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Mitosis is orchestrated by several
protein kinases including Cdks,

Plks and Aurora kinases. Despite consid-
erable progress toward understanding the
individual function of these protein kin-
ases, how their activity is coordinated in
space and time during mitosis is less well
understood. In a recent article published
in the Journal of Cell Biology, we show
that CDK-1 regulates PLK-1 activity
during mitosis in C. elegans embryos
through multisite phosphorylation of the
PLK-1 activator SPAT-1 (Aurora Borea-
lis, Bora in human). SPAT-1 variants
mutated on CDK-1 phosphorylation
sites results in severe delays in mitotic
entry, mimicking embryos lacking spaz-1
or plk-1 function. We further show that
SPAT-1 phosphorylation by CDK-1 pro-
motes its binding to PLK-1 and stimu-
lates PLK-1 phosphorylation on its
activator T-loop by Aurora A kinase
in vitro. Likewise, we find that phosphor-
ylation of Bora by Cdkl promotes phos-
phorylation of human Plk1 by Aurora A
suggesting that this mechanism is con-
served in humans. These results indicate
that Cdk1 regulates Plk1 by boosting its
kinase activity. Here we discuss these
recent findings and open questions
regarding the regulation of Plk1/PLK-1
by Cdk1/CDK-1 and Bora/SPAT-1.

Mitotic entry comprises a series of irre-
versible events such as chromosome con-
and  nuclear  envelope
breakdown and has thus to be tightly reg-
ulated. Several protein kinases, including
(Cdk1) that
makes complexes with CyclinB, Aurora
kinases and the Polo-like kinase (Plk1) act
in concert to regulate mitotic entry.' Plkl

densation

Cyclin-dependent  kinase
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is an important regulator of mitotic
entry.> In particular, Pkl promotes
mitotic entry by activating Cdc25* and
inactivating Weel/Myt1,>® which con-
tributes to Cdk1-Cyclin B activation.

With its highly stereotypical asynchro-
nous cell division pattern, the -early
C. elegans embryo represents an ideal sys-
tem to study the mechanisms regulating
mitotic entry in a developmental context
and to analyze precisely the effect of small
perturbation on this process.” Further-
more, the regulators of mitotic entry are
well conserved in C. elegans. In the early
embryo, PLK-1 is required for CDC-25
activation, which in turn leads to CDK-1
activation and mitotic entry. Our recent
work indicates that CDK-1 also activates
PLK-1 and this is critical for timely
mitotic entry in the early embryo.

Overview of Plk1 Structure and
Regulation

The Plk1 kinase is composed of an N-
terminal kinase domain (Kp), a C-termi-
nal Polo box Domain (PBD) containing 2
Polo-Boxes (PB1 and PB2) and an Inter
Domain Linker (IDL)® (Fig. 1A).

The PBD has a crucial role in the
proper subcellular localization of Plk1.””
"' For instance, the PBD fused to the
green fluorescent protein (GFP) recapitu-
lates the subcellular localization of endog-
enous PLK-1 in the early C. elegans
embryo.'? The PBD serves as a phospho-
peptide binding module that preferen-
tially recognizes a sequence motif of
Ser - (pThr/pSer) — Pro/X (X indicates
any amino acid), which is phosphorylated
by proline-directed kinases such as Cdkl
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Figure 1. Cdk1 regulates Plk1 localization and activation. (A) Plk1 primary structure and organiza-
tion. Plk1 contains a N-terminal serine/threonine kinase domain (blue) and a C-terminal Polo-bind-
ing domain (PBD) containing 2 Polo Boxes (PB1 and PB2 in green) separated by a loop (L2, red).
The Inter-Domain linker (IDL, orange) links the PBD and the Kp. The activating T-loop phosphoryla-
tion site (T210) located in the Kp is shown with a red line. (B) Mechanisms of Plk1 regulation. In the
auto-inhibited Plk1 state (a), the PBD engages in an intramolecular interaction with the Kp via the
loop region L2, which inhibits the Kp, and the IDL prevents access of the activating site in the
T-loop to Aurora A kinases. Phospho-peptide binding (b) induces a conformational change of the
L2 region that disrupts the Kp-PBD interaction and contributes to Plk1 activation. Phosphorylation
of the T-loop releases the inhibitory effect of the IDL (c). These two mechanisms contribute to Plk1
activation (d). CDK-1-Cyclin B (yellow) primes several substrates for interaction with the PBD
thereby contributing to its basal activation and phosphorylates SPAT-1 to promote its interaction
with PLK-1, possibly contributing to displace the IDL, which facilitates T-loop phosphorylation.

manner.'® Interestingly in this case,
Cdkl-dependent  phosphorylation  of
Map205 is required to disrupt this inter-
action and to release Map205 from
Plk1.'® Interaction of the PBD with its
targets can also be regulated by ubiquiti-
nation of the PBD."” The PBD is thus a

(Polo-docking site).'*!> Phosphopriming
by Cdkl occurs for several Plkl targets
allowing a coupling between Cdkl and
Plkl activities. In particular, this mecha-
nism allows Cdk1 to regulate the subcel-
lular localization of Plkl during mitosis.
However, other kinases are also responsi-

ble for priming phosphorylation. For
instance, in the early C. elegans embryo,
the minibrain kinase MBK-2 phosphory-
lates the cell fate determinant MEX-5 on
a polo-docking site to promote PLK-1
binding and its asymmetric localization
in the early embryo.'? In other cases, the
Kp of Plk1 is responsible for the priming
phosphorylation and thus creates the
phosphorylated site that is bound by the
PBD. The PBD can also bind non-phos-
phorylated targets."!
sophila,  the  microtubule-associated
protein Map205 binds strongly with the
PBD in a

For instance in Dro-

phospho-independent
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protein-protein interaction module capa-
ble of various types of interactions.''

The kinase activity of Plk1 is regulated
by phosphorylation of the Kp on the
T-loop by Aurora kinases on a conserved
threonine residue (T194 in C. ¢ PLK-1
and T210 in H. s Plk)."®?* The Kp and
the PBD regulate each other’s activities
allosterically.23’24 Priming phosphoryla-
tion of the target allows binding to the
PBD, which relieves the auto-inhibition
on the Kp by the PBD whereas the Kp
inhibits the binding of the phospho-pep-
tide with the PBD. Autoinhibited Plkl
thus  be through

can activated
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phosphorylation of the T-loop by
upstream kinases and binding of the PBD
to phospho-peptides (Fig. 1B). A recent
report revealed how phosphorylation of
the Kp by Aurora B regulates allosterically
the binding of the PBD to Map205 in
Drosophila, contributing to the release of
Map205 from Plk1.”> Plk1 Kp is regu-
lated by other phosphorylation events and
notably  S137  phosphorylation  that
appears to interfere with the inhibitor
interaction of the PBD on the Kp.2>%4

Plk1 activation is also controlled by its
cofactor Bora, which was originally identi-
fied in Drosophila in a screen for mutants
defective in asymmetric cell division.”® As
Bora accumulates in G2 phase of the cell
cycle in human cells, it interacts with Plk1
and this interaction likely exposes the acti-
vating site located in the Plkl T loop for
Aurora A kinase phosphorylation.'”*
Consistent with this, Bora depletion in
human cells interferes with Plk1 activity
and affects mitotic entry and progres-
sion.'??%%728 1 elegans, the Bora
homolog SPAT-1 (Suppressor of PAR-2),
which was also originally identified in a
polarity screen,”” physically interacts with
PLK-1 and its depletion phenocopies plk-
I inactivation.”®?" SPAT-1 and Bora are
thus well-established cofactor of PLK-1/
Pkl in C. elegans and humans respec-
tively. However, how their interaction is
regulated was unclear.

How is the Interaction between
Bora/SPAT-1 and Plk1/PLK-1
Regulated?

Phosphorylated (p)Bora accumulates at
the G2-M transition and pBora/pSPAT-1
co-precipitate with Plk1/PLK-1, both in
human cells’”* and in C elegans
embryos,”” suggesting that the interaction
between Bora/SPAT-1 and Plkl1/PLK-1
might be regulated by phosphorylation.
However, Seki et al. that the
phospho-Bora/Plk1 complex is resistant to

showed

lambda phosphatase treatment indicating
that Bora phosphorylation is dispensable
for the interaction between Bora and
PIk1, or at least, not required to maintain
this interaction."” The finding that, non-
modified Bora produced in E. coli,

enhanced Aurora A-mediated T-loop
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phosphorylation of Plk1 is consistent with
Bora phosphorylation being dispensable
for its interaction with Plk1.1%% In agree-
ment with these observations, we found
that Bora, produced in E. coli, stimulated
Aurora A activity toward Plk1.** How-
ever, this effect was greatly enhanced
when Bora was pre-phosphorylated by
Cdk1-CyclinB, strongly suggesting that
Cdkl facilitates Bora binding to Plkl and
in turn  Plkl  phosphorylation by
Aurora A.

In C. elegans, we found that SPAT-1
phosphorylation by Cdk1-CyclinB is
strictly required for PLK-1 phosphoryla-
tion of the T-loop by Aurora A. We
showed that SPAT-1 phosphorylation by
Cdk1-CyclinB is essential to trigger its
interaction with PLK-1, and in turn, to
promote PLK-1 phosphorylation by the
Aurora A kinase iz vitro. In contrast to
Bora, non-modified SPAT-1 had no effect

on PLK-1 phosphorylation by Aurora A,

$ F
"\:\ /\:\ NS
Sl S
kba & &
70| - - KSPAT-1
35— - <AIR-1
55 | W s s <Tubulin
70 | w— <pT194
70 - S s <PLK-1
Lane 1 2 3

Figure 2. SPAT-1 wild-type but not the non-
phoshorylatable SPAT-1 13A stimulates PLK-1
T-loop phosphorylation by AIR-1. Westernblot
analysis of protein extracts obtained from
baculovirus-infected Sf9 cells co-expressing
AIR-1, PLK-1, and SPAT-1 WT (Lane 1) or SPAT-
1 13A (lane 2) or co-expressing only AIR-1 and
PLK-1 (Lane 3) revealed with 6xHis (His-AIR-1),
SPAT-1, PLK-1, Tubulin and the T-loop phos-
phospecific antibody (T194 in PLK-1).
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and we recently obtained similar results
using C. elegans AIR-1 (the C. elegans
homolog of Aurora A) as activating kinase
(Fig. 2). It is worth mentioning that it is
still unclear which kinase activates PLK-1
in C. elegans. Phenotypic and biochemical
analysis revealed that AIR-1 either is not
the activating kinase or not the only
one.”*! Therefore, one possibility is that
non-modified SPAT-1 might be able to
activate PLK-1, similarly to Bora, but
AIR-1 is not the physiological kinase and
this prevents the detection of this activa-
tion in our in vitro assays. Alternatively
SPAT-1 might be more dependent than
Bora on Cdk1 phosphorylation to interact
with and activate PLK-1. Nevertheless,
our observations clearly indicate that
SPAT-1 and Bora phosphorylation by
Cdkl greatly enhances Plk1/PLK-1 phos-
phorylation on the activating T-loop by
Aurora A/AIR-1 kinase (*? and Fig. 2).

What are the SPAT-1 Phospho-
sites Required for Plk1
Activation?

Phosphorylated forms of SPAT-1,
modified at multiple sites, co-immunopre-
cipitate with PLK-1 suggesting that the
interaction between SPAT-1 and PLK-1
may require multisite phosphorylation of
SPAT-1 by CDK-1. Consistently, we
found that SPAT-1 is phosphorylated at
13 Sp/Tp sites by Cdkl in vitro, among
which at least 7 are also phosphorylated
in vivo. By expressing GFP-SPAT-1 trans-
genes resistant to RNA interference, we
could test the contribution of these sites to
SPAT-1 function in vivo upon depletion
of endogenous SPAT-1 by RNAI. Inacti-
vation of SPAT-1 in WT animals delays
mitotic entry in the early embryo, which
can be easily monitored by time-lapse
Nomarski microscopy. This delay in
mitotic entry was rescued by expressing a
GFP::SPAT-1 wild-type transgene but not
a non-phosphorylatable GFP:SPAT-1
13A mutant indicating that SPAT-1 phos-
phorylation is required for timely mitotic
entry. We then mapped the critical phos-
pho-sites and found that phosphorylation
sites located in the most conserved N-ter-
minal part of the protein are critical for
SPAT-1 function. Embryos expressing a
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GFP::SPAT-1 7AN
containing 7 Sp/Tp residues in the N-ter-

mutant transgene,

minal part of the protein mutated into
Alanine, phenocopy embryos expressing a
non-phosphorylatable GFP::SPAT-1 13A
mutant, mutated on the 13 phosphoryla-
tion sites.”” In contrast, embryos express-
ing a GFP:SPAT-1 6AC
containing the 6 remaining Sp/Tp resi-
dues in the C-terminal part of the protein
mutated to alanine failed to show any sig-
nificant difference from GFP:SPAT-1
wild-type, suggesting that phospho-sites
in the C-terminal part are largely dispens-
able for SPAT-1 function in vive. How-
ever, these might still play an important
role in fine-tuning the activation status of
SPAT-1 and therefore PLK-1, for instance
by influencing the phosphorylation status
of the N-terminal part of the protein.

The N-terminal region of SPAT-1 con-
tains a polo-docking site (§251) and phos-

transgene

phorylation of this site by Cdkl regulates
the interaction of SPAT-1 with the PLK-1
PBD.?**?° However, mutation of this site
did not prevent binding of SPAT-1, phos-
phorylated by Cdkl, to PLK-1 7n vitro
and a GFP:SPAT-1 S251A transgenes
rescued endogenous SPAT-1 depletion.”?
Consistent with the polo-docking site of
SPAT-1 being dispensable for PLK-1 acti-
vation in worms, Seki et al showed that
the phospho-peptide-binding site in the
Plkl PBD is not required for the activa-
tion of Plkl by Bora and Aurora A .
These observations suggest that the inter-
action of Bora/SPAT-1 with the Plkl/
PLK-1 PBD is dispensable for the ability
of these proteins to activate Plk1/PLK-1
phosphorylation by upstream kinases.

Among the remaining N-terminally
located residues, we found that at least 2
residues, S119 and S190, contribute to
SPAT-1 function. Unfortunately, we
could not test the contribution of T229
because as we were not able to obtain
transgenic lines expressing this mutated
version. However, work is ongoing to test
the role of this phosphorylation site and
to test whether the combined S119A,
S190A and eventually T229A mutations
recapitulates the phenotype observed
upon expression of GFP::SPAT-1 7AN or
13A mutant transgenes.

Opverall, these results indicate that

phosphorylation of SPAT-1 by CDK-1
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on at least 2 sites located in the most con-
served N-terminal part of the protein is
critical for PLK-1 activation. Muldisite
phosphorylation of proteins is a recurrent
theme in numerous signaling systems
including the cell cycle. Multisite phos-
phorylation has been proposed to trans-
form a graded protein kinase signal into
an ultrasensitive switch-like response.”*??
For instance, Cdc25 phosphatase and the
Weel kinase are both regulated by multi-
site phosphorylation by Cdk1.%% Weel
and Cdkl inactivate each other through
inhibitory phosphorylation. Cdkl phos-
phorylates the N-terminal part of Weel
on 5 sites among which 2 inactivate
Weel.>* Therefore, among the 32 possible
phosphorylation states, only 8 inactivate
Weel. Furthermore, the sites that are not
inactivating Weel tend to be phosphory-
lated first. In such a scenario, Cdk activity
has to reach a certain threshold to inacti-
vate Weel, contributing to render the sys-
tem bistable. It is tempting to propose
that a similar type of regulation might
take place in the case of the interaction
between SPAT-1 and PLK-1. We specu-
late that CDK-1-dependent multisite
phosphorylation of SPAT-1 might con-
tribute to render PLK-1 and CDK-1 acti-
vation ultrasensitive. In such a model, the
feedback loop between CDK-1 and PLK-
1 would be activated exclusively when
CDK-1 activity reaches a certain threshold
contributing to make the timing of
mitotic entry highly reproducible.

SPAT-1 and Bora Regulation by
Phosphorylation and Ubiquitin-
Mediated Degradation

Although the role of Plk1 in activating
Cdk1-CyclinB via Cdc25* and Weel/
Mytl regulations’6 was well established,
the role of Cdkl in Plkl activation was
less well understood. In Xenopus egg
extract, phosphorylation of Bora on a Cdk
consensus site T52 blocks Bora degrada-
tion by the SCFPT™F E3-ligase.’” Cdk1l
may thus activate Plkl not only by pro-
moting the interaction between Bora and
Plkl, but also indirectly, by stabilizing
Bora. Such a regulation might be required
to maintain sufficient Bora levels to sus-

tain Plk1 activity during mitosis.*®

www.tandfonline.com

Whether CDK-1 similarly controls
SPAT-1 stability in nematodes awaits fur-
ther investigation. SPAT-1 is degraded by
the proteasome upon PLK-1 activation
(ref.*® and our unpublished data). How-
ever, the E3-ligase targeting SPAT-1 for
degradation remains to be found. In con-
trast to Bora, SPAT-1 does not contain a
DSGxxS phosphodegron, which is typi-
cally recognized by the SCFPT™F E3-
ligase*”*® and LIN-23 (BT+CP in worm)
inactivation does not affect mitotic
entry.”” SPAT-1 stability is thus likely
controlled by another E3-ligase in worms.

Our results suggest that CDK-1 is the
major Cdk phosphorylating SPAT-1 but
we cannot exclude that other Cdk, and
possibly other kinases may also play a role.
Whereas C. elegans SPAT-1 contains 13
Sp/Tp sites, the human Bora homolog
contains 26 sites, strongly suggesting that
Bora might integrate several signaling
pathways to regulate mitotic entry. Inter-
estingly, in human cells Bora is phosphor-
ylated by the GSK3 kinase at the G2-M
transition and these phosphorylations
contribute to Plkl activation and mitotic
entry but the underlying mechanism
remains to be found.*°

Finally, although we provided strong
evidences that CDK-1 controls SPAT-1
phosphorylation to regulate PLK-1 activa-
tion, we presently do not know the iden-
tity of the cyclin subunits that associate
with CDK-1 to phosphorylate SPAT-1.
Noteworthy, CyclinB2 overexpression in
mouse causes Aurora A-mediated Plkl
hyperactivation, resulting in accelerated
centrosome separation and lagging chro-
mosomes leading ultimately to cancer for-

41 . .
Based on our results, it is

mation.
tempting to speculate that Bora phosphor-
ylation by CyclinB2/Cdk1 might contrib-
ute to Plkl and Aurora A hyperactivation

and tumorogenesis.

Conclusion and Future Directions

In conclusion, we have shown that
phosphorylation of SPAT-1 regulates its
binding to PLK-1, which promotes PLK-
1 phosphorylation on its activating T-
loop by Aurora A. Likewise, Bora phos-
phorylation by Cdkl greatly enhances

Plkl phosphorylation by Aurora A,
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suggesting that the mechanism we have
uncovered in C. elegans is evolutionarily
conserved between worms and humans. It
will be critical to identify the phospho-
sites in human Bora that contribute to
Plk1 activation and to determine their
precise contribution 7z vitro and in vive.
Based on the recent structural analysis of
Plkl1, it is plausible that Bora phosphory-
lation facilitates the accessibility of the
activation loop of Plkl to upstream kin-
ases. Clearly, structural analysis of Plk1 in
complex with Bora is needed to resolve
this issue. Overexpression of Plkl has
been observed in many human cancers,
therefore, understanding the precise
mechanism by which Bora phosphoryla-
tion changes Plk1 accessibility to upstream
kinases should facilitate the design of
novel drugs for cancer therapy.
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