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ABSTRACT

Polo-like kinases (PLKs) control several aspects of eukaryotic cell division and DNA damage response.
Remarkably, PLKs are overexpressed in several types of cancer, being therefore a marker of bad prognosis.
As such, specific PLK kinase activity inhibitors are already used in clinical trials and the regulation of PLK
activation is a relevant topic of cancer research. Phosphorylation of threonine residues in the T-loop of the
kinase domain is pivotal for PLKs activation. Here, we show that T238A substitution in the T-loop reduces
the kinase activity of Cdc5, the only PLK in Saccharomyces cerevisiae, with minor effect on cell growth in
unperturbed conditions. However, the cdc5-T238A cells have increased rate of chromosome loss and gross
chromosomal rearrangements, indicating altered genome stability. Moreover, the T238A mutation affects
timely localization of Cdc5 to the spindle pole bodies and blocks cell cycle restart after one irreparable
double-strand break. In cells responding to alkylating agent metylmethane sulfonate (MMS), the cdc5-
T238A mutation reduces the phosphorylation of Mus81-Mms4 resolvase and exacerbates the MMS
sensitivity of sgs7A cells that accumulate Holliday junctions. Of importance, the previously described
checkpoint adaptation defective allele, cdc5-ad does not show reduced kinase activity, defective Mms4
phosphorylation and genetic interaction with sgs7A. Our data define the importance of regulating Cdc5
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activity through T-loop phosphorylation to preserve genome integrity and respond to DNA damage.

Introduction

Polo kinases (PLKs) are highly conserved mitotic regulators
from yeast to mammals. Their number varies from just a single
member in budding and fission yeast (Cdc5 & Plol respec-
tively) to 5 members in mammals (PLK1-5). In all the eukar-
yotes, PLKs govern mitotic transition and cytokinesis,
phosphorylating a number of different targets." Importantly,
balance of PLK1 level is very critical for normal cell cycle and
genome stability as its overexpression is associated with various
cancers, whereas its depletion induces aneuploidy.> In differ-
ent organisms, PLKs were implicated in response to DNA dam-
age to inactivate the DNA damage checkpoint (DDC).*® More
specifically, PLKs were involved in DDC inactivation and cell
cycle restart either when DNA damage is repaired, thorough a
process called checkpoint recovery, or when the DNA lesions
are refractory to be repaired, through a process called check-
point adaptation. Remarkably, checkpoint adaptation has been
observed in higher eukaryotes and human cells responding to
ionizing radiations and pharmacological concentration of vari-
ous genotoxic agents. Also it has been postulated to drive
tumorigenesis and resistance to oncotherapy.”® Indeed, studies
in yeast have reported that checkpoint adaptation precedes dif-
ferent types of genome instabilities.”

It is now clear that in yeast and human cells, Cdc5 and PLK1
phosphorylate many factors involved in DNA damage check-
point and repair. Importantly, they act directly on the check-
point transducer kinases Rad53 and Chk2, inactivating the
DDC."*'* In yeast, it is known that DDC activation restrains
Cdc5 activity through phosphorylation, and recently it was
shown that the protein is nuclearized.'>'® Interestingly during
checkpoint adaptation, Cdc5 is re-activated to inactivate critical
mitotic regulators, such as Cdhl and Bfal, promoting spindle
elongation and mitotic exit.'” "

Considering their central role in many aspects of the DNA
damage response and cell cycle progression, PLKs are finely
regulated by different mechanisms.”*** All the PLKs are regu-
lated through phosphorylation of Threonine residues in the
T-loop of the kinase domain. Human PLKI1 is phosphorylated
at T210 in its activation loop by Aurora A and Aurora B
kinases. The phosphorylation at T210 of human PLKI by
Aurora A with co-factor Bora is essential for early activation of
the protein at centrosomes and also for checkpoint recovery.**”
*° In budding yeast, the T238 residue in the Cdc5 T-loop, which
corresponds to T210 of PLK1, has also been found to be phos-
phorylated, but was shown to be dispensable for cell viability in
unperturbed conditions.””** Tt was also shown that the Cdc5

CONTACT Achille Pellicioli @ achille.pellicioli@unimi.it @ Dipartimento di Bioscienze, Universita degli Studi di Milano, Via Celoria 26, Milano 20133, Italy.

Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/kccy.
*The present address of Chiara Pesenti is Department of Pathophysiology & Transplantation, Universita degli Studi di Milano, Milan, Italy.

@ Supplemental data for this article can be accessed on the publisher’s website.
© 2016 Taylor & Francis


http://www.tandfonline.com/kccy
http://dx.doi.org/10.1080/15384101.2016.1222338
http://dx.doi.org/10.1080/15384101.2016.1222338

activity is primed by the CDK1 (Cdc28)-dependent phosphory-
lation of T242 in the T-loop of the kinase domain.*”*!

In this study, we further characterized the importance
to phosphorylate the T238 residue in the T-loop of Cdc5
in S. cerevisiae. We found that this phosphorylation con-
tributes to fully activate Cdc5 kinase activity, without
grossly affecting cell growth in unperturbed conditions.
Importantly, our results indicate that the phosphorylation
of Cdc5 at T238 residue becomes critical for the cell to
deal with DNA damage and preserve genome integrity.

Results

Phosphorylation at Thr238 of Cdc5 is dispensable
for viability but its absence reduces the kinase
activity of the protein

In S. cerevisiae, the activation loop of the kinase domain of
Cdc5 is phosphorylated at 2 sites namely T238 and T242, which
are conserved in higher eukaryotes (Fig. 1A). Of note, phos-
phorylation of the T242 by Cdc28/CDKI1 is required for the
activation of Cdc5 and viability of the cell, whereas the func-
tional role of the T238 phosphorylation has not been investi-
gated in details.”” Interestingly, the phosphorylation of
equivalent site of the Cdc5-T238 in different orthologs was
described to be important to fully activate Polo kinase.** More-
over, phosphorylation of the same site in PLK1 by Aurora A
has been involved in DNA damage checkpoint recovery in
human cells.**** Thus, we decided to further investigate the
role of T238 phosphorylation in Cdc5, focusing on DNA dam-
age response and genome stability maintenance.
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Firstly, we mutagenized the T238 or T242 sites to Alanine, a
non-phosphorylable amino acid, in a plasmid carrying CDC5.
Then, we analyzed the role of T242 and T238 phosphorylation in
cell viability by assessing complementation of thermo-sensitive
allele cdc5-1 at restrictive temperature. We also tested the wild type
CDC5 and the kinase-dead cdc5-N209A alleles, as controls. As
shown in Figure 1B, at non permissive temperature, the cells carry-
ing thermo sensitive allele cdc5-1 are inviable due to failure to com-
plete mitotic transition.”” The thermo-sensitivity was completely
rescued by expressing either the wild type CDC5 or the cdc5-
T238A alleles on the plasmid. The expression of the kinase-dead
¢cdc5-N209A and cdc5-T242A alleles did not rescue the cell lethality
of cdc5-1 at 37°C, as described previously.27 Therefore, our comple-
mentation assay supported previous finding,”” indicating that the
phosphorylation of the T238 in the T-loop of Cdc5 is dispensable
for cell viability, while the phosphorylation of T242 by CDKI is
essential.

To further address the effect of the T238A mutation on
Cdc5 protein level and kinase activity, as well as to investigate
any potential impact on cell cycle and genome integrity, we
integrated the cdc5-T238A allele at its endogenous locus. We
compared cdc5-T238A mutant to the wild type and to another
interesting allele, the cdc5-L251W (here after called cdc5-ad),
which blocks DNA damage checkpoint adaptation. As seen
by cell plating and incubation at different temperatures, cdc5-
T238A and cdc5-ad mutations did not significantly affect cell
proliferation in unperturbed condition (Fig. S1A). However, a
more accurate analysis by FACS performed on cells synchro-
nized in G1 with a-Factor and released into fresh medium,
showed that cdc5-T238A cells had a slight delay in late S and

A
238 242 251
S. cerevisiae | GNTFFDSNYNLKIGDFGLAAVLANESERKY[TICGTPNYIAPEVQMGKHSGHSFEVDIWS
D. melanogaster |LGNLFLNDLLHVKIGDFGLATRIEYEGERKK|TILCGTPNYIAPEIUT --KKGHSFEVDIWS
X. laevis LGNLFLNDEMEVKIGDFGLATKVEYDGERKK|TILCGTPNYIAPEVUG--KKGHSFEVDIWS
H. sapiens LGNLFLNEDLEVKIGDFGLATKVEYDGERKKITILCQTPNYIAPEVUS--KKGHSFEVDVWS
S. pomb LGNIMLDESNNVKIGDFGLAALLMDDEERKMIIICGIPNYIAPEIUFNSKEGHSFEVDLWS
-0l € ***: & ne . :********: : 3 * %k *:**********:* s .*******:**
Cdes =1 —-
Kinase domain polobox domain
(KD) (PBD)
B

Serial dilution

o Serial dilution -

cdc5-1<empty vector>
cdc5-1<CDC5>
cdch-1<ecde5-N209A>

cdc5-1<cdc5-T238A>

cdc5-1<cdc5-T242A>

25°C

>

37°C

Figure 1. Phosphorylation of T238 site of Cdc5 is dispensable for cell viability. (A) An alignment of activation segment loops (T-loops) in diverse polo-kinases, showing the
conserved T238, T242 and L251 residues of the ScCdc5. (B) Viability of the strains Y505 (cdc5-1), Y1327 (cdc5-1<empty vector>), Y1329 (cdc5-1 <CDC5:3xHA>), Y1331
(cdc5-1 <CDC5-N209A:3xHA>), Y1333 (cdc5-1 <CDC5-T238A:3xHA>) and Y1461 (cdc5-1 <CDC5-T242A::3xHA>), at different temperatures. Exponentially growing cell
cultures were serially diluted (1:10), and each dilution was spotted on SC-Trp plates. Plates were incubated 3 d at the indicated temperatures.
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G2 phases (Fig. 2A), suggesting dis-functions at these stages of
the cell cycle. Nevertheless, both the Cdc5-T238A and Cdc5-ad
protein variants were expressed throughout the cell cycle simi-
larly to the wild type protein (Fig. 2B). In particular, we
observed that Cdc5-T238A and Cdc5-ad variants, as well as the
wild type protein, were detectable in late S and G2/M phases,
but not in late G1 and early S, mirroring the expression of the
CDKIl-cyclin Clb2. Indeed, it is known that Cdc5 is rapidly
degraded in late G1, while it is stabilized and fully active in G2/
M phase, when it is phosphorylated by CDK1-Clbs com-
plex.**** Then, we investigated Cdc5 protein level and stability
in G1 and G2/M cell cycle phases in more details. Cells were
kept blocked in G1 or G2/M with «-Factor or nocodazole treat-
ment respectively, and protein samples were collected at indi-
cated time points (Fig. SIB-C). As expected from the results in
Figure 2B, the wild type Cdc5 protein and both the -T238A
and -ad protein variants were expressed well in G2/M arrested
cells, while they were rapidly degraded in G1 arrested cells

(Fig. S1B-C). Then, we immunoprecipitated Cdc5 protein
from the G2/M blocked cells to test in vitro its kinase activity,
using Casein as substrate and y-*’P-ATP.>* Surprisingly, we
found that the Cdc5-T238A variant had almost 60% reduction
in its kinase activity, compared to wild type protein
(Figs. 2C-D), while the Cdc5-ad retained the wild type level of
kinase activity, as previously shown.>* Supporting our observa-
tion, a recent study also highlights the role of T238 phosphory-
lation in regulating the kinase activity of Cdc5 in unperturbed
conditions.>!

cdc5-T238A cells do not adapt to one irreparable
DSB and uncapped telomeres

Cdc5 has been found to promote checkpoint adaptation after
one persistent DSB and telomere uncapping. In fact, cdc5-ad
cells do not switch Rad53 off and do not re-start cell cycle after
one irreparable HO-induced DSB.**® We asked if cdc5-T238A
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Figure 2. Expression and kinase activity analysis of the Cdc5-T238A and Cdc5-ad protein variants. (A) Cell cycle analysis by FACS of strains Y152 (CDC5::3xHA), Y1466 (cdc5-
T238A::3xHA) and Y1465 (cdc5-ad::3xHA). Cells cultures were synchronized in G1 phase with a-Factor and released in fresh YPD medium. Samples for FACS analysis and
protein extraction were collected at indicated time points. (B) Analysis of Cdc5 and Clb2 protein levels by western blot in same experiment described in (A). Blot stained
with Ponceau is shown for gel loading control. (C-D) In vitro kinase assay performed with the indicated Cdc5 protein variants immunoprecipitated from Nocodazole-
arrested cells (same strains as in A). The percent kinase activity of Cdc5-T238A and Cdc5-ad variants respect to the wild type Cdc5 are shown in a graph (D). Values are

the mean of 3 independent experiments + standard deviation.



cells have any effect on checkpoint inactivation after persistent
DSB. We took advantage of yeast genetic background JKM139,
in which an irreparable DSB is induced at MAT locus by the
conditional over-expression of HO.?” This is an ideal system to
monitor checkpoint signaling and cell cycle progression, as it is
unaffected by repair intermediates due to lack of homology
sequences.””*® Thus, G1 unbudded cells were micro-manipu-
lated in galactose containing medium to induce the HO-break.
After DSB induction, activation of the DNA damage check-
point blocks cell cycle progression at the G2/M transition for
several hours.”® However, wild type cells are known to undergo
checkpoint adaptation, proceeding through 3-4 divisions after
24 hours, and are scored as the percent of cells forming micro-
colonies. Strikingly, the number of cells that underwent adapta-
tion was severely reduced in cdc5-T238A mutant similarly to
the previously characterized cdc5-ad (Fig. 3A and™). Of note,
the cells with phospho-mimicking mutant cdc5-T238D were
able to adapt proficiently (Fig. 3A), further suggesting
the hypothesis that the phosphorylation of T238 site of Cdc5 is
a prerequisite for Cdc5 activity during checkpoint adaptation.
Moreover, we repeated the assay using an untagged version of
both the wild type and the cdc5-T238A strains, to rule out the
possibility that the checkpoint adaptation defect might be due
to a synthetic effect resulting from the presence of the 3xHA
tag and the T238A mutation. Supporting previous observation
in Figure 3A, we found that similar percentage of the wild type
and c¢dc5-T238A cells underwent checkpoint adaptation at
24 hours after the formation of one irreparable HO-cut
(Fig. S2A). Thus, C-terminal -3xHA tag does not affect the
functionality of Cdc5 protein during checkpoint adaptation.

To address checkpoint adaptation at the molecular level in
cdc5-T238A cells, we analyzed Rad53 phosphorylation by west-
ern blotting, after the induction of one HO-induced DSB. In
wild type cells Rad53 is dephosphorylated after 12-15 hours
after DSB induction (Fig. 3B and’®). In contrast, Rad53 dephos-
phorylation was severely impaired in cdc5-T238A cells till
almost 20-22 hours, although the defect is less severe than in
cdc5-ad cells (Fig. 3B). In particular, we noted that in cdc5-
T238A cells the percentage of cells adapting to irreparable DSB
is very low, although Rad53 was significantly dephosphorylated
at later time points. To further investigate this phenomenon,
we monitored nuclear division accompanied by spindle elonga-
tion during checkpoint adaptation. Upon the induction of one
irreparable DSB in logarithmically growing cells, the wild type
cells switched-off checkpoint after 12-14 hours and underwent
nuclear division accompanied by spindle elongation
(Fig. 3C-D). Consistently with the defect in checkpoint adapta-
tion and micro-colony formation, both the cdc5-T238A and
cdc5-ad cells remained blocked in metaphase with undivided
nuclei at the bud neck and short spindle (Fig. 3C-D).

Then, we combined cdc5-T238A mutation with some strains
that carry deletion of the critical checkpoint genes TELI,
RADY, MAD2, or the mitotic exit inhibitor BFA1. Indeed, it
was previously shown that the maintenance of prolonged cell
cycle block after the formation of one persistent DSB is medi-
ated by the contributions of the spindle assembly checkpoint
factor Mad2, in addition to the Rad53 activity.”® Moreover, it
was also shown that Rad53 dependent inhibition of Cdc5 in
G2/M phase keeps Bfal in active state, thereby restricting
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mitotic spindle elongation and mitotic exit,'” thus reinforcing
the arrest. In addition, deletion of TELI is known to suppress a
number of adaptation defective mutants (mecl-ad, sae2A,
sgsIA and dna2A), which also had defects in DSB resection.*>*!

After micro-manipulating the cells in the presence of galac-
tose to induce the HO-mediated irreparable DSB, we found
that the permanent cell cycle block of cdc5-T238A cells was
bypassed by deleting RAD9, MAD2 or BFA1 (Fig. 3E), resem-
bling what previously shown for cdc5-ad (Fig. S2B; and™).
Moreover, deletion of TELI did not overcome the cdc5-T238A
mutant (Fig. 3E), suggesting that this allele does not alter the
initial processing of DSB ends.*>*! For a more accurate analy-
sis, we also repeated the irreparable HO-break response assay
in the plate and counted the number of cells/microcolony in a
time-course analysis (Fig. S3). The results indicated that the
deletion of RAD9 lead to a complete bypass of the checkpoint
arrest, whereas deletion of MAD2 and BFAI did not completely
abrogate the initial checkpoint arrest in cdc5-T238A cells,
which in fact delayed at the G2/M transition for several hours
before re-starting the cell cycle.

Collectively, the results in Figure 3 and Figure S3 suggest
that the persistent cell cycle block after one irreparable DSB in
cdc5-T238A cells might be caused by the inability to inactivate
distinct targets, such as Rad53, Mad2 and Bfal.

Of interest, we also found that cdc5-T238A cells were defec-
tive to re-start cell cycle after telomere uncapping in cdcl3-1
background cells (Fig. S2C). Moreover, the persistent cell cycle
block is bypassed by deleting RAD9. Thus, we conclude that
cdc5-T238A mutation prevents checkpoint adaptation to
uncapped telomeres, similarly to cdc5-ad.”

Cdc5-T238A and Cdc5-ad protein variants
show altered localization to spindle pole
bodies after one irreparable DSB

Recent findings indicate that Cdc5 is localized into the nucleus
after DNA damage and Rad53 activation,'” thus preventing
Bfal inactivation through Cdc5-dependent phosphorylation at
Spindle Pole Bodies (SPBs). Based on these observations, we
speculated that Cdc5 might relocalize at SPBs to inactivate Bfal
and promote mitotic exit, during checkpoint adaptation. Thus,
to analyze Cdc5 localization during checkpoint adaptation we
inserted an eGFP tag to the C-terminal of Cdc5, Cdc5-T238A
and Cdc5-ad proteins, in JKM139 background. After 6 hours of
induction of one irreparable DSB, we observed that almost 80%
of the cells got arrested in metaphase, with strong signal of
Cdc5-eGFP in the nucleus. In wild type cells, after 10-12 hours
of HO induction Cdc5 signal was specifically enriched at 2 peri-
nuclear bright foci, corresponding to SPBs.'”**> Consequently,
greater number of cells with divided nuclei was observed during
later time points (Fig. 4A-B). Interestingly, even though the
Cdc5-T238A protein variant was nuclearized after 6 hours of
DSB induction, then we observed a prominent delay of its local-
ization at SPBs at 16 — 18 hours (Fig. 4A-B). This delay in Cdc5
localization may reflect the prolonged metaphase block with
short spindle in cdc5-T238A cells, after one irreparable DSB. In
the same experiment, we also investigated the localization of
Cdc5-ad-eGFP protein variant. Surprisingly, we observed antic-
ipated and persistent GFP signal at SPBs in cdc5-ad cells.
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sistent HO-cut analyzed in strains Y152 (CDC5:3xHA), Y1466 (cdc5-T238A::3xHA) and Y1465 (cdc5-ad::3xHA). (C) Representative images of cells after the indi-
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cut. The strains used are: Y152 (CDC5:3xHA), Y1466 (cdc5-T238A:3xHA), Y1535 (cdc5-T238A:3xHA, rad9A), Y1574 (cdc5-T238A:3xHA, mad2A), Y3535
(cdc5-T238A::3xHA, bfalA) and Y2155 (cdc5-T238A::3xHA, tel1A). Values are the mean of 3 independent experiments + standard deviation.

Altogether, our microscopic observations in Figure 4 indi-
cate that both the Cdc5-T238A and Cdc5-ad protein variants
localize to SPBs after one irreparable DSB with altered kinetic
respect to the wild type protein. Intriguingly, our analysis

suggest that misregulation at SPBs may contribute to prevent
cell cycle re-start by checkpoint adaptation in cdc5-T238A and
cdc5-ad cells, as recently shown in a separate class of cdc5
alleles, carrying mutations in the polo box domain.**
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cdc5-T238A affects the Mus81-Mms4 complex

Besides its role in checkpoint adaptation, Cdc5 mediates the
phosphorylation and regulation of several proteins impli-
cated in other aspects of the DNA damage response. One
relevant Cdc5 target is Mms4, a regulatory subunit of the
structure  specific Mus81 endonuclease. Interestingly,
we have recently shown that Mus81 is not involved in
checkpoint adaptation after one persistent DSB.*> Upon
Cdc5-mediated activation, Mus81-Mms4 complex processes
Holliday junctions (HJs), contributing to repair DNA
lesions generated during stressful replication in the presence
of genotoxic compounds, such as MMS.***” In fact, the
endonucleolytic activity mediated by the Mus81-Mms4
complex, together with the dissolution activity mediated by
the Sgsl-Top3-Rmil complex (STR), represent the major
pathways to process HJs (Fig. 5A; and*®).

Investigating this regulatory network, we assessed Mms4
phosphorylation in cdc5-T238A and cdc5-ad cells. To this aim,
we inserted a 3xHA tag at the C-terminal of Mms4 in wild
type, cdc5-T238A and cdc5-ad strains. Cells were synchronized
in G1 with a-Factor and released in fresh media containing
nocodazole (Fig. 5B) or 0.02% MMS (Fig. 5C). Samples were
taken at the time points indicated in Figure 5B-C, and analyzed
by FACS and western blotting. According to,”” we observed a
robust hyper-phosphorylation of Mms4 in wild type cells start-
ing from 60-75 minutes after release in nocodazole (Fig. 5B); a
persistent MMS4 phosphorylation is also present from
120 minutes after the release in MMS (Fig. 5C). Similar kinetic
of Mms4 phosphorylation was observed in cdc5-ad cells, while
it was severely delayed and lowered in cdc5-T238A cells, both
in the presence of nocodazole and MMS (Fig. 5B-C). This
result is consistent with a Cdc5-dependent phosphorylation of
Mms4,***” and confirms our previous finding, indicating a
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reduced kinase activity of the Cdc5-T238A protein variant by
in vitro assay (Fig. 2C-D). Interestingly, when analyzed in
nocodazole-blocked cells for 2 hours, the phosphorylation of
Mms4 in cdc5-T238A cells did not look as much compromised
than the wild type (Fig. 5C), suggesting that the residual activity
of Cdc5-T238A variant is sufficient for the Mms4 phosphoryla-
tion after a prolonged G2/M arrest.

Supporting that cdc5-T238A cells should retain reduced
activity of the Mus81-Mms4 complex to process HJs, we
hypothesized that cdc5-T238A mutation should increase the
MMS sensitivity when introduced in sgsIA cells, which
accumulate persistent dHJs.*” Indeed MMS-induced HJs are
primarily processed by the activity of the STR complex in
S phase; then, persistent HJs are resolved later on by the
activity of Mus81-Mms4.>® Consistent with this, inactivating
mutations in the STR and Mus81-Mms4 complexes are syn-
thetic lethal.’™** Remarkably, the sgsIA cdc5-2 double
mutant is viable, but exhibits increased chromosome misse-
gregation and aneuploidy, as a result of improperly proc-
essed HJs.*” Interestingly, we were able to generate both the
sgsIA ¢dc5-T238A and sgsIA cdc5-ad double mutants. We
found that the cdc5-T238A mutation, but not the cdc5-ad,
is synthetic sick in combination with SGSI deletion in
unperturbed growth conditions and also exacerbates the
severe sensitivity to MMS of the sgsIA cells (Fig. 5D). This
finding suggests that the reduced kinase activity of the
Cdc5-T238A variant does not properly activate the Mus81-
Mms4 complex, whose phosphorylation is reduced in
cdc5-T238A cells (Fig. 5B). As a consequence, the sgsIA
cdc5-T238A double mutant cells should be severely defective
in HJs processing and become extremely sensitive to MMS
(Fig. 5C-D).

cdc5-T238A mutation increases chromosome loss rate and
gross chromosomal rearrangements

Based on its regulatory role of the DNA damage response, it is
predicted that Cdc5 activity should be relevant to maintain
genome integrity. Therefore, we investigated whether the cdc5-
T238A mutation, apart from reducing the kinase activity of the
protein (Fig. 2C-D), may directly affect chromosome rear-
rangements and stability.

Firstly, we investigated chromosome loss rate in cdc5-T238A
and cdc5-ad cells. To this aim, we used a modified genetic assay
in which strain with stable Chromosome III fragment (CF) was
created using CFV/D8B-tg as a result of break induced replica-
tion.”® The presence of 110 kb CF was confirmed by Pulse-field
gel electrophoresis. In W303 cells, the presence of SUPII
marker on CF suppresses the ade2-1 mutation leading to for-
mation of white colonies, whereas the cells lacking the CF form
red colonies (scheme in Fig. 6A). In this genetic background,
the wild type cells have approximately ~1 x 10~ chromosome
loss rate per cell per generation.”® Interestingly, cdc5-T238A
cells were found to increase the chromosome loss rate by
3-fold, while cdc5-ad cells were almost similar to wild type
(Fig. 6B). This result suggests that a fully active Cdc5 is impor-
tant to coordinate the events to maintain stable chromosomes,
likely affecting their replication and segregation. Moreover, the
fact that the cdc5-ad mutation did not increase chromosome
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loss rate, may indicate that the fold increase found in the cdc5-
T238A cells is likely related to the reduced kinase activity of
Cdc5 variant than to the checkpoint-adaptation defect per se.

Then, to further address the impact on genome integrity of
the cdc5-T238A mutation, we integrated the cdc5-T238A allele
in a specific genetic background, commonly used to analyze
gross chromosomal rearrangements (GCR).”®> In this genetic
system, the URA3 and CANI genes on a non-essential arm of a
specialized chromosome V confer sensitivity to 5-fluoroorotic
acid (5-FOA) and canavanine. However, the 2 counter-select-
able markers can be lost due to spontaneous breaks formation
along the chromosome arm and subsequent GCR, which
includes loss of chromosome arm and de-novo telomere addi-
tion, non-reciprocal translocations and chromosome fusions,
or interstitial deletions (Fig. 6C). Using this system, it was
shown that several DNA repair and checkpoint genes are
involved to suppress these events. Of importance, deletion of
SGSI leads to a dramatic increase of GCRs.”®”” Considering
the genetic interaction between sgsIA and cdc5-T238A muta-
tions (Fig. 5), we tested GCRs in the sgsIA cdc5-T238A double
mutant, together with the corresponding single mutants. We
found that cdc5-T238A mutation resulted only in 2-fold
increase in GCR that seen in wild type; however, surprisingly it
elevated GCR events in sgsIA cells to a value significantly
higher than observed in the corresponding single mutants
(Fig. 6D). These observations suggest that Cdc5 activity con-
tributes to suppress GCRs through a Sgsl-independent path-
way, giving a critical contribution in sgsIA cells. Indeed, Cdc5
may phosphorylate and regulate several factors that can sup-
press GCRs. Among these Cdc5 targets, one interesting candi-
date is the Mus81-Mms4 complex, which has already been
involved in suppressing GCRs,”® and it is less phosphorylated
and active in cdc5-T238A cells (Fig. 5B-C).

Taken together the results in Figure 6, it becomes evident
that the cdc5-T238A mutation affects chromosome stability
and rearrangement, indicating an involvement of Cdc5 kinase
activity in preserving genome integrity in unperturbed
conditions.

Discussion

PLKs are activated through phosphorylation of well-conserved
Threonine sites in the T-loop of the kinase domain.*® A rele-
vant example of this regulation was shown for the human
PLK1, in which T210, the first Threonine residue of the T-loop
motif, is phosphorylated by Aurora kinases in cooperation with
Bora, activating PLK1 even after DNA damage.**® Interest-
ingly, the phosphorylation of the first T residue of the T-loop is
critical for the activation of most PLKs expressed in different
organisms.”” The T238 site of Cdc5 in S. cerevisiae, correspond-
ing to T210 of PLK1 (Fig. 1A), has been found phosphorylated
by an unknown kinase.””*! So far, the functional role of Cdc5
T238 phosphorylation has been poorly studied, because the
cdc5-T238A mutation does not affect much cell viability in
unperturbed cell cycle (Fig. 1B and*’). Moreover, it was shown
that the Cdc28-dependent phosphorylation of T242, the second
T residue in the T-loop of Cdc5, is mainly responsible of the
full activation of the kinase domain and is essential for cell
viability.””!
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of at least 2 independent biological isolates for each mutant.

In this study, we further address the functional role of the
phosphorylation of Cdc5 at the T238 site. We found that the
Cdc5-T238A protein variant retains a significantly reduced
kinase activity by in vitro assay, although cdc5-T238A cells
grow almost as the wild type in unperturbed conditions
(Figs. 1 and 2). We only observed a slight delay in S/G2
(Fig. 2), which may be associated with defects in chromosome
replication and/or segregation, as well as activation of the
Mitotic Exit Network (MEN), that, however, do not compro-
mise cell proliferation (see also below). Remarkably,
cdc5-T238A cells are defective in checkpoint adaptation after
inducing one irreparable DSB, and remain blocked in G2/M
with prolonged Rad53 phosphorylation and short spindle
(Fig. 3). This persistent checkpoint, even though inactivated at

later time points in cdc5-T238A cells, is detrimental for the
cells, which in fact do not restart cell division even after
24 hours (Fig. 3A and Fig. S3). These observations indicate that
Cdc5 activity is necessary for efficient checkpoint adaptation
not only to silence the DDC, but also to govern the network of
events leading to the re-start of cell division after the DNA
damage-induced delay. Of importance, this finding supports
the notion that checkpoint adaptation should proceed through
the optimized coordination of multiple events, dispelling the
idea that only mutations that prevent DDC silencing exclu-
sively affect the entire process. Strikingly, the permanent cell
cycle block observed in cdc5-T238A cells after one irreparable
DSB is bypassed either by deletion of RADY, MAD2 or BFAI
(Fig. 3E and Fig. S3), suggesting that checkpoint adaptation



and cell cycle re-start after DNA damage require fine interplay
between Cdc5 and multiple factors and pathways. Indeed,
recent studies indicated that Cdc5 is localized into the nucleus
in presence of DNA damage and it is speculated that it should
relocalize to SPBs to inactivate inhibitors of mitosis and cell
cycle regulators, i.e. Bfal-Bub2 complex, Mad2 (component of
Spindle Assembly checkpoint) and Cdhl (inhibitor of spindle
elongation).'”'” Moreover, a clear link between the localization
of Cdc5 at centrosomes and checkpoint adaptation to persistent
DNA damage and spindle depolarization has been recently
established.*>*® Of interest, we found that the Cdc5-T238A
protein variant relocalizes to SPBs with several hours of delay,
according to the prolonged cell cycle block after one irreparable
DSB (Fig. 4). Possibly, this defect at SPBs may also affect chro-
mosome segregation and stability. As such, we found modest,
but reproducible increase in chromosome loss rate in cdc5-
T238A (Fig. 6). Furthermore, cdc5-T238A mutation signifi-
cantly elevates sensitivity to MMS and spontaneous GCRs in
sgsIA cells (Figs. 5 and 6). Working as DNA helicase of the
STR complex, Sgsl dissolves DNA joint molecules formed dur-
ing HR and stressful replication. In its absence, recombination
intermediates accumulate and have to be processed by Mus81-
MMS4 and Yenl structure-specific endonucleases.*® Interest-
ingly, we found reduced phosphorylation of Mms4 in cdc5-
T238A cells (Fig. 5), likely explaining the genetic interaction of
this allele with sgsIA. Indeed, a Cdc5-dependent phosphoryla-
tion of Mms4 was shown to activate the Mus81-Mms4 endonu-
clease complex to process HJs.***” Therefore, we can speculate
that unprocessed HJs accumulate in the sgsIA cdc5-T238A
cells, leading to aberrant chromosome segregation and loss,
increase GCRs and hyper-sensitivity to MMS. Most important,
our results in Figure 6 on genome rearrangement and chromo-
some stability, taken together with the recently involvement of
Cdc5 in maintaining genome ploidy,** further support Cdc5 as
key factor to preserve genome integrity.
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Interestingly, our results differentiate the cdc5-T238A allele
from previously reported adaptation-defective cdc5-ad allele.”
Indeed, contrary to the cdc5-T238A cells, the cdc5-ad cells do
not show: i) reduced kinase activity by in vitro assay (Figs. 1C,
D, and*); ii) reduced Mms4 phosphorylation (Fig. 5); iii)
increased MMS sensitivity in sgsIA cells (Fig. 5); iv) increased
chromosome loss (Fig. 6). Moreover, SPBs localization of
Cdc5-ad variant is anticipated (Fig. 4), likely reflecting the fre-
quent nuclear excursion already documented in cdc5-ad
cells.*>® Thus, we believe that further characterization of both
the alleles will be important to investigate Cdc5 role in genome
integrity.

In summary, we show that the phosphorylation of T238 resi-
due in the T-loop domain of Cdc5 contributes to fully activate
Cdc5, controlling several events to preserve genome integrity
and to adapt to a persistent DSB. At the molecular level, simi-
larly to what has been shown for the regulation of PLK1,*" we
can speculate that the phosphorylation of the conserved T238
site may contribute to reduce the interaction between the
kinase domain and the PBD, leading to the full activation of
kinase domain and to the release of PBD for target interaction
and centrosome localization. This mechanism can be particu-
larly important to activate Cdc5 when the phosphorylation of
the T242 site in the T-loop is compromised, such as when the
Cdc28 activity is kept low in the presence of DNA damage (see
a model in Fig. 7). Contrary to cdc5-ad, which is thought to
affect phosphorylation of a subset of Cdc5 substrates,” muta-
tion T238A compromises full activation of the protein, thus
precluding complete phosphorylation of a broad range of Cdc5
targets. As such, cdc5-T238A allele promises to be a useful
reagent for global approaches to identify all the Cdc5 targets
that are involved in DNA repair and genetic stability, with
expected conservation in human cells.

This study underlines an important role of T-loop phos-
phorylation of Polo kinase Cdc5 to maintain genome integrity
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and promote cell cycle re-entry after persistent DNA damage.
Our results may be of interest to develop novel and specific
PLKI1 inhibitors to modulate its kinase activity for cancer treat-
ment,>> also aiming to reduce unwanted side effects and
genome instability.

Materials and methods
Strains and growth conditions

All the strains listed in Table S1 are derivative of JKM139,
BY4741 or W303. To construct strains standard genetic proce-
dures of transformation and tetrad analysis were followed.
Deletions and tag fusions were generated by the one-step PCR
system.®® Mutant alleles of CDC5 were obtained by site-specific
mutagenesis of pRS306 plasmid containing wild type CDC5
with its endogenous promoter and C-terminal ~-HA tag. Bcll-
digested pRS306 plasmid was integrated into the CDC5 locus
and after pop-out by treatment with 5-FOA; the integration of
the cdc5-T238A and other alleles was confirmed by sequencing.
Except the complementation analysis of cdc5-1 (Fig. 1B), all the
experiments were performed with CDC5 mutations integrated
at its endogenous locus.

Strains used for chromosome loss assay were generated by
transforming SnaBI digested CFV/D8B-tg into RAD5 derivative
of W303 background. Stable Ura™ transformants due to BIR
induced extra-chromosome fragment were confirmed by pulse
field gel electrophoresis as described previously.” For the indi-
cated experiments, cells were grown in YP medium either
enriched with 2% glucose (YEP+glu, also indicated as YPD),
raffinose 3% (YEP+raf) or raffinose 3% and galactose 2%
(YEP+raf4-gal). All the synchronization experiments were per-
formed at 28°C.

Western blot analysis

The TCA protein extraction and the western blot procedures
have been previously described.®’ CIb2, Rad53 and -3HA
tagged proteins were analyzed using Clb2 (y-180, sc-9071)
(Santa Cruz Biotech), Mab.EL7, and 12CA5 monoclonal anti-
bodies, respectively.

Cell synchrony and flow cytometry

Cells were pre-synchronized in G1 with a-factor (2 ng/ml) and
then released in fresh medium. Cells were arrested in G1 and
G2/M with a-Factor (10 wg/ml) or nocodazole (20 wg/ml),
respectively. DNA content was analyzed by FACS Calibur (Bek-
ton-Dickinson) and Cell-Quest software (Bekton-Dickinson).

Immunofluorescence analysis

Samples were collected at indicated time points and fixed either
in 100% ethanol or K-Phos.-formaldehyde with magnesium
chloride buffer. Spheroplasting was done with 1mg/ml of
zymoliase. Monoclonal anti-oz tubulin antibody was used to
visualize tubulin and nuclei were stained with DAPIL Images
were captured using Leica BG DMR fluorescence microscope
and analyzed with LAS AF suite.

In vitro kinase assay

Cdc5-3HA kinase activity was measured in 12CA5 immuno-
precipitates from nocodazole arrested cells and washed sequen-
tially in LLB, high-salt QA (20 mM Tris-HCI, pH 7.6, 250 mM
KCL, 1 mM MgCl2, 1 mM DTT), and 5KB (50 mM Hepes-
NaOH, pH 7.4, 200 mM KAc, 10 mM MgCl2, 5 mM MnCI2,
1 mM DTT). Kinase assays (30u1) were performed in 50 mM
Hepes-NaOH, pH 7.4, 60 mM KAc, 10 mM MgClI2, 5 mM
MnCI2, 50 mM ATP, plus 5 mg casein and 2.5 uCi [**P]ATP.**

Checkpoint adaptation analysis by micro-colony assay

JKM139 derived strains were grown overnight in YP+raf media
and 100 unbudded cells (G1 phase) for each strain were micro-
manipulated on YEP+raf+gal plates. Percentage of checkpoint
adaptation was scored after 24 and 48 hrs of incubation. For
cdc13-1 derived strains, cells were grown overnight in YP+Glu
at 23°C and were shifted to 37°C, 2 hours before micro-manip-
ulation on YPD plates to induce telomere uncapping. After
micromanipulation plates were incubated at 37°C for 24 hours.

Chromosome loss assay

Strains with chromosome III fragment (110kb) were grown
overnight in SC-uracil liquid medium. The following day, cells
were washed with sterile water and plated on SC+Ade
(6pug/ml) to enhance red pigmentation. After incubation of
3-4 days, at least 10,000 colonies were screened per strain for
exact half red/white sectoring which indicates chromosome
loss at first cell division in non-selective medium.”* The data
represents 3 independent experiments.

Spot test for DNA damage sensitivities

Log phase cultures were normalized to 10”cells/ml and 10ul of
tenfold serial dilutions were spot plated on control and drug
containing YPD plates. Plates were incubated at 28°C for 3 d.

Gross chromosomal rearrangement rate measurement

GCR were measured as described previously.” Briefly, 7 iso-
lated colonies were inoculated in 40 ml of YPD and were grown
till saturation for 3 d. Cultures were centrifuged and resus-
pended in sterile water (0.2ml/10 ml of culture) and ~ 10° cells
were plated on plates containing 1mg/ml FOA, 60ug/ml Cana-
vanine. Simultaneously, serial dilutions of cultures were plated
on YPD plates for determining viable cells in the culture. FOA"
Can’ colonies were measured after incubating the plates at
28°C for 4-5days. GCR was calculated using Lea-Coulson’s
method of median. Data represents rate of 2 independent bio-
logical isolates.

Abbreviations

CDK Cyclin dependent kinase
PLK Polo-like kinase

PBD Polo box domain

MMS methyl methanesulphonate



DDC DNA damage checkpoint

DSB Double strand break

SPB Spindle pole body

STR complex Sgs1-Top3-Rmil complex

dH]J DNA double Holliday junctions
GCR Gross chromosomal rearrangements
MEN Mitotic exit network.
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