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ABSTRACT
The budding yeast Cdcl4 phosphatase reverses Cdkl phosphorylation to promote mitotic exit.
Although Cdcl4 activity is thought to be restricted to anaphase, we found that dephosphorylation of the
Dsnl kinetochore protein in metaphase requires Cdcl4. These data suggest that there is a nonnucleolar

pool of active Cdcl4 prior to anaphase.

HE master regulator of cell cycle progression,
Cdkl1, drives the entry into S phase and mitosis by
phosphorylating hundreds of substrates (NURSE 1990;
MorcaN 1997). To exit mitosis, Cdkl-dependent
phosphorylation must be reversed and Cdkl must be
inactivated (SULLIVAN and MoRrGAN 2007). The bud-
ding yeast Cdcl4 phosphatase is essential for mitotic
exitand is thus tightly controlled to ensure the accurate
order of events (D’AMoOURs and Amon 2004; QUERALT
and UHLMANN 2008; DE Wulf ¢t al. 2009; MocciARO and
ScHIEBEL 2010). Cdcl4 is sequestered in the nucleolus
from GI until the onset of anaphase when it is released
into the nucleus and cytoplasm to dephosphorylate
Cdk1 substrates and promote mitotic exit (JASPERSEN
et al. 1998; VISINTIN ef al. 1998, 1999; SHOU et al. 1999;
TRAVERSO et al. 2001; Lu and Cross 2010; MANZONI
et al. 2010). Although it has been thought that Cdcl4 is
inhibited during metaphase, recent work suggests that
there is a pool of active Cdcl4 in the nucleolus prior to
anaphase onset (GEIL et al. 2008). Consistent with this,
Cdcl4 dephosphorylates one of its activators, Spol2,
during metaphase in the nucleolus (TomsoN el al
2009). However, it is not known whether Cdcl4 is active
outside of nucleolus during metaphase or whether it
dephosphorylates additional targets prior to anaphase.
Dsn1 is an essential, conserved component of the Mis12
kinetochore subcomplex that is critical for kinetochore
assembly, and the protein has not been detected in
the nucleolus (EUSKIRCHEN 2002; PINSKY et al. 2003).
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Despite the importance of Dsnl in kinetochore assembly
and function (CHEESEMAN and Desar 2008), little is
known about the regulation of the Dsnl protein. Here,
we show that a Cdkl site on Dsnl is dephosphorylated
prior to anaphase in a Cdcl4-dependent manner.
During the course of our studies on the Dsnl
kinetochore protein, we detected a cell cycle-dependent
electrophoretic mobility shift. Cells containing Dsnl-
HA released from a Gl arrest showed a dynamic
migration pattern, high at 40-60 min when cells form
buds (S phase) and low at 80-100 min (M phase)
(Figure 1A). We confirmed the cell cycle stages by
monitoring the levels of the anaphase inhibitor, Pdsl
(Figure 1A). Dsnl protein levels did not noticeably
fluctuate during the cell cycle (Figure 1A). Dsnl is
known to be phosphorylated by multiple kinases in-
cluding Cdkl and Ipll ((WESTERMANN et al. 2003;
GRUHLER el al. 2005; ALBUQUERQUE et al. 2008;
B. AxrvosH1 and S. BIGGINS, unpublished data), sug-
gesting that the mobility shift may represent phosphor-
ylation. We therefore repeated the experiment by
releasing ipl1-321 (Aurora kinase), cdc5-1 (Polo kinase),
or mpsl-1 (Mpsl kinase) temperature-sensitive mutants
from G1 to the restrictive temperature and found that
the Dsn1 mobility shift still occurred, similar to wild-type
(WT) cells (supporting information, Figure S1). We
hypothesized that the potential phosphorylation shift
could be due to Cdkl/Cdc28 activity, but we could not
perform a similar experiment because cells do not
progress through the cell cycle without Cdkl activity
(REED 1980). We therefore tested whether mutation of
Cdkl consensus sites altered Dsnl mobility. Although
there are six potential Cdkl consensus sites (S/T-P) in
Dsnl, Ser264 is the only conserved site within the
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Ficure 1.—Cdcl4 dephosphorylates Dsnl prior to ana-
phase. (A) Dsnl-HA shows a cell-cycle dependent mobility
shift. Cells containing Dsnl-HA and Pdsl-Myc (SBY6079)
were released from GI into complete media in the presence
or absence of 15 pg/ml nocodazole at room temperature, ly-
sates were prepared, and Dsn1-HA was monitored for mobil-
ity shift by immunoblotting as previously described (B1GGINS
et al. 1999). Decreased mobility shifts are indicated by lines
above immunoblots. Pgkl was used as a loading control,
and Pds1-Myc was used to monitor cell cycle progression.
Yeast strains used in this study are listed in Table 1. (B and
C) Ser264 phosphorylation is largely responsible for the mo-
bility shift of Dsn1-HA. Lysates were prepared from asynchro-
nously growing cells (B) or Gl-released cells (C) expressing
Pds1-Myc and either Dsnl-WT-HA (SBY5866) or Dsnl-
S264A-HA (SBY5770) and immunoblotted with anti-HA
and anti-Myc antibodies. (D) Cdc14 dephosphorylates Dsnl
prior to anaphase. The experiment in A was repeated using
CDCI4 (SBY6079) or cdcl4-1 (SBY6085) cells containing
Dsnl-HA and Pdsl-Myc that were released to 37°. (E)
Cdcl14 is required to maintain the dephosphorylated status
of Dsnl during a preanaphase arrest. CDCI4 (SBY6079) or
cdc14-1 (SBY6085) cells were arrested with nocodazole for
3 hr and then shifted to 37° for 30 min. (F) The phosphory-
lation restored during a nocodazole arrest largely depends on
Ser264 phosphorylation. The experiment in E was repeated
using cdcl4-1 cells containing Dsn1-S264A-HA (SBY9188)
or Dsn1-WT-HA (SBY9187).

Saccharomyces lineage. When we mutated S264 to
alanine, the Dsnl mobility shift was reduced in both
asynchronous (Figure 1B) and S phase cells (Figure
1C), suggesting that phosphorylation on S264 is largely
responsible for the mobility shift on these gels. We
confirmed that cell cycle progression was similar in WT
and dsnl-S264A mutant cells (Figure 1C).

The time of Dsnl dephosphorylation correlates with
kinetochore biorientation (GosHIMA and YANAGIDA
2000 and data not shown), so we tested whether it
depends on biorientation by treating cells with nocoda-
zole, a microtubule depolymerizing drug. When cells
containing Dsnl-HA were released from G1 into noco-
dazole, Dsn1 migrated similarly to untreated cells (Figure
1A). These data suggest that Dsnl dephosphorylation
occurs independently of kinetochore-microtubule at-
tachment or biorientation. However, these results were
surprising because the Cdcl4 phosphatase that dephos-
phorylates Cdkl sites is thought to be inhibited during
a nocodazole arrest (e.g., VISINTIN et al. 1998). We
therefore tested whether Cdcl4 is required for the
mobility shift by releasing WT and cdcl4-1 cells into
nocodazole at the restrictive temperature. Strikingly,
Dsnl was dephosphorylated in WT but not in cdcl4-1
mutant cells, strongly suggesting that Cdcl4 dephos-
phorylates Dsnl prior to anaphase onset (Figure 1D).
We confirmed that the cells stay arrested prior to
anaphase because Pdsl was not degraded (Figure 1D).
In addition, we obtained similar results when cells were
released into the cell cycle in the absence of nocodazole
(data not shown). To further validate that the dephos-
phorylation occurs prior to anaphase, we arrested WT
and cdcl4-1 cells with nocodazole for 3 hr and then
shifted them to restrictive temperature for 30 min
(Figure 1E). In c¢dc14-1 cells, Dsnl phosphorylation was
restored, suggesting that Cdc14 maintains the dephos-
phorylated status of Dsnl during the preanaphase arrest.
This mobility change largely depends on the phosphor-
ylation of S264 because the Dsn1-5264A mutant showed
only slight rephosphorylation (Figure 1F).

To ensure that the Dsnl mobility shifts were indeed
monitoring Cdkl-dependent phosphorylation of S264,
we generated a phospho-specific antibody. Although
the antibody could not be used on whole cell lysates due
to a high background signal, it showed a specific signal
against immunoprecipitated Dsnl protein. We con-
firmed that the antibody specifically recognized phos-
phorylated Dsnl because it reacted with wild-type Dsnl
that had been immunoprecipitated, but not with the
Dsn1-S264A mutant (Figure 2A). The phosphorylation
was reduced when Cdkl was inhibited using an analog-
sensitive allele (Figure 2B), suggesting that Ser264 is
likely a direct target of Cdkl. Using the phospho-
specific antibody, we next examined the phosphoryla-
tion status of Ser264 in preanaphase arrested cells
where Cdcl4 is sequestered in nucleolus (VISINTIN
et al. 1999). Consistent with the mobility shifts, we found
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TABLE 1

Yeast strains used in this study

Strain Genotype

SBY3 MATa wra3-1 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 barIA

SBY1841 MATa wra3-1 leu2,3-112 his3-11 trpI-1 ade2-1 LYS2 canl-100 barIA cdc28-13

SBY2225 MATa wra3-1 leu2,3-112 his3-11 trp1-1 ade2-1 lys2A  canl-100 barlA DSNI1-GFP:HIS3 ndc80-1

SBY5770 MATa wra3-1 leu2,3-112 his3-11 trpI-1 ade2-1 LYS2 canl-100 barlA DSNI1:HIS3:dsn1-S264A-3HA:TRP1
PDSI-mycl8:LEU2

SBY5866 MATa wra3-1 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 barIA DSNI-3HA:HIS3 PDS1-mycl8:LEU2

SBY5867 MATa wra3-1 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 barlA DSNI-3HA:HIS3 PDSI-mycl8:LEU2 ipl1-321

SBY6079 MATa wra3-1 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 barlA DSNI1-3HA:HIS3 PDSI1-mycl8:LEU2

SBY6085 MATa ura3-1 leu2,3-112 his3-11 trpI-1 ade2-1 LYS2 canl-100 barIA DSNI1-3HA:HIS3 PDS1-mycl8:LEU2 cdcl4-1

SBY7223 MATa wra3-1 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 barIA DSNI1-3HA:HIS3 cdc5-1

SBY7837 MATa ura3-1:dsn1-6SA-3HA:URA3 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 cdc28-13 dsnIAKAN

SBY7902 MATa wra3-1:DSNI-WT-3FLAG:URA3 leu2,3-112 his3-11 trpl-1 ade2-1 LYS2 canl-100 barIA dsnIAKAN

SBY8008 MATa ura3-1 leu2,3-112 his3-11 trp1-1:pGAL-CDC20:TRP1 ade2-1 LYS2 canl-100 DSNI-3FLAG:KAN
GLC7-3HA:HIS3 ¢dc20ALEU2

SBY8042 MATa wra3-1 leu2,3-112 his3-11 trp1-1 ade2-1 lys2A canl-100 barlA DSNI-3FLAG:KAN cdc28-as]

SBY8123 MATa ura3-1:dsn1-S264A-3FLAG:URA3 leu2,3-112 his3-11 trpI-1 ade2-1 LYS2 canl-100 barIA dsnIAKAN

SBY9139 MATa wra3-1:dsn1-6SA-3HA:URA3 leu2,3-112 his3-11 trpl-1 ade2-1 lys2A canl-100 barlA ndc80-1 dsnIAKAN

SBY9149 MATa wra3-1 leu2,3-112 his3-11 trpI-1 ade2-1 LYS2 canl-100 barlA DSNI1-3HA:HIS3 mpsI-1

SBY9152 MATa wra3-1 leu2,3-112 his3-11:pCUPI-GFP12-lacl12:HIS3 trp1-1:256lacO:TRPI ade2-1 lys2A canl-100 barlA
miwl-1 [2micron, LEU2]

SBY9153 MATa wra3-1 leu2,3-112 his3-11:pCUPI-GFP12-lacl12:HIS3 trp1-1:256lacO:TRPI ade2-1 lys2A canI-100 barIA
mitwl-1 [DSNI-WT*myc, 2micron, LEU2]

SBY9154 MATa wra3-1 leu2,3-112 his3-11:pCUPI-GFP12-lacl12:HIS3 trp1-1:256lacO:TRPI ade2-1 lys2A canI-100 barIA
miwl-1 [dsn1-S264A-myc 2micron, LEU2]

SBY9158 MATa ura3-1 leu2,3-112 his3-11 trpI-1 ade2-1 canl-100 nsl1-5 [2micron, LEU2]

SBY9159 MATa ura3-1 leu2,3-112 his3-11 trpl-1 ade2-1 canl-100 nsl1-5 [DSNI-WT*myc, 2micron, LEU2]

SBY9160 MATa ura3-1 leu2,3-112 his3-11 trpl1-1 ade2-1 canl-100 nsll-5 [dsn1-S264A-myc 2micron, LEU2]

SBY9187 MATa wra3-1:DSNI-WIT-3HA:URA3 leu2,3-112 his3-11 trpl-1 ade2-1 lys2A canl-100 barlA cdcl14-1 dsnIAKAN

SBY9188 MATa wra3-1:dsn1-S264A-3HA:URA3 leu2,3-112 his3-11 trpI-1 ade2-1 lys2A canl-100 barIA cdcl4-1 dsnIAKAN

All strains are isogenic with the W303 background. Plasmids are indicated in brackets. The cdcl4-1 (JASPERSEN et al. 1998),
cde28-as1 (BisHop et al. 2000), pGAL-CDC20 (BuveLoT et al. 2003), cdc5-1 (CHARLES et al. 1998), mpsi-1 (WINEY el al. 1991),
ipl1-321 (B1GGINS et al. 1999), ¢dc28-13 (REED 1980), nsl1-5 (NEKRASOV et al. 2003), ndc80-1 (WIGGE et al. 1998), and miwI-1 (PINSKY
et al. 2003) alleles were crossed to make strains for this study. Deletions and epitope tags were made using a PCR-based integration
system and confirmed by PCR (LONGTINE et al. 1998; GELBART ef al. 2001). Specific primers are available upon request.

that S264 is hypophosphorylated in nocodazole-treated
cells that arrest prior to anaphase (Figure 2C) as well as
in cdc20-depleted cells that arrest in metaphase with
bioriented kinetochores (Figure 2D). Taken together,
these data support our finding that Cdc14 dephosphor-
ylates Dsnl prior to anaphase when Cdk1 activity is high
(e.g., SURANA et al. 1993; JASPERSEN et al. 1998; RAHAL
and AmoN 2008).

In summary, we found that the Dsnl kinetochore
protein shows a cell cycle-dependent mobility shift that
is largely due to Cdkl-dependent phosphorylation of
S264. Unexpectedly, the Cdcl4-dependent dephos-
phorylation of Dsnl occurs prior to anaphase when
Cdcl4 is sequestered in nucleolus and the bulk of
known Cdcl4 targets are not dephosphorylated, in-
cluding the Finl kinetochore protein that is readily
dephosphorylated by Cdcl4 at the onset of anaphase
(e.g, SHOU et al. 1999; VISINTIN et al. 1999; JASPERSEN
and MORGAN 2000; PEREIRA and ScHIEBEL 2003; JiN
et al. 2008; Ak1YOsHI et al. 2009; KoNiG et al. 2010). To
our knowledge, this is the first observation of a non-

nucleolar protein that is dephosphorylated in a Cdcl4-
dependent manner prior to anaphase onset, suggesting
that there is a pool of active Cdcl4 outside of nucleolus.
Interestingly, the Schizosaccharomyces pombe Cdcl4 ho-
molog, Clpl/Flpl, is released from the nucleolus after
mitotic entry, yet it does not prematurely induce mitotic
exit (CUEILLE et al. 2001; TRAUTMANN et al. 2001; WOLFE
et al. 2006). Clpl/Flpl localizes to kinetochores and
plays an important role in promoting biorientation
during prometaphase (TRAUTMANN et al. 2004). Kinet-
ochore localization of budding yeast Cdcl4 was also
reported during anaphase (PEREIRA and SCHIEBEL
2003; STOEPEL et al. 2005). Although we do not know
whether the Dsnl dephosphorylation occurs on kinet-
ochores or within the nucleus, these studies raise the
possibility that Cdcl4 could act on kinetochore-bound
Dsnl prior to anaphase. Regardless, these results
suggest that in addition to control through nucleolar
sequestration, Cdcl4 activity may also be regulated by
substrate specificity and processivity, enabling efficient
dephosphorylation of specific targets when Cdkl activ-


http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003084
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001449
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000364
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001449
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000364
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001449
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002537
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001449
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001449
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001924
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000364

1490 B. Akiyoshi and S. Biggins

A Dsni- C
WT S264A Asyn Noc

S264-P | e— S264-P |m—— -
Dsn1- Dsn1-
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FIGUre 2.—Dsnl-Ser264, a Cdkl target site, is hypophos-
phorylated prior to anaphase. (A) A polyclonal phospho-
specific antibody was custom-made by Pacific Immunology
against phospho-Ser264 Dsn1 using peptide GGSTII(pS) PHK-
DIPEED. Dsn1-WT-FLAG (SBY7902) and Dsn1-S264A-FLAG
(SBY8123) were immunoprecipitated using anti-FLAG antibod-
ies as previously described (AkiyosHi et al. 2009), immunoblot-
ted using the phospho-specific antibody at a 1:5000 dilution,
and then reprobed with monoclonal FLAG antibodies. (B)
Ser264 phosphorylation depends on Cdkl/Cdc28. Dsnl-
FLAG proteins immunoprecipitated from cdc28-asI mutant
cells (SBY8042) (BisHOP et al. 2000), treated with DMSO or
10 pm INM-PP1 for 30 min, were analyzed as in A. (C) Dsnl-
FLAG proteins immunoprecipitated from asynchronous or
preanaphase cells that were treated with 15 wg/ml nocoda-
zole for 3 hr were analyzed as in A. (D) pGAL-CDC20 cells ex-
pressing Dsnl1-FLAG (SBY8008) were asynchronously grown
in galactose media and arrested in metaphase by adding glu-
cose for 3 hr to deplete Cdc20. Dsn1-FLAG was immunopre-
cipitated and analyzed as in A.

ity is high. In the future, it will be important to elucidate
the mechanism that allows Dsnl dephosphorylation by
Cdc14 prior to anaphase. It is also important to under-
stand how Cdkl-dependent phosphorylation and Cdcl4-
dependent dephosphorylation regulate the function of
the Dsnl kinetochore protein during cell cycle. Because
kinetochores are assembled during S phase (KitAMURA
et al. 2007) when Dsn1 shows a dynamic phosphorylation
pattern, Cdkl may facilitate kinetochore assembly by
targeting Dsnl. Although our preliminary experiments
did not detect any obvious mitotic defects in dsnl-S264A
or dsnl-$264D mutant cells (Figure 1C, Figure S2, and
data not shown), it is possible that there are additional
Cdkl targets at kinetochores that function in parallel to
Dsnl. Indeed, other kinetochore proteins have been
reported to be phosphorylated by Cdkl (UBERSAX et al.
2003; HoLt et al. 2009), and a slight biorientation defect
was observed when cdcl4 mutants were released from G1
into the restrictive temperature (D’AMOURS et al. 2004). It
is therefore possible that Cdcl4-dependent dephosphor-
ylation of kinetochore targets contributes to accurate
chromosome segregation, so it will be important to id-
entify and characterize additional Cdkl kinetochore
substrates in the future.
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FIGURE S1.—Dsnl-HA shows a mobility shift in i/, mps] and cdc) kinase mutant strains. The experiment in Fig.
1A was performed using WT (SBY5866), p/1-521 (SBY5867), mps1-1 (SBY9149), cde5-1 (SBY7223) cells containing

Dsnl1-HA that were released to 37°.
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FIGURE S2.—Phospho-deficient Dsnl mutants do not exacerbate phenotypes of kinetochore mutants. (A)
Overexpression of the DSNI and dsnl-S264A4 genes suppresses mtw!-1 and nslI-5 (subunits of the Mis12 kinetochore
subcomplex) temperature sensitive mutants. Serial dilutions (5-fold) of mtwi-1 or nslI-5 mutants overexpressing DSN/
(SBY9153, SBY9159), dsn1-52644 (SBY9154, SBY9160), or a control vector (SBY9152 and SBY9155) were plated at
23° and 37°. (B) The Dsnl-6SA mutant that has all Ser or Thr matching the Cdkl consensus motif (T'12, S69, T161,
T170, T198 and S264) mutated to Ala does not show obvious genetic interactions with a kinetochore mutant nde80-1,
or a Cdkl mutant ¢dc28-13. WT (SBY3), ndc80-1 (SBY2225), ndc80-1 dsn1-S2644 (SBY9139), cdc18-13 (SBY1841), and
cde18-13 dsn1-6854 (SBY7837) were plated at the indicated temperatures.



