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Independent modulation of the kinase and polo-box
activities of Cdc5 protein unravels unique roles in
the maintenance of genome stability
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Polo-like kinases (PLKs) are evolutionarily conserved kinases
essential for cell cycle regulation. These kinases are characterized
by the presence of a C-terminal phosphopeptide-interaction do-
main, the polo-box domain (PBD). How the functional domains of
PLKs work together to promote cell division is not understood. To
address this, we performed a genetic screen to identify mutations
that independently modulate the kinase and PBD activities of
yeast PLK/Cdc5. This screen identified a mutagenic hotspot in the
F-helix region of Cdc5 kinase domain that allows one to control
kinase activity in vivo. These mutations can be systematically
engineered into other major eukaryotic cell cycle kinases to
similarly regulate their activity in live cells. Here, using this
approach, we show that the kinase activity of Cdc5 can promote
the execution of several stages of mitosis independently of PBD
activity. In particular, we observe that the activation of Cdc14 and
execution of mitotic exit are uniquely sensitive to the modulation
of Cdc5 kinase activity. In contrast, PBD-defective mutants are
capable of completing mitosis but are unable to maintain spindle
pole body integrity. Consistent with this defect, PBD-deficient cells
progressively double the size of their genome and ultimately lose
genome integrity. Collectively, these results highlight the specific
contributions of Cdc5 functional domains to cell division and
reveal unexpected mechanisms controlling spindle pole body
behavior and genome stability.

Reversible protein phosphorylation plays critical roles in the
regulation of most physiological processes in eukaryotes
(reviewed in 1). This modification is catalyzed by protein kinases,
a large family of enzymes regulating nearly every aspect of cell
biology. The main structural features of protein kinases are
highly conserved among various members of this family of pro-
teins, and yet individual kinases display very high specificity in
their modes of activation and substrate selection in vivo (1).
Precise spatiotemporal regulation of protein kinase activity has
been achieved, at least in part, through association of kinase
domains with ancillary targeting domains and/or regulatory
subunits (2, 3). Understanding the molecular mechanisms gov-
erning enzymatic activation and substrate specificity in multido-
main kinases depends largely on the ability to dissociate the
activity of regulatory and catalytic domains in these enzymes.
Polo-like kinases (PLKs) are multidomain kinases playing es-
sential roles in cell division, proliferation, and development
(reviewed in 4). A defining feature of this family of kinases is the
presence at the protein C terminus of a phosphopeptide in-
teraction module, the polo-box domain (PBD). The PBD is be-
lieved to stimulate phosphorylation of PLK substrates by
mediating phospho-dependent interactions between a PLK and
its substrates (5). The PBD can also target PLKs to specific
subcellular domains, such as centrosomes (6, 7), where the in-
creased local concentration of the kinase promotes the phos-
phorylation of specific substrates. Interestingly, a growing numb-
er of studies have shown that the PBD is capable of mediating
interactions with unphosphorylated  proteins as well (5). One
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such interaction involves the kinase domain of PLKs and is be-
lieved to suppress the activity of the kinase until a substrate is
bound to the PBD (8). This intramolecular interaction does not
require residues important for phosphopeptide binding, thereby
suggesting the existence of distinct binding modes for the asso-
ciation of phosphorylated and unmodified proteins with the PBD
(9). The PBD thus appears to be a key interaction hub for the
regulation of PLK localization, substrate specificity, and enzy-
matic activity.

How the kinase domain and the PBD of PLKs work together
to promote cell cycle progression in living cells is unclear. In
particular, it is unknown whether the PBD plays kinase-in-
dependent functions in vivo (4). Discovering the specific roles of
PLK functional domains in cells is a formidable challenge be-
cause kinase inactivation leads to lethality, and thus prevents
detailed in vivo analyses. Indeed, it has not been possible so far
to isolate PLK mutants constitutively defective in kinase activity.
Furthermore, existing conditional mutations have undesirable
side effects, such as impaired proliferation or changes in protein
levels (Fig. S1 A and C). To address this, we developed an in-
novative genetic approach to isolate separation-of-function
mutants in the biochemical activities of budding yeast PLK/CdcS5.
We show here that the functions of the kinase domain and PBD
of Cdc5 can be dissociated genetically with strikingly different
consequences for cells. In particular, we unveil previously
undescribed functions for Cdc5 PBD in cell division and in the
maintenance of genome stability.

Results

Regulation of Cdc5 Kinase Activity by F-Helix Mutations. We first
performed a genetic screen to identify mutations affecting the F-
helix of Cdc5 kinase domain. This helix plays an integrative role
in eukaryotic protein kinases (EPKs) by acting as an anchor for
distinct parts of the kinase domain (10, 11). Although this helix is
conserved in all EPKs, we noticed that it is absent in atypical
kinases (10) and reasoned that it may not be absolutely required
for catalysis. In light of this, we hypothesized that mutations in
the F-helix may affect kinase activity in a moderate or condi-
tional manner. To test this, we generated both random and
targeted mutations in Cdc5 kinase domain. From this pool, we
identified two specific mutations, D263N and V269D, that gen-
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erated temperature-sensitive (ts) alleles when introduced in the
F-helix of Cdc5 (Fig. 1 A and B). One of the mutations affects
the F-helix aspartate conserved in all EPKs (D263) and prevents
the formation of an important network of hydrogen bonds with
residues in the catalytic loop (10) (H196, H202, R203; Fig. 1C).
The other mutation affects valine 269, a residue involved in the
formation of several conserved hydrophobic interactions im-
portant for kinase-substrate association (10). Importantly, the
severity of the phenotype of the original mutants could be
modulated and optimized by changing the nature of the amino
acid residue at the specific position affected in the original
mutants (cdc5-77: D263Q and cdc5-88: V269E; Fig. 1 A-D).
Together, these results indicate that it is possible to engineer
kinase-specific conditional mutations in Cdc5.

Our ability to create Cdc5S mutants with conditional kinase
activity prompted us to ask whether other essential kinases might
be engineered in a similar manner. Introducing mutations cor-
responding to cdc5-77 and cdc5-88 in essential cell cycle kinases
resulted in the creation of at least one novel conditional allele
for each of these kinases (Fig. 1E). For example, engineering
both positions in Ipll kinase resulted in two ts alleles, including
a previously undescribed high-sensitivity ts allele, ipl1-85. In-
terestingly, the previously published ip/1-321 and mps1-6 alleles
carry mutations that affect the same kinase positions as those
modified in cdc5-77 and cdc5-88, respectively (12, 13). It is im-
portant to note that F-helix mutations may not necessarily affect
all EPKSs in a similar manner. Nevertheless, our results indicate
that the F-helix region is a mutagenic hotspot that can be

B MmCDK2 A
Sccdc28 G
MmPKAcC A A
ScIpll T 7
SccCdc5 jAY DIW S LG
ScRad53 LVpMpugiMel
SccCdcls L
ScStell K. DIWSEG
ScsSte20 4 DIIWS LG
ScDbf2 Ry DMWSLG
ScKin3 L.

Scswel KA

original mutation :
optimized mutation : |Q)

cdc28-85 L N X R30an ipl1-85

Fig. 1. Identification of cdc5 mutants defective in kinase function. (A) Di-
lution series of wt cells and cdc5 mutants were spotted on solid medium to
evaluate growth at various temperatures. (B) Multiple local alignment of the
sequence of the F-helix region in selected cell cycle kinases. (C) Model
structure of the kinase domain of Saccharomyces cerevisiae Cdc5 showing
the position of the conserved F-helix Asp263 in purple. Selected hydrogen
bonds linking Asp263 in the F-helix with key conserved residues in the cat-
alytic loop of the kinase domain are displayed by dashed lines (10). (D)
Model structure of the Cdc5 mutant carrying GIn263 in its F-helix. (E) Five-
fold dilution series of yeast cells carrying mutations at positions 1 and 2 of
the F-helix of essential cell cycle kinases were spotted on solid medium to
evaluate cell growth at various temperatures.
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exploited to create useful conditional mutants in eukaryotic
protein kinases.

We next sought to determine whether Cdc5 kinase mutations
could modulate the enzymatic activity of the engineered pro-
teins. To this end, we purified wild-type (wt) Cdc5 and Cdc5-77
mutant and performed kinase activity assays at various temper-
atures. As expected, the kinase activity of wt Cdc5 increased with
temperature from 22 °C to 34 °C and remained high at 38 °C
(Fig. 24). In contrast, the kinase activity of Cdc5-77 started to
diminish at temperatures above 30 °C and was significantly re-
duced at 38 °C (Fig. 24). We needed to use much larger amounts
of mutant relative to wt Cdc5 to monitor phosphorylation ac-
curately in these kinase assays. To better compare the absolute
difference in activity of those kinases, we performed additional
experiments in the presence of equal amounts of wt and mutant
Cdc5. Strikingly, we observe that even at the optimal tempera-
ture of 30 °C, the kinase activity of Cdc5-77 is <1-2% of wt levels
(Fig. 2B). Cell survival in the presence of very low levels of ki-
nase activity has been reported with several essential kinases
(14-16). This low level of activity is not attributable to reduced
phosphorylation of the activation loop of Cdc5 because pre-
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Fig. 2. Engineered mutants of Cdc5 are thermosensitive kinases in vitro and
stable proteins in vivo. (A) Kinase reactions were performed with purified
Cdc5 and Cdc5-77 at various temperatures. (Left) Phosphorylated casein
(pCasein) was resolved by electrophoresis, and 2P incorporation was visu-
alized by autoradiography. (Right) Quantification of the relative kinase ac-
tivity of Cdc5 and Cdc5-77 at different temperatures is shown in the graph.
Kinase activity was normalized to the activity measured at 30 °C. Error bars
indicate SEM over three measurements. (B) Absolute kinase activity of the
Cdc5-77 mutant. All kinase reactions contained identical amounts of Cdc5,
Cdc5-77, or Cdc5 kinase-dead [short-exposure autoradiogram (Top), long-
exposure autoradiogram (Middle), and Coomassie-stained gel (Bottom)]. (C)
Preactivation of Cdc5 by Cdk1 does not reactivate Cdc5-77 kinase. Assays
were performed as above, except that Cdc5 was activated with Cdk1/cyclin B
before conducting the kinase assays. The weak background signal in all lanes
for casein is attributable to the inefficient phosphorylation of this substrate
by Cdk1/cyclin B (14). (D) Protein levels of various cdc5 mutants at restrictive
temperature. Cells were synchronized in metaphase with nocodazole and
incubated at 38 °C for 2 h before protein extraction and analysis of Cdc5
levels by Western blotting. (E) Inactivation of SANT does not suppress the ts
phenotype of cdc5-77. Fivefold dilution series of single and double mutants
were spotted on solid medium to evaluate cell growth at 22 °C and 37 °C.
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phosphorylation of the mutant by Cdkl1 (17) did not improve its
kinase activity (Fig. 2C; note that Cdk1 can phosphorylate casein
weakly, thereby covering up the weaker Cdc5 mutant signal).
Although the kinase activity of Cdc5-77 is thermosensitive in
vitro, it remains a possibility that the conditional phenotype of
cdc5-77 mutants is attributable, in part, to reduced protein levels
in vivo. To address this, we directly monitored Cdc5 protein
levels in mutant and wt cells. Fig. 2D shows that Cdc5-77 and
Cdc5-88 protein levels were not reduced relative to wt Cdc5 at
nonpermissive temperature. Likewise, the protein levels of an-
other kinase mutant, Cdc15-85, were only weakly affected by
incubation at nonpermissive temperature (Fig. S1E). Consistent
with these observations, inactivation of the protein quality con-
trol pathway (18) did not suppress the ts phenotype of cdc5-77
mutants (Fig. 2E) but did partially suppress the ts phenotype
associated with the unstable Cdc5-1 protein (Fig. 2D and Fig.
S1D). Together, these results indicate that the kinase activity of
Cdc5-77 is thermosensitive in vitro and that Cdc5-77 protein
levels are not reduced at nonpermissive temperature relative to
wt CdcS5 in vivo.
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Loss of Cdc5 Kinase Activity Leads to Mitotic Exit Defects. The cre-
ation of mutants that precisely modulate the kinase activity of
Cdc5 allowed us to determine which of the known functions of
CdcS5 require kinase activity in vivo. We first compared cell cycle
progression of a synchronized culture of cdc5-77 mutants (ie.,
kinase-defective Cdc5) with that of a control cdc15-2 strain. We
used a cdcl5-2 mutant as a control in this experiment because
this strain arrests during mitosis at a stage similar to cdc5
mutants (19), allowing direct comparison of cell cycle pro-
gression between both strains. Fig. 3 A-C shows that cdc5-77
mutants growing at nonpermissive temperature progressed nor-
mally from G1 up to early mitosis but arrested with elongated
mitotic spindles and a 2n DNA content (135 min and later). The
absence of preanaphase phenotypes in the cdc5-77 mutant was
also confirmed when comparing its cell cycle progression with
that of wt cells (Fig. S24). As expected for a kinase-defective
strain, several proteins that normally become phosphorylated in
mitosis, including Bfal, Brnl, Mcd1/Sccl, and Nudl, showed
little or no phosphorylation in cdc5-77 mutants (Fig. 3D). In
contrast, those substrates showed high levels of phosphorylation
in cdcl5-2 cells arrested in late mitosis (Fig. 3D). Interestingly,
attempts to test the impact of Cdc5 kinase activity on Slk19
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Fig. 3. Cell cycle phenotypes of cdc5-77 mutants. The cdc5-77 mutants, together with the control cdc75-2 strain, were arrested in G1 with a-factor and
released from their arrest into a synchronous cell cycle at 38 °C. Samples of cells were taken at the indicated time points to evaluate budding index and mitotic

spindle length (A), cellular DNA content (B), and cell morphology at the end

of the experiment (C). (D) cdc15-2 and cdc5-77 mutants were synchronized as

above, and samples were taken at the indicated time points for analysis of phosphorylation-induced gel retardation of various Cdc5 substrates. For the

analysis of Mcd1/Scc1 phosphorylation, cells were released from a G1 block

into nocodazole-containing medium because this protein is degraded at the

metaphase-anaphase transition (46, 47). The budding indexes (Bl) are shown below the gels. (E) Analysis of Cdc14 release from the nucleolus in wt, cdc15-2,
and cdc5-77 mutants. Cells were synchronized and released as described above. (F) Mitotic spindle position relative to the mother-bud axis was determined at

anaphase onset in the cells described in E.
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phosphorylation were not successful because cdc5-77 and SLK19-
3HA are synthetic lethal when combined in yeast (Fig. S2B).
We next sought to better define the late mitotic defect of cdc5-
77 mutants. One of the key functions of Cdc5 in anaphase is to
regulate the release and activation of Cdcl4 from its nucleolar
inhibitor, Cfil/Netl (20). To address the role of Cdc5 kinase
activity in this process, we compared Cdc14 nucleolar release in
wt, cdcl5-2, and cdc5-77 mutants released from a-factor arrest. It
was necessary to include a wt strain in this experiment because
cdcl15-2 mutants are defective in Cdcl4 release by the mitotic
exit network (MEN) (20). Immunofluorescence analysis of those
strains revealed that the nucleolar release of Cdcl4 was signifi-
cantly diminished in c¢dc5-77 mutants relative to wt (Fig. 3E). In
fact, most cdc5-77 cells contained little to no Cdcl4 released
from the nucleolus once they reached the end of the time course
experiment (Fig. 3E). This phenotype indicates that cdc5-77
mutants are completely defective in the activation of Cdcl4
mediated by the MEN (Fig. 3E) (21). Mechanistically, this defect

O
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Fig. 4. Cdc5 phosphopeptide-binding activity is not essential for viability.
(A) Genetic analysis of a sporulated heterozygous diploid strain carrying
a complete deletion of Cdc5 PBD. The genotype of the resulting segregants
was deduced using the HIS3 marker associated with the cdc5 mutation. (B)
Effects of PBD deletion on Cdc5 levels at 30 °C and 37 °C. Cdc5 levels were
determined by Western blot analysis in heterozygous diploid strains carrying
epitope-tagged versions of Cdc5 lacking its PBD with [511-705] or without
[470-705] the adjacent polo cap region. Cellular extracts were probed with
anti-MYC (Upper), anti-Cdc5 (Lower), and anti-Nsp1 antibodies (loading
control). Our Cdc5 antibody recognizes an epitope in the PBD of Cdc5, thus
explaining the absence of signal with the PBD deletion mutant. (C and D)
Genetic analysis of sporulated heterozygous diploid strains carrying cdc5-
FAA or cdc5-16 alleles. (E) Growth of cdc5-12 and cdc5-16 mutants at 22 °C
and 30 °C. (F) Suppression of cdc5-1 and cdc5-77 ts phenotype by cdc5-16. A
single copy of CDC5 or cdc5-16 was integrated at the URA3 locus of yeast
strains carrying cdc5-1 or cdc5-77, and the growth phenotype of the
resulting transformants was tested at 22 °C, 30 °C, 35 °C, and 37 °C.
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is consistent with the absence of phosphorylation of key MEN
regulators, Bfal and Nudl, in cdc5-77 cells (Fig. 3D). In contrast,
the absence of defect in Cdcl4 early anaphase release (FEAR)
in cdc5-77 mutants is consistent with FEAR network activity
being at least partially competent in this mutant (21). This result
indicates that the execution of FEAR network functions requires
significantly less Cdc5 kinase activity than the execution of MEN
functions. It is not possible to exclude, however, a requirement
for very low levels of Cdc5 kinase activity in the execution of
FEAR network functions.

Finally, we wanted to test the role of Cdc5 in spindle posi-
tioning in mid-mitosis because it has been shown recently that
this function is defective in a specific cdc5 mutant (22). The
relative localization of the mitotic spindle was compared with the
mother-bud axis at anaphase onset in cdc5-77 mutants. We did
not detect any increase in misaligned spindles in cdc5-77 mutants
relative to control strains (Fig. 3F). Taken together, these results
show that the execution of late mitotic processes is acutely sen-
sitive to the levels of CdcS kinase activity. Even though clear
defects in CdcS5 substrate phosphorylation are visible before
anaphase in cdc5-77 mutants, their most striking cellular phe-
notype is a complete block in the execution of mitotic exit.

The Phosphopeptide-Binding Activity of Cdc5 Is Not Essential for
Viability. Having isolated kinase-specific mutants, we next wanted
to identify mutations that would specifically inactivate Cdc5’s
PBD. To this end, we created a diploid yeast strain carrying one
copy of the CDC5 gene with a deletion in its PBD (residues 511—
705). Sporulation and dissection of this diploid strain revealed
that spores carrying a deletion in Cdc5 PBD were inviable (Fig.
44). Similar results were obtained with a strain carrying a pre-
viously described allele affecting Cdc5 PBD (i.e., cdc5-FAA) (6)
(Fig. 4C). This result suggested that the PBD activity of Cdc5 is
essential for yeast viability or, alternatively, that such mutations
have deleterious secondary effects on the shorter version of the
protein. To discriminate between these two possibilities, we
tagged wt CDC5 and PBD truncation mutants with MYC epit-
opes in heterozygous diploid strains and compared the levels of
these proteins by Western blot analysis. Deletion of the PBD
alone (residues 511-705) or together with the adjacent polo-cap
region (residues 470-705) (9) resulted in a massive increase in
the levels of the mutant proteins relative to wt Cdc5 (Fig. 4B).
Previous studies have shown that supraphysiological levels of
CdcS5 or excess PLK activity is deleterious to yeast proliferation
(23, 24). This may explain why PBD truncation mutants
were inviable in our experiments.

Since deletion of the entire PBD of PLKs/Cdc5 has secondary
consequences on both protein levels and polo kinase activity (8),
we hypothesized that a more targeted approach may be more
successful at deciphering the precise role(s) of Cdc5 PBD. Spe-
cifically, creating point mutations in PBD residues known to be
required for phosphopeptide-binding activity might be more
amenable to genetic analysis because such mutations would leave
other functions of the PBD intact. In particular, it is known that
the inhibitory function of the PBD on the kinase activity of PLKs
is maintained in phosphopeptide-binding mutants (9). These
observations prompted us to create both moderate (cdc5-12:
Ho641A, K643M) and severe (cdc5-16: W517F, H641A, K643M)
alleles of Cdc5 PBD based on the observation that polo-like
kinase 1 (Plkl) mutants corresponding to W517F or H641A-
K643M have no detectable phosphopeptide-binding activity in
vitro (9, 25). Consistent with this observation, introducing these
mutations in Cdc5 PBD prevented binding to all its known
phospho-substrates (9, 22, 26, 27). Heterozygous diploid yeast
strains carrying one copy of cdc5-12 or cdc5-16 were sporulated,
and the viability of the resulting spores was investigated. Haploid
cells carrying PBD-defective alleles of CDC5 at the endogenous
locus were viable (Fig. 4D) and showed little to no growth defect
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(Fig. 4E). This result is consistent with a recent demonstration
that expression of similar PBD mutants of CDCS5 from plasmids
can complement cdc5A mutants (27). Together, these experi-
ments revealed that the phosphopeptide-binding activity of the
PBD of Cdc5 is largely dispensable for both cell proliferation
and survival.

Previous studies have shown that a cdc5 allele carrying point
mutations in Cdc5 PBD (i.e., W517F, V518A, and L530A) was
incapable of complementing the growth defect of cdc5-1 mutants
(6). We wanted to test whether cdc5-16 behaved in a similar
fashion. Thus, cdc5-16 was integrated at the URA3 locus in cdc5-
1 and cdc5-77 mutants, and its ability to complement the ts
phenotype of its host strains was tested. Remarkably, expression
of cdc5-16 or CDC5 (both from their native promoter) com-
plemented the ts phenotype of the cdc5-77 mutant at all tem-
peratures tested (Fig. 4F). Similar complementation was
obtained in a cdc5-1 mutant background, with the exception that
this strain could not be fully complemented at 37 °C, even with
wt CDC5 (Fig. 4F). This may suggest that the cdc5-1 mutant acts
in a dominant-negative manner at high temperature, thus
explaining why complementation of this allele has previously
been reported at 35 °C (6). Importantly, the ability of cdc5-16
PBD mutant to complement the growth defect of the kinase-
specific mutant cdc5-77 is consistent with both alleles being af-
fected in distinct biochemical functions.

Cdc5 Kinase and PBD Mutants Have Distinct Phenotypes. We next
turned our attention to the phenotypic characterization of the
PBD mutants of CdcS. In contrast to the strong mitotic pheno-
type of CdcS kinase mutants, no striking defect in cell cycle
progression was detected in cdc5-16 mutants progressing from
G1 to mitosis (Fig. 5 A-C). Inactivation of the phosphopeptide-
binding activity of the PBD did affect the duration of late mitotic
events, as evidenced by an accumulation of cells with elongated
spindles and a ~15-min delay in spindle disassembly relative to wt
cells (Fig. 54). However, cdc5-16 mutants exited mitosis rapidly
after this delay and formed individual, albeit slightly enlarged
and deformed cells (Fig. 5 A-C). Inspection of cell morphology
by microscopy revealed no detectable “chain-like” phenotype
indicative of a defect in cell separation in cdc5-16 mutants (>93%
single unbudded cells in 500 G1-arrested cells; Fig. 5 A-C).

The modest mitotic phenotype of cdc5-16 cells prompted us to
investigate how the loss of PBD phosphopeptide-binding activity
affected the phosphorylation of Cdc5 substrates. Interestingly,
loss of PBD activity affected Cdc5 substrate phosphorylation to
very different degrees depending on the substrate analyzed. For
instance, phosphorylation of Mcd1/Sccl and Nudl appeared to
be mostly unaffected by the loss of PBD activity, whereas Slk19
was hyperphosphorylated in cdc5-16 mutants (Fig. 5D). These
results indicate that the intrinsic kinase activity of the Cdc5-16
mutant is not severely reduced by the PBD mutations. On the
other hand, phosphorylation of Brnl was significantly delayed in
cdc5-16 cells but reached normal levels later in mitosis (Fig. 5D).
Finally, loss of PBD activity resulted in an almost complete ab-
rogation of Bfal phosphorylation during mitosis (Fig. 5D). To-
gether, these results reveal that inactivation of Cdc5 PBD can
affect substrate phosphorylation both positively and negatively
during the cell cycle. We cannot exclude at this stage the possi-
bility that a yet-to-be discovered kinase is responsible for Sccl
and Slk19 phosphorylation in cdc5-16 mutants. Indeed, in an
attempt to test this possibility, we discovered that an allele of
CdcS5 that is defective in both kinase and PBD activities (i.e.,
D263Q, W517F, H641A, K643M; cdc5-20) is inviable in yeast
(Fig. S20).

The mitotic delay experienced by cdc5-16 cells could be the re-
sult of a defect in a number of anaphase events. To better define
the anaphase phenotype of these cells, we first evaluated the
kinetics of sister-chromatid (SC) segregation in cdc5-16 mutants
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and control cells carrying tetO-GFP dots on chromosome 5
(Chr5). As expected, both strains segregated Chr5 with similar
kinetics in a synchronous time-course experiment (Fig. 5E).
Specifically, initiation of SC segregation occurred 60 min fol-
lowing a-factor release in both strains, and maximal segregation
was reached at 75 min post-release (Fig. SE). The absence of
SC segregation defect in cdc5-16 cells is consistent with the fact
that phosphorylation of the cohesin subunit Mcd1/Sccl is not
affected in this mutant (Fig. 5D).

Next, we examined whether defects in spindle positioning
might contribute to the anaphase delay of cdc5-16 cells. Mutant
and wt cells were processed as described above for evaluation of
the relative position of their mitotic spindles at anaphase onset
(22). Cytological examination of mitotic spindles in these cells
did not reveal any evidence for defective spindle positioning in
cdc5-16 mutants (Fig. 5F). This prompted us to evaluate whether
a later event in mitosis (i.e., Cdcl4 nucleolar release) might be
affected in cdc5-16 cells. Immunofluorescence analysis of syn-
chronous cell populations revealed that both mutant and wt
strains initiated Cdcl4 release at the same time in anaphase
(~60-75 min after a-factor release; Fig. 5G). However, cdc5-16
mutants appeared to maintain this release significantly longer
than wt cells (~30 min longer; Fig. 5G). To test whether this
apparent increase in Cdc14 release is physiologically relevant or
is a consequence of slow anaphase progression, we monitored
CIb2 levels in cdc5-16 mutants. Our results show that CIb2 is
degraded with identical timing in wt and cdc5-16 mutants (Fig.
5H). Because ClIb2 degradation depends on Cdcl4 activity (20),
we conclude from this experiment that there is no effective in-
crease in Cdcl4 activity in cdc5-16 mutants. Collectively, these
results indicate that the PBD activity of CdcS promotes timely
progression through anaphase.

Inactivation of Cdc5 PBD Causes Defects in Spindle Pole Body
Integrity. We next wanted to identify how the loss of PBD ac-
tivity might affect the regulation and function of CdcS in vivo. To
achieve this, we integrated 3xGFP-tagged versions of CDCS5 or
cdc5-16 at the URA3 locus of wt cells and asked whether the
subcellular localization of the mutant protein was altered relative
to wt. Consistent with previous studies, we observed that Cdc5
accumulated in the nucleus as cells entered mitosis and was
specifically enriched in two perinuclear foci corresponding to
spindle pole bodies (SPBs) in mitotic cells (6, 24) (Fig. 64). In
contrast, we did not detect a specific enrichment of GFP-Cdc5-
16 in any particular structure of the cell other than the nucleus
during mitosis (Fig. 64). The diffuse nuclear localization of the
Cdc5 PBD mutant was not attributable to changes in expression
levels of the mutant protein (Fig. S3B).

The fact that Cdc5-16 did not localize to the SPBs suggests that
the functionality of microtubule-organizing centers (MTOCsS)
might be affected by the absence of Cdc5 PBD activity. To inves-
tigate this possibility, we fused the SPB component Spc42 to
GFP in strains carrying wt CDCS5 or the PBD mutant allele and
counted the number of SPB-like fluorescent structures/dots in
these cells. Surprisingly, we observed that cdc5-16 cells carried
a highly abnormal number of Spc42-GFP structures relative to wt
cells. Specifically, more than 30% of cdc5-16 mutants showed
two or more Spc42-GFP dots per cell, whereas normal cells
arrested in nocodazole showed mostly a single Spc42-GFP dot
per cell, as expected (Fig. 6 B and C). A noticeable fraction of
cdc5-16 mutants carried as many as three or four Spc42-GFP
foci, whereas wt controls never showed this phenotype (Fig. 6B
and Fig. S3C). Importantly, this phenotype was not caused by
leaky checkpoint arrest in response to nocodazole treatment in
the absence of Cdc5 PBD activity (27).

Although no other cdc5 mutant shares the supernumerary
Spc42 foci phenotype of cdc5-16 mutants, it is intriguing that
overexpression of wt CdcS5 has also been reported to increase
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the number of SPB-like foci in cdc5-16 cells. The number of GFP dots was
determined in nocodazole-arrested cells carrying GFP-fused Spc42, Spc72,
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failed to insert into functional SPBs and self-assembled into
aberrant SPB-like structures in mutant cells (12). In order to
better understand the nature of these aberrant structures, we
tagged multiple components of the SPB with GFP and moni-
tored their localization in nocodazole-arrested cdc5-16 cells.
Analysis of Spc72-GFP localization revealed the existence of
a large fraction of cdc5-16 mutants carrying supernumerary
Spc72-GFP dots relative to wt controls (Fig. 6C). In striking
contrast, other components of the SPB, such as Bbp1-GFP and
Spc110-GFP, did not form supernumerary foci in nocodazole-
arrested cdc5-16 cells (Fig. 6C). These observations indicate that
some but not all components of the SPB are mislocalized in cdc5-
16 mutants. Importantly, the absence of the y-tubulin receptor
Spcl10 (28) in the supernumerary Spc42/72 foci indicates that
these structures do not represent bona fide MTOCs. This in-
terpretation is supported by the fact that multipolar spindles
were not detected at an appreciable frequency during our anal-
ysis of the cell cycle phenotypes of cdc5-16 mutants (Fig. 54).

The targeting of a subset of SPB components to aberrant
structures in cdc5-16 cells is expected to alter the balance and/or
levels of components within active SPBs, which, in turn, may
affect their functionality. Consistent with this view, we observed
that SPBs in cdc5-16 cells carried an abnormal number of astral
microtubules relative to wt controls (Fig. 6D). Quantification of
this defect revealed that cdc5-16 cells have almost twice as many
astral microtubules as wt cells (Fig. 6D). Furthermore, exami-
nation of live cells revealed that duplication of SPBs in cdc5-16
mutants led to the formation of structures containing wide
differences in their levels of Spc42 (Fig. 6F). Specifically,
quantification of the Spc42-GFP fluorescence in the newly du-
plicated SPBs of cdc5-16 cells indicated that Spc42 was dis-
tributed in a preferential manner to one SPB (labeled “A” in
Fig. 6F), whereas the other SPB inherited much smaller
amounts of this component (SPB “B” in Fig. 6E). Although
detectable in wt cells as well, this asymmetry in the distribution
of Spc42 was significantly weaker than in cdc5-16 cells (Fig. 6F;
ratio of SPB A:B). Importantly, the depletion of Spc42 from one
SPB cannot be ascribed to differences in protein expression
levels because wt and cdc5-16 yeast contained similar total
amounts of Spc42-GFP fluorescence on a cell-to-cell basis (Fig.
S3D). This result indicates that, on average, the “weaker” SPB
in cdc5-16 mutants displayed a significant reduction (~25-50%)
in Spc42 levels relative to normal SPBs. Collectively, these
results indicate that formation of aberrant SPB structures in
cdc5-16 mutants affects the composition and functionality of
active SPBs.

We next wanted to understand the molecular basis for this
defect. In particular, the formation of extra Spc42/Spc72 foci in
cdc5-16 mutants could indicate that these proteins are not

Bbp1, or Spc110. Error bars indicate SEM over four measurements. The small
fraction of wt cells with two GFP dots represents cells that have escaped
from the nocodazole arrest. (D) Aberrant astral microtubule (MT) numbers
in cdc5-16 cells. (Left) Representative images of wt or cdc5-16 cells with
abnormal astral microtubule numbers. (Right) Quantification of the astral
microtubule number phenotype is shown in the graph. Error bars indicate
SEM over three measurements. (E) (Left) Representative time-lapse images
of wt and cdc5-16 yeast cells expressing Spc42-GFP and Hta1-mCherry. The
fluorescence intensity ratio of duplicated SPBs is reported in the lower
corner. The ratio for each cell was obtained by dividing the high-intensity
SPB “A" by the low-intensity SPB “B”. (Right) Quantification of the ratios in
wt and mutant cells is shown in the graph. The ratio of fluorescence in-
tensity in cdc5-16 cells was more than 30% higher (P < 0.001). Error bars
indicate SEM. (Scale bar: 2.5 pm.) (F) Quantification of the number of Spc42-
GFP foci in cdc5-16 and pom34A mutants. Error bars indicate SEM over three
measurements.
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properly incorporated into functional SPBs during their bio-
genesis. Deletion of POM34 in SPB duplication mutants is
known to suppress defects in the assembly of SPB components
(29). However, loss of POM34 in cdc5-16 mutants did not result
in an effective transfer of Spc42 from supernumerary foci to
functional SPBs (compare Spc42 foci numbers in cdc5-16 and in
pom34 cdc5-16 double mutants in Fig. 6F). This result shows that
POM34-dependent SPB duplication defects are not the cause of
the formation of incomplete SPBs in cdc5-16 mutants. Taken
together, these results indicate that Cdc5 PBD activity promotes
effective assembly of SPB components into functional MTOCs
and/or their maintenance in a single cohesive unit.

The PBD Activity of Cdc5 Is Required to Maintain Cellular Ploidy.
Mutants defective in SPB/centrosome functionality are typically
unable to maintain cellular ploidy (12). A prediction from this and
from the SPB phenotypes described above is that cdc5-16 mutants
should show defects in the control of their ploidy. Consistent with
this prediction, we noticed in our previous experiments that cdc5-
16 mutants arrested in G1 with a-factor have a 2n genomic con-
tent, whereas they reach a 4n state during mitosis (Fig. 5B). This
situation corresponds to a doubling in genomic content for
a haploid strain. Similar but less extensive changes were observed
with the weaker PBD mutant, cdc5-12 (Fig. S34). To better un-
derstand the timing and mechanism underlying the loss of ploidy
control in Cdc5 PBD mutants, we constructed diploid strains
carrying wt CDC5 and mutant cdc5-16. After sporulation and
dissection of the diploid strain, haploid segregants carrying either
CDCS5 or cdc5-16 were subcultured once (generation 1) and
submitted to flow cytometry analysis after synchronization in G1
or metaphase (Fig. 74). CDCS5 segregants showed the predicted
In and 2n peaks of DNA content under these conditions. In
contrast, the cdc5-16 mutant already contained at generation 1 a
small fraction of its population with twice the normal amount of
DNA when arrested in G1 and metaphase, respectively (i.e., 2n
and 4n; Fig. 74). Remarkably, further subculturing of cdc5-16
cells (generations 2—4) resulted in a progressive doubling of their
genomic content until most of the cells in the population became
diploids (Fig. 74). We did not observe cdc5-16 cells with greater
than 2n genomic content (in a G1 state; Fig. S3E), which is
consistent with the fact that cdc5 mutants are incapable of
growing as tetraploid cells (30). This defect in ploidy control was
confirmed by directly counting the number of copies of Chr5 in
Gl-synchronized cdc5-16 cells carrying a fluorescent tetR-GFP
signal at URA3. Wild-type cells always had a single Chr5 dot,
whereas cdc5-16 cells showed a progressive accumulation in the
number of cells carrying two Chr5 dots, from ~18% at generation
1 to ~50% at generation 4 (Fig. 7B). Taken together, these results
unravel a novel role for Cdc5 and its PBD in the control of cel-
lular ploidy.

Next, we wanted to investigate whether the ploidy defect of
cdc5 mutants was attributable to the inability of Cdc5-16 protein
to localize to SPBs (Fig. 64). To test this notion, we fused the
SPB-localization domain of Bbpl (31) to cdc5-16 sequence and
integrated this allele at the URA3 locus in a CDC5/cdc5-16
diploid strain. Control cells carried an unmodified version of
cdc5-16 gene at the URA3 locus. After sporulation and dissection
of the diploid strains, haploid segregants were grown for four
generations and the size of their genome was determined. As
shown before, more than 95% of cdc5-16 mutants (without an
additional copy of cdc5-16) doubled the size of their genome
under these conditions. The presence of an extra copy of cdc5-16
in a cdc5-16 mutant background caused only a modest suppres-
sion of the ploidy phenotype compared with control cells (Fig.
7C). In striking contrast, the ploidy defect of cdc5-16 mutants
was significantly improved by targeting Cdc5-16 to SPBs (Fig.
7C). Indeed, ~60% of cells expressing the cde5-16-bbpl fusion
remained haploid during the time frame of this experiment (Fig.
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Fig. 7. Loss of ploidy control in cdc5-16 mutants. Heterozygous diploid
strains carrying cdc5-16 were induced to sporulate, dissected, and haploid
spores were allowed to grow until they formed visible colonies. The resulting
CDC5 and cdc5-16 colonies were then transferred on fresh medium and
subcultured a total of four times on plates (“generations 1-4"). (A) Cellular
DNA content was evaluated by flow cytometry in cells arrested in G1 or
metaphase. (B) Number of Chr5-derived tetO dots was evaluated in G1-
arrested cells from generations 1 through 4, as described above. Error bars
indicate SEM over three measurements. (C) Suppression of cdc5-16 ploidy
defect by localization of Cdc5-16 to SPBs. Haploid cdc5-76 mutants carried no
additional Cdc5 or an extra copy of either cdc5-16 or cdc5-16-bbp1 in-
tegrated at the URA3 locus. The proportion of generation 4 cells having
increased the size of their genome was determined after G1 arrest, as de-
scribed above. Error bars indicate SEM over three measurements.

7C). Collectively, these results reveal that the ploidy defect of
cdc5-16 cells is caused, at least in part, by the inability of mutant
Cdc5 to localize to SPBs. In addition, these results show that
Cdc5 promotes changes in SPBs that directly impact the main-
tenance of genome size and integrity.

Discussion

In this study, we show that the functions of the kinase domain
and PBD of Cdc5 can be dissociated genetically with strikingly
different consequences for cells. This dichotomy is particularly
evident in the effects of PBD inactivation on cellular ploidy.
Indeed, this phenotype is only seen in PBD mutants and unravels
a novel function for Cdc5 as an important regulator of cellular
ploidy. Our ability to successfully separate the phenotypes of the
kinase and PBD domains of Cdc5 highlights the benefit of ex-
amining mutants affected in specific biochemical activities in
order to obtain an integrative view of the roles of multifunctional
kinases in vivo. Consistent with this, PBD-specific mutants of
Cdc5 have previously been very useful in the identification of
novel functions for PLKs (27).

At a cellular level, one of the most striking defects in cdc5-16
mutants is their inability to incorporate and/or maintain all SPB
components in fully functional MTOCs. Multiple lines of evi-
dence support a direct functional relationship between impaired
regulation of SPB components and ploidy defects in cdc5-16
mutants. First, loss of ploidy control is frequently observed in
mutants defective in the regulation of SPB components (e.g., 12).
Second, multiple components of the SPB are regulated by Cdc5-
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mediated phosphorylation (22, 32, 33). Third, CdcS5 localizes to
SPBs (6, 24) and interacts physically with multiple SPB compo-
nents (22, 33, 34). Fourth, mutants of SPB outer plaque com-
ponents that are known to interact physically with CdcS [i.e.,
Spc72, Cnm67 (22, 34)] show an uncommon age-dependent in-
crease in ploidy that is reminiscent of the progressive changes in
ploidy experienced by cdc5-16 cells (35). Finally, the specific
constellation of cytological defects seen in cdc5-16 mutants (i.e.,
supernumerary Spc42/Spc72 structures, reduced functionality of
SPBs, aberrant numbers of astral microtubules) is also associated
with loss of ploidy control in mutants affecting the SPB com-
ponents Ndcl and Cnm67 (36-38). Collectively, these observa-
tions indicate that Cdc5 plays an important role in the re-
gulation of SPB function and in ploidy control.

Our results are consistent with previous studies implicating
PLKs in the regulation of centrosome maturation in metazoans
(4, 39). In particular, the mislocalization of a number of SPB
components in cdc5-16 mutants is reminiscent of the inability of
human and Drosophila cells to effectively localize y-tubulin—
containing complexes to centrosomes in the absence of polo
kinase activity (4, 39). This defect is also associated with loss of
ploidy control in cells derived from polo mutant flies, similar to
what we observe in cdc5-16 mutants in yeast (40). The presence
of aberrant assemblies of centrosome/SPB components in both
Plk1- and CdcS-defective cells further highlights the phenotypic
similarity between these two mutant conditions (41). These
observations strongly suggest that the critical role played by
PLKs in MTOC maturation will be conserved from yeast to
humans. From a mechanistic standpoint, the results obtained
with cdc5-16 mutants suggest that the PBDs of mammalian PLKs
will likely play critical roles in the control of MTOC functionality
and in the maintenance of genome ploidy. In light of this, it is
perhaps not surprising that PLKI PBD mutations have been
found in human tumor cell lines (16) and that many human
cancers are characterized by misregulation of PLKs (4).

At the molecular level, the observation that not all Cdc5 sub-
strates are affected to the same extent by the loss of PBD activity
is highly interesting. Indeed, whereas some substrates are phos-
phorylated later or to a lesser extent in cdc5-16 cells (i.e., Bfal,
Brnl), others appear to be unaffected (i.e., Mcdl) or even
hyperphosphorylated (i.e., Sk19). One likely reason for this
phenotype is that loss of PBD activity will effectively increase the
availability of Cdc5 for those substrates whose phosphorylation
does not normally depend on the PBD activity. This increased
availability of Cdc5 will lead to enhanced phosphorylation of
“PBD-insensitive” substrates, whereas those substrates that nor-
mally require the PBD to be phosphorylated will be less so in cdc5
PBD mutants. This possibility is intriguing because it suggests that
the phenotype associated with PBD inactivation may be the end
result of two qualitatively different consequences: hyper-
phosphorylation of some substrates and lack of phosphorylation
of others. Thus, in addition to its role in stimulating substrate
phosphorylation, another key function of the PBD may be to
prevent over-phosphorylation of a specific subset of PLK sub-
strates. This substrate over-phosphorylation could be mediated
directly by Cdc5 or indirectly by another kinase. In any case, it
would be advantageous to limit the phosphorylation of specific
substrates when such modification affects the substrate activity in
a quantitative manner. This putative inhibitory role for Cdc5 PBD
is based on the assumption that Cdc5 kinase activity is limiting in
cells. Whether this assumption and the PBD inhibition model are
taking place in vivo remains to be shown experimentally.

1. Ubersax JA, Ferrell JE, Jr. (2007) Mechanisms of specificity in protein phosphorylation.
Nat Rev Mol Cell Biol 8:530-541.

2. Mahajan A, et al. (2008) Structure and function of the phosphothreonine-specific FHA
domain. Sci Signal 1:re12.
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Another key observation from our work and from that of others
is that the MTOC functions of PLKs likely require the localization
of these kinases to SPBs and centrosomes (5). Paradoxically, this
localization to SPBs is a potential reason why Cdc5’s role in the
regulation of SPB functions may have been overlooked until now
in budding yeast. Indeed, Cdc5 association with SPBs serves
a functionally separate role in the regulation of mitotic exit (34),
providing one reason other than SPB regulation for its enrichment
at this location. In this context, the use of the cdc5-16 mutant
(W517F-H641A-K643M) has been instrumental to differentiate
the SPB phenotypes from the mitotic exit phenotypes of Cdc5. A
similar mutant has also been useful to identify a novel role for
Cdc5 in mitotic spindle elongation (27). Importantly, defects in
spindle elongation and SPB regulation are functionally distinct
because it is possible to observe the former without the later, for
example, in cells defective in microtubule motor activity (e.g., 42,
43). In the course of our study, we noticed that another allele
partly defective in PBD activity, cdc5-12 (H641A-K643M), had
a much weaker phenotype than the cdc5-16 mutant. In particular,
the progression of cdc5-12 mutants from 1n to 2n genomic content
was slow, and only half of the population of mutant cells reached
a 2n state after extended growth periods (Fig. S34). Compared
with cdc5-16 mutants, the weak mitotic defects of the cdc5-12
mutant [and of the similar cdc5-HK mutant (27)] indicate that this
allele is not completely null in its PBD activity. It is also note-
worthy that several ts alleles of CDCS5 carry point mutations af-
fecting the PBD (Fig. S14). From a functional standpoint, these
alleles are not PBD-specific, however, because they severely re-
duce Cdc5 protein levels in vivo (Fig. S14). As a consequence,
these alleles should be considered defective in all biochemical
activities of CdcS5, not exclusively in PBD activity.

Our ability to distinguish between the PBD and kinase-related
functions of Cdc5 was made possible by the creation of kinase-
specific mutations. It is remarkable that mutations in the F-helix
of several essential kinases create conditional alleles of these
enzymes. This observation indicates that the F-helix region of
EPKs is a mutagenic hotspot that can be used to create unique
mutants with conditional activity. The ability to quantitatively
modulate the enzymatic activity of kinases using predictable
mutations has multiple applications in biology. In particular, F-
helix mutants could be useful to understand the specific roles of
multifunctional kinases and, in addition, may allow the identifi-
cation of specific thresholds of kinase activity required for par-
ticular functions in cells. These mutations may thus be regarded
as temperature-controlled rheostats to modulate the enzymatic
activity of specific kinase domains in vivo.

Materials and Methods

All yeast strains are derivatives of W303 and are described in Table S1.
Standard procedures were used for yeast culture, genetics, molecular bi-
ology, NextGel (Amresco) electrophoresis, Western blotting, fluorescence
microscopy, flow cytometry, Cdc5 overexpression, purification, and kinase
assays (44). Preparation of yeast for time-lapse imaging was done as de-
scribed previously (45). A comprehensive description of all experimental
procedures is included in SI Materials and Methods.
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