nonpermissive
temperature. The expression of GAL1p-CLB5 was induced and Clb5 levels analyzed after addition of dextrose and
cycloheximide as in Figure 2C. The levels of Clb5 protein in the indicated yeast strains was measured, normalized, and
plotted as in Figure 2D. (B) APC-dependent ubiquitination of Clb5-N150 in the absence (lane 1) and presence (lane 2)

of Cdh1. HA-CIb5 and its ubiquitin conjugates were detected by immunoblotting with 12CA5 antibodies to the HA tag.
(C) 35S-labeled Clb5 was ubiquitinated by APC®" in the presence of methyl-ubiquitin (lanes 2-4). Ubiquitination
reactions also contained Ubp15 (lane 3) or catalytically inactive Ubp15-C214 (lane 4), as indicated. The reaction products

were visualized by autoradiography.

the protein is degraded by the proteasome. Because Ubp15 has
a preference for monoubiquitinated substrates (Schaefer and
Morgan, 2011), it is possible that the first ubiquitins on Clb5-
KEN are more rapidly diubiquitinated than deubiquitinated. The
situation may be reversed on a less efficient substrate such as
wild-type CIb5, in which case the first ubiquitin may be more
likely to be deubiquitinated by Ubp15 than elongated by
APCCdht,
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Expression of Clb5-KEN does not phenocopy the delayed

S phase seen in ubp15A4 cells

Because deletion of UBP15 reduces the stability of Clb5, we won-
dered whether the replacement of Clb5 with the less stable Clo5-
KEN might mimic some of the phenotypes observed in ubp154
cells. To address this question, we first examined the levels of Clb5
and CIb5-KEN in synchronized cells. Although CIb5-KEN was
expressed as expected in late G1 and fluctuated in synchronized
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FIGURE 4: An extra copy of CLB5 restores near wild-type Clb5 expression in ubp154 cells.

(A) Expression of Clb5 in asynchronous cultures of ubp154 cells carrying 1xCLB5-TAP (lane 1),
2xCLB5-TAP (lane 2), and 3xCLB5-TAP (lane 3). Cell extracts were immunoblotted with PAP
antibodies to detect the TAP-tagged Clb5 proteins. (B) Wild-type and ubp 154 cells carrying one
or two copies of CLB5-TAP were released from G1 arrest and probed for the presence of Clb5

at the indicated times.

cultures, its overall stability and its levels were significantly lower than
those of Clb5 (Figure 6C). Previous studies demonstrated that clb54
cells exhibit a delayed progression through S phase (Epstein and
Cross, 1992; Schwob and Nasmyth, 1993). Similarly, we expected
that cells expressing reduced levels of Clb5-KEN would also exhibit
a cell cycle delay. However CLB5-KEN cells progressed normally
through G1 and S phase (Figure éD), in sharp contrast to the modest
delay in clb54 cells and the strong delay in ubp 154 cells (Figures 1A
and 6D). In addition, deletion of CLB5 or UBP15 increased sensitivity
to HU, whereas CLB5-KEN cells had the same sensitivity as wild-type
cells (Figure 6E). These results indicate that even the low activity of
Clb5 present in Clb5-KEN cells was sufficient to rescue the cell cycle
delay and HU sensitivity of clb54 cells. Because CLB5-KEN UBP15
and ubp154 cells express similar levels of Clb5 but the latter have a
striking cell cycle delay, we conclude that CIb5 is not the only target
of Ubp15 important for the cell cycle phenotypes of ubp154 cells.
This other Ubp15 substrate is unlikely to be Clbé, which is similar in
sequence to Clb5 and also functions to promote S phase, since si-
multaneous deletion of CLB5 and CLB6 leads to a delayed progres-
sion through S phase rather than the apparent delay in initiating S
phase observed in ubp154 cells (Figure 6D).

Ubp15 interacts independently with Cdh1 and Clb5

Previous studies demonstrated that Ubp15 forms a complex with
Cdh1 but did not establish the functional significance of this interac-
tion (Bozza and Zhuang, 2011). An intriguing possibility is that Cdh'1
binds to both Ubp15 and an APC substrate such as Clb5, bringing
them together to promote substrate deubiquitination. The pres-
ence of both ubiquitinating and deubiquitinating activities within a
single complex has been observed and has been proposed as a
mechanism for achieving fine regulation of substrate levels (Wertz
et al., 2004; Kee et al., 2005). To explore this hypothesis, we first
verified the specificity of the Cdh1-Ubp15 interaction by comparing
the binding of a panel of DUB proteins in yeast extracts to Cdh1
immobilized on beads (Figure 7A). Confirming earlier reports,
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not be necessary for the deubiquitination of
Clb5 by Ubp15. We tested this prediction
by examining the half-life of Clb5 ubiquiti-
nated by APCC420 in the absence of CDH1.
Clb5 was stable in cdh14 G1 cells (Figures
3A and 7C, lanes 1-5) but became slightly
unstable upon constitutive expression of
CDC20 (Figure 7C, lanes 6-10). Deletion of
UPB15 enhanced the degradation of CIb5 in
the presence of Cdc20 (Figure 7C, lanes
11-15) but had no effect on Clb5 stability in
cdh1A cells in the absence of expressed
Cdc20 (Figure 3A). Thus Cdh1 does not
serve as a bridge facilitating deubiquitination of Clb5 by Ubp15,
and another function will need to be sought for the interaction of
Ubp15 with Cdh1.

DISCUSSION

The key regulators of cell cycle progression in yeast and in higher
eukaryotes are highly conserved, including key regulatory modules
such as the anaphase-promoting complex and cyclin-dependent
protein kinases. The human genome encodes ~98 DUBs, several of
which play important roles in the cell division cycle (Song and Rape,
2008; Eletr and Wilkinson, 2014). We examined whether a yeast
DUB, Ubp15, which has significant sequence similarity to human
USP7/HAUSP, regulates the yeast cell cycle. We demonstrated that
in the absence of UBP15, yeast cells delayed progression into
S phase and this phenotype correlated with an increased instability
of cyclin Clb5. Ubp15 interacted with and deubiquitinated Clb5 in
vitro, and restoration of normal CIb5 levels rescued the cell cycle
phenotypes of ubp 154 cells. Therefore it appears that Ubp15 func-
tions to protect Clb5 from APC-mediated ubiquitination, thereby
promoting timely cell entry into S phase. Of interest, although Clb5
instability is required for the S-phase phenotypes of ubp 154 cells, it
is not sufficient for these phenotypes, and Ubp15 appears to stabi-
lize an as-yet-unidentified protein whose degradation also contrib-
utes to delayed S phase.

The activity of the Clb5-Cdc28 protein kinase complex plays
multiple roles during DNA replication and mitosis (Epstein and
Cross, 1992; Schwob and Nasmyth, 1993). Clb5-Cdc28 phosphory-
lates several proteins involved in the assembly of prereplication
complexes, such as Cdcé, ORC, and Mcm2-7, preventing unsched-
uled DNA rereplication (Nguyen et al., 2001). Clb5-Cdc28 also reg-
ulates the stability and positioning of the mitotic spindle by phos-
phorylating Fin1 and Kar9 (Moore et al., 2006; Woodbury and
Morgan, 2007). Given its roles in cell cycle control, it is not surprising
that Clb5 levels are tightly regulated. In early G1, the MBF transcrip-
tion factor promotes CLB5 transcription, but Clb5-Cdc28 remains
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FIGURE 5: An extra copy of CLB5 restores a normal cell cycle to ubp154 cells. (A) Wild-type and ubp 154 strains
carrying one or two copies of CLB5-TAP were released from G1 arrest, and their progression through the cell cycle was
monitored by FACS analysis. The asynchronous sample of ubp154 cells is the same as in Figure 1A. (B) Plots of the ratios
of the numbers of cells with 2N and 1N DNA contents in A. (C) Serial dilutions of the indicated strains were spotted on
YPD plates in the absence and presence of 100 mM hydroxyurea. Plates were incubated for 2 d at 30°C.

inactive due to binding to the inhibitory protein Sic1. Clb5-Cdc28
becomes active in late G1 after the degradation of Sic1 and remains
active until mitosis, when APC®¥2 targets Clb5 for proteasome-
mediated degradation (Feldman et al., 1997; Irniger and Nasmyth,
1997, Shirayama et al., 1998). In addition to APC4<?°, other mecha-
nisms regulate Clb5, which is unstable throughout most of the cell
cycle (Sari et al., 2007).
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Like most APCCd20 sybstrates, Clb5 is also a substrate for
APCC, 3 dual mechanism that works well for proteins that do not
function again until after G1. However, some APCC920 sybstrates
are needed again in G1, even while APC®"" is still active. Some
proteins, such as the Mps1 protein kinase (Jaspersen et al., 2004)
and the Nrm1 transcriptional repressor (Ostapenko and Solomon,
2011), appear to be stabilized after their phosphorylation,
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FIGURE 7: The interaction of Ubp15 with Cdh1 is not necessary for deubiquitination of CIb5. (A) Cdh1-bead binding
assay. Yeast extracts carrying the indicated UBP-TAP fusion proteins were incubated with empty (odd lanes) or Cdh1-
bound beads (even lanes). Protein binding to the beads was detected using PAP antibodies. (B) Ubp15-bead binding
assay. Yeast extracts from TAP-tagged strains were incubated with GST-Ubp15 beads, and bound proteins were
visualized by immunoblotting with PAP antibodies. The bands shown in each row were from the same gel and had
similar exposures. (C) Strains cdc28-13 cdh1A (lanes 1-5), cdc28-13 cdh14 GAL-CDC20 (lanes 6-10), and cdc28-13 cdh14
ubp 154 GAL-CDC20 (lanes 11-15) were arrested in G1 phase by growth at the nonpermissive temperature (37°C) for

3 h. The expression of CDC20 and CLB5 was induced, and the stability of Clb5 was examined after addition of
cycloheximide as in Figure 3A. The relative levels of Clb5 in each strains were quantitated and plotted as in Figure 2D.

FIGURE 6: Insertion of a KEN box transforms CIb5 into a better APCC"" substrate but does not phenocopy ubp 154
cells. (A) Clb5, CIb5-K¥EN, and Clb5-mdb-K&EN were expressed from a GAL1p promoter in a-factor-arrested cells. The
levels of CIb5-TAP were determined by immunoblotting as in Figure 2C at the indicated times after addition of 2%
dextrose and 500 pg/ml cycloheximide. (B) The CIb5 levels in A were quantitated using ImageJ software, normalized, and
plotted. (C) Pattern of Clb5 and CIb5-K¥EN expression in cells synchronized in G1 and released. TAP-tagged proteins
were detected by immunoblotting. (D) The indicated strains were synchronized in G1 and released from the arrest, and
their progression through the cell cycle was monitored by FACS analysis. The ubp154 samples are the same as in Figure
1A, as is the asynchronous wild-type sample. (E) Wild-type, ubp154, clb54, and CLB5-K®EN cells were serially diluted and
plated on YPD in the absence or presence of 100 mM HU. The plates were incubated for 2 d at 30°C and photographed.
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presumably by Cdc28 bound to one of the CIn proteins. Similarly,
Clb5 is needed in late G1 in order to promote entry into S phase. As
we showed, its mechanism for G1 stabilization relies on deubiquiti-
nation by Ubp15 before Clb5 can be degraded by the proteasome.
A couple of biochemical properties have been optimized to pro-
mote this regulation of Clb5 stability. Even in the absence of Ubp15,
Clb5 is a suboptimal APC®" substrate whose degradation might
be slower than that of many other, “good” APC substrates. One
reason for the slow ubiquitination of Clb5 by APC" is likely the
absence of a conserved KEN box, which is typically more important
for the ubiquitination of proteins by APC®? than by APCCd20, |n-
deed, introduction of a KEN box into Clb5 via a single amino acid
change accelerated its degradation. The slow ubiquitination of Clb5
by APC®" couples nicely with the preference of Ubp15 for monou-
biquitinated substrates (Schaefer and Morgan, 2011). In this way,
Ubp15 is well positioned not just to prevent the degradation of Clb5
in G1, but more generally to serve an editing or proofreading role in
preventing the degradation of slowly or accidentally ubiquitinated
proteins.

Ubp15 binds to Cdh1, which raised the possibility that Cdh1
might bridge ubiquitination and deubiquitination activities within a
single complex, possibly serving to enhance the fidelity of substrate
ubiquitination. Ubiquitin proteases often associate with other pro-
teins, which regulate their substrate specificity and enzymatic activ-
ity (Amerik and Hochstrasser, 2004; Reyes-Turcu et al., 2009; Eletr
and Wilkinson, 2014). For example, yeast Ubp8 is activated by in-
corporation into the SAGA complex, which directs its deubiquitina-
tion activity toward DNA-associated proteins (Henry et al., 2003).
Previous work demonstrated that Cdh1 binding did not increase the
enzymatic activity of Ubp15 toward model substrates (Bozza and
Zhuang, 2011). We further showed that Ubp15 interacted with Clb5
directly and that the presence of Cdh1 was not required for Ubp15
to stabilize Clb5 (Figure 7, B and C). Thus the physiological function
of the binding of Ubp15 to Cdh1 remains undetermined.

There are several interesting parallels between the regulation of
S-phase cyclins in budding yeast and in human cells. Both cyclin A
and CIb5 are ubiquitinated by the APC in mitosis and G1 phase
through Cdc20 and Cdh1, respectively (Ohtoshi et al., 2000; Geley
et al., 2001; Jacobs et al., 2001). Both cyclin A-and Clb5-directed
protein kinases phosphorylate Cdh1, preventing its association with
the core APC (Zachariae et al., 1998; Lukas et al., 1999). We demon-
strated that Clb5 stability depends on deubiquitination by Ubp15.
In human cells, the USP37 deubiquitinating enzyme forms a com-
plex with human Cdh1 and selectively attenuates cyclin A ubiquiti-
nation, which allows CDK-cyclin A to initiate the transition into S
phase (Huang et al., 2011). USP37 is an unstable protein that is itself
targeted by APCC! and SCFPTR? complexes during G1 and G2,
respectively (Huang et al., 2011; Burrows et al., 2012). It remains to
be elucidated whether Ubp15 activity changes during the budding
yeast cell cycle. These parallels raise the interesting possibility that
the regulation of S-phase cyclins has been evolutionarily conserved
based on a fine balance between the rates of ubiquitination and
deubiquitination.

MATERIALS AND METHODS

Yeast strains and plasmids

Yeast strains were derivatives of W303a (ade2-1 trp1-1 leu2-3, 112
his3-11, 15 wura3-1; Rothstein, 1991). The cdhiA (W303a
cdh1::natMX4) and conditional cdc28-13 (W303a cdc28-13::URA3)
strains were described previously (Ostapenko et al., 2008). The
clb6A (W303a clbé::ADET) and CLB6-Myc (W303a barT) strains were
provided by Steven Haase (Duke University, Durham, NC; Jackson
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et al., 2006). Construction of ubp154 (W303a ubp15::natMX4) and
clb5A (W303a clb5::natMX4) strains was accomplished by a PCR-
based method. Gene disruptions were verified by PCR using a
primer downstream of the deleted gene and a primer internal to
natMX4.

The CLB5-TAP and UBP15-TAP strains were isolated from a TAP
library (Ghaemmaghami et al., 2003; GE Healthcare, Pittsburgh, PA),
and cell extracts from these strains were used in Cdh1-binding as-
says (see later description). CLB5-TAP was amplified from the TAP
library and cloned into YCplac22-GAL. The resulting plasmid was
used as template to introduce mutations within the D-box and intro-
duce a KEN box-like regulatory motif. The following sites were al-
tered: RRAL — 5SARAA (mdb) and ¥EENIRP — 8KENIRP (KEN).
CLB5-TAP-Ylplac128 and CLB5-TAP-Ylplac211 were made by inser-
tion of the CLB5p promoter (800 base pairs) and gene coding se-
quence into the indicated plasmids. The resulting plasmids were
integrated into the yeast genome within the LEU2 and URA3 loci,
respectively. All constructs and introduced mutations were verified
by DNA sequencing of the entire coding regions by the Keck Facility
(Yale University, New Haven, CT).

Cell growth and synchronization

Cells were grown in yeast extract/peptone/dextrose (YPD) and in
complete minimal (CM) medium as described (Guthrie and Fink,
1991). Cells were arrested in G phase by incubation with 100 ng/m
mating pheromone o-factor (bar1A4 strains) or growth at 37°C for 3 h
(cdc28-13 strains). For cell synchronization, bar1A strains were ar-
rested by incubation in 50 ng/ml a-factor for 3 h at 30°C; cells were
washed and released into pre-warmed YPD medium. For analyses
of protein stability, cells were grown in YP-raffinose to mid exponen-
tial phase (ODyqp of ~0.4). Galactose was added to 2% for 50 min at
30°C, followed by addition of cycloheximide (500 pg/ml; MP Bio-
medicals, Santa Ana, CA) and 2% dextrose as described (Ostapenko
et al., 2008).

Yeast extracts and immunoblotting

Cell extracts were prepared by shaking cell suspensions with glass
beads as described (Ostapenko et al., 2008). Proteins were sepa-
rated by SDS-PAGE and transferred to an Immobilon-P membrane
(Millipore, Danvers, MA). TAP-tagged proteins were detected
by probing the membranes with peroxidase-antiperoxidase (PAP,
1 pg/ml; Sigma-Aldrich, St. Louis, MO) antibodies followed by
visualization by chemiluminescence (SuperSignal; Pierce). Cdc28
was detected with anti-PSTAIR antibodies (Solomon et al., 1992).

Cdh1-and Ubp15-binding assays

Hexahistidine (Hisg)-Cdh1 was expressed in baculovirus-infected
cells as described (Burton et al., 2005). GST-Ubp15 was expressed in
Escherichia coli and purified on glutathione-Sepharose beads (GE
Healthcare) according to the manufacturer's instructions. Beads
containing recombinant proteins were incubated with yeast extracts
as previously described (Ostapenko et al., 2008). Binding of the
TAP-tagged proteins to Hiss-Cdh1 and GST-Ubp15 beads was visu-
alized using PAP antibodies (1 pg/ml; Sigma-Aldrich).

Ubiquitination and deubiquitination assays

Clb5-N150 (+1 to +150) carrying an N-terminal hemagglutinin (HA)
tag and full-length Clb5 were synthesized using the TNT T7 quick-
coupled transcription-translation system (Promega, Madison, WI) in
the presence of [¥*Smethionine (PerkinElmer). Ubiquitination assays
were performed using purified Uba1 and APC/C from yeast, recom-
binant yeast Ubc4 produced and purified from E. coli, and yeast
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Hisg-Cdh1 produced and purified from baculovirus-infected insect
cells as previously described (Ostapenko et al., 2008). Ubiquitinated
proteins were visualized by autoradiography ([**S]CIb5). For deubig-
uitination assays, the ubiquitination reaction was performed as de-
scribed with [*°S]CIb5, followed by addition of EDTA to 3.0 mM.
Approximately 250 ng of wild-type or 500 ng of C214A Ubp15-TAP
purified from yeast was then added to the reaction for an additional
30 min. Reaction products were visualized as described.

FACS analysis

Yeast cells from 2-ml cultures (Agqg = 0.5) were fixed in 70% ethanol
for 2 h at 23°C. Cell pellets were washed, incubated with 10 pg/ml
RNaseA in 50 mM Tris-Cl (pH 8.0) overnight at 37°C, suspended in
5 mg/ml pepsin (Sigma-Aldrich) and 55 mM HCI, and incubated for
30 min at 37°C. Fixed cells were suspended in 0.5 ml of 50 pg/ml
propidium iodide (Sigma-Aldrich) and analyzed on a FACSCalibur
cell analyzer (BD Biosciences, San Jose, CA) according to the manu-
facturer's instructions using linear parameters. The profiles were
analyzed by CellQuest software (Becton Dickinson).
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