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Role of protein kinase PLK1 in the epigenetic
maintenance of centromeres

Duccio Conti'*, Arianna Esposito Verza™?, Marion E. Pesenti', Verena Cmentowski'?, Ingrid R. Vetter!,

Dongging Pan'f, Andrea Musacchio®?*

The centromere, a chromosome locus defined by the histone H3-like protein centromeric protein A
(CENP-A), promotes assembly of the kinetochore to bind microtubules during cell division. Centromere
maintenance requires CENP-A to be actively replenished by dedicated protein machinery in the early

G; phase of the cell cycle to compensate for its dilution after DNA replication. Cyclin-dependent kinases
(CDKs) limit CENP-A deposition to once per cell cycle and function as negative regulators outside of early
G;. Antithetically, Polo-like kinase 1 (PLK1) promotes CENP-A deposition in early G;, but the molecular
details of this process are still unknown. We reveal here a phosphorylation network that recruits PLK1 to
the deposition machinery to control a conformational switch required for licensing the CENP-A deposition
reaction. Our findings clarify how PLK1 contributes to the epigenetic maintenance of centromeres.

uring cell division, kinetochores enable

the segregation of sister chromatids by

mediating their interaction with the mi-

totic spindle (7). Kinetochores form at

specialized chromatin loci called cen-
tromeres (2-6). The maintenance of centro-
meres’ position along the chromosome axis
is of utmost importance for cell viability (7).
With few exceptions, the specialized histone
centromeric protein A (CENP-A) defines the
location of centromeres, functioning as an epi-
genetic marker (8-10). In higher eukaryotes,
CENP-A dynamics on chromatin differ from
those of canonical H3.1 histones, which are
incorporated during DNA replication (71, 12).
CENP-A replenishment in telophase or early
G; phase compensates for its dilution during
S phase (13, 14) (Fig. 1A). A dedicated group
of conserved proteins, collectively called the
CENP-A deposition machinery, orchestrates
this event. Specifically, Holliday junction rec-
ognition protein (HJURP), a CENP-A-specific
chaperone, stabilizes the cytosolic form of
CENP-A (15, 16). Targeting HJURP to centro-
meres requires the octameric missegregation
protein 18 (MIS18) complex, composed of two
MISI8 binding protein 1 (M18BP1™*™2) sub-
units, four MIS18a subunits, and two MIS18f3
subunits (17-22). The hierarchical interaction
of HJURP with the MIS18 complex is essential
for centromere inheritance (23, 24). Finally,
the mechanism of new CENP-A incorporation
likely requires a source of energy, as was dem-
onstrated for other histone variants (25). Sev-
eral chromatin remodelers have been reported
to interact with kinetochore proteins (26-31),
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but their precise function at centromeres re-
mains obscure.

The CENP-A deposition process echoes the
regulatory network that limits the initiation of
DNA replication to only once per cell cycle. In
the case of CENP-A, the process is licensed at
mitotic exit and early G; phase by the deac-
tivation of cyclin-dependent kinases (CDKs),
which act as potent inhibitors of CENP-A de-
position in all of the other cell cycle phases.
CDKs phosphorylate a constellation of resi-
dues across the CENP-A deposition machin-
ery, preventing its untimely assembly (Fig. 1, B
and C). Specifically, CDKs negatively regulate
CENP-A:HJURP recruitment to centromeres
(32), repress the interaction of HJURP with
the MIS18 complex, and prevent M18BP1 bind-
ing to MIS18af, which in turn blocks their
centromere localization (17, 19, 33, 34). Adding
another layer of complexity to this network,
Polo-like kinase 1 (PLK1) activity is essential
for new CENP-A deposition (35). Thus, two
kinases with opposing functions control the
epigenetic maintenance of centromeres, but
how PLKI1 regulates this process remains un-
known (Fig. 1C). In this study, we elucidate
this fundamental molecular mechanism, de-
coding it from the multiplicity of other func-
tions that PLK1 performs during mitotic exit
(36-39). We show that PLK1 activity is es-
sential to controlling a conformational switch
of the MIS180’s N-terminal region that licenses
the recruitment of HJURP to centromeres.
PLK1 binds sequentially to M18BP1, MIS180,
and HJURP, and its physical interaction is re-
quired to promote CENP-A deposition, thus
defining PLK1 as an integral part of the de-
position machinery.

M18BP1 is the apical regulator of PLK1
recruitment to centromeres during

early G; phase

PLKI1 activity during mitotic exit possibly reg-
ulates the recruitment of the deposition ma-
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ment for PLK1 activity in this process (35)
(figs. S1 and S2), indicating that the defects in
CENP-A deposition are not caused by ectopic
CDK1 activity upon inactivation of PLK1. To
disentangle the role of PLK1 in this pathway
from its other essential functions during mi-
totic exit, we examined its recruitment mode
to centromeres in early G;, which depends on
M18BP1 and MIS18af, but not HIJURP (35) (fig.
S3). The first 490 residues of M18BP1 contain
the determinants of centromere recognition of
the deposition machinery (35), suggesting that
PLKI-binding sites might also occur in this
fragment. To investigate this, we incubated
recombinant M18BP1'™*%° with the Polo-box
domain (PBD) of PLK1, a specific phospho-
amino acidic adapter that promotes the dock-
ing of PLK1 to previously phosphorylated motifs
(40). Substoichiometric amounts of full-length
PLK1 were added to trigger phosphorylation.
This strategy allowed us to use the PBD at con-
centrations similar to those of M18BP1"*°° but
in the presence of limiting Kinase activity to
promote specific phosphorylation (39). We
also added to the mixture substoichiometric
amounts of CDK1, which primes PLK1 binding
to various substrates during mitosis, including
the kinetochore (41). We then examined the
complex assembly between M18BP1'*°° and
the PBD in solid phase. PLK1 interacted with a
region spanning M18BP1’s first 140 residues
(fig. S4A). Detailed analysis of this domain iden-
tified Thr78 and Ser93 as highly conserved resi-
dues that might participate in the interaction
(Fig. 1D). Antibodies raised against the phos-
phorylated versions of these two residues
showed that Thr78 is a PLKI-specific substrate,
whereas Ser93 can be phosphorylated by both
PLK1 and CDK1 in vitro (fig. S4, B and C). We
used analytical size-exclusion chromatography
(SEC) to assess the relative contributions of
these Kkinases in triggering PLK1 binding to
M18BP1. Phosphorylation by PLK1, but not
by CDK1, was sufficient for a stoichiometric
interaction of the PBD with M18BP1*° (fig.
S5). Mutating both Thr78 and Ser93 abolished
the interaction between M18BP1"**° and PBD
in vitro, whereas the single mutations weakened
it (Fig. 1E). We used rescue assays to study the
extent of PLK1 recruitment to centromeres in
human cells. In these experiments, depletion
of the endogenous M18BP1 is compensated by
the expression of an inducible small interfer-
ing RNA-resistant, fluorescently tagged M18BP1.
For each rescue assay in this work, we assessed
in parallel the efficiency of depletion in the
parental cells. Individually mutating Thr78 or
Ser93 was sufficient to abrogate the recruitment
of PLK1 to centromeres in early G; (Fig. 1, F
and G, and fig. S6). Residual binding of the
single mutants in vitro likely reflects the higher
protein concentrations of binding species used
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Fig. 1. M18BP1 is the apical regulator of PLK1 recruitment to centromeres
in early G;. (A) Chromatin-bound CENP-A gets halved during DNA replication

and replenished to its initial level in early G; phase. (B) CDK kinases negatively regulate
the assembly of the complete CENP-A deposition machinery and prevent its
centromeric localization during the late G, S, and G, phases and mitosis. (C) During
early G; phase, reduced CDK activity allows the CENP-A deposition machinery to
localize to centromeres. PLK1 activity is also needed to license the mechanism.

(D) Diagram showing the location of the PLK1-binding site on M18BP1. The inset
displays the evolutionary conservation of the domain. (E) Analytical SEC of

in these assays (in the micromolar range) rel-
ative to those in the cellular environment
(estimated in the low-nanomolar range). Cells
expressing the M18BP1 phosphorylation mu-
tants retained normal cytokinesis and PLK1
localization at the spindle midbody remnant
but had decreased PLK1 localization and cen-
tromere activity, as measured by visualizing
M18BPT’s Thr702, a known PLK1 substrate (35)
(Fig. 1, F and H).

SEC coupled with multiangle light-scattering
measurements demonstrated that M18BP1 and
PLK1 bind in a 1:1 stoichiometry (fig. S7, A and
B), suggesting that the two closely spaced
phosphorylation sites dock on a single PLK1
molecule. AlphaFold2 (42) predicts that Thr78,
which is part of a canonical PBD-binding motif
(S-S,T-X), docks into the canonical phosphosite-
binding pocket of PLK1’s PBD, whereas Ser93
engages a nearby positively charged patch, thus
strengthening the interaction upon phospho-
rylation (Fig. 1I and fig. S7C). These results
show that M18BP1 is the apical regulator of
PLKI1 recruitment to centromeres during early
G; phase.

Centromeric PLK1 is required for HJURP
recruitment to centromeres in early G;

Given that PLK1 recruitment in early G; is lost
in the M18BP1 point mutants, we studied the
effects of such mutations on the localization of
the deposition machinery and CENP-A depo-
sition. In rescue assays, M18BP1 point mutants
failed to load new CENP-A at centromeres
(Fig. 2, A and B, and fig. S8, A and B). Ablation
of PLK1 recruitment by the mutations had lit-
tle or no effect on the centromeric localization
of M18BP1 and MIS180,, a proxy for the MIS180,3
complex (Fig. 2A and fig. S8, C and D). M18BPI’s
binding region to MIS18af (residues 1 to 140)
encompasses the PLK1-binding site, but muta-
tions at Thr78 and Ser93 did not affect the bind-
ing to the MIS180f3 complex in an analytical
SEC experiment (fig. S9). These results imply
that PLK1 regulates a process downstream from
the assembly of the MIS18 complex. Using
MISBPIS7AT78V-S93A o6 the representative PLK1
loss-of-binding mutant, we examined HJURP
recruitment using the same strategy as above.
Expressing M18BP1S7ATBVS93A iy cells resulted
in an almost complete loss of HJURP from
centromeres (Fig. 2, C and D, and fig. S10). We
conclude that, during early G;, PLK1 binds to
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the N-terminal region of M18BP1 and positive-
ly regulates HJURP recruitment to centromeres
to promote new CENP-A deposition (Fig. 2E).

PLK1 relieves MIS18a’s N terminus negative
regulation of HJURP recruitment to centromeres

A region encompassing the N-terminal 55 resi-
dues of MIS180: exerts an inhibitory effect in vitro
on the interaction of HJURP with the MIS180,3
complex (23), possibly reflecting a conforma-
tional switch. We surmised that PLK1 phos-
phorylation might regulate this activity. We
tested this hypothesis in an in vitro reconstitu-
tion system consisting of the MIS1808 complex
and the C-terminal region of HJURP encom-
passing the R2 repeat (541-C fragment), which
binds MIS18ap (23). We performed the ex-
periment at concentrations that allowed us
to detect the possible changes in binding af-
finity resulting from PLK1 activity. Phospho-
rylation by PLK1 alone was insufficient for
complex formation (Fig. 3A, black trace, and
fig. S11A). We then added the PBD at concen-
trations expected to saturate all the possible
docking sites to mimic PLK1 binding. Under
these conditions, a stable complex composed
of HJURP?*"¢, MIS18ap, and PBD formed
(Fig. 3A, cyan trace). Complex formation was
dependent on PLK1 activity (Fig. 3A, compare
gray and cyan traces). This complex incorpo-
rated all of the components above, because
mixing MIS180f (the largest constituent) and
PBD without HJURP resulted in a smaller
complex (Fig. 3A, compare cyan and green
traces). Performing the same experiment with
HJURP R1 repeat (394 to 540 fragment), which
also binds the MIS18af complex, yielded a
similar outcome (fig. S11, B and C). Further
study of this mechanism showed that PLK1
interacts with a conserved motif enclosed in
MIS18a’s first 55 residues, and that binding
was dependent on the phosphorylation of
Ser54 of MIS18a (Fig. 3B and fig. S12). These
results show that PLK1, contingent on phos-
phorylation of and binding to MIS18a, relieves
a steric blockade of MIS18a’s N-terminal region
on the HIURP-binding site, thus promoting the
formation of the HITURP:MIS1808 complex.

PLK1 binds to both MIS18a and HJURP to
license new CENP-A deposition

Our exploration of the docking of PLK1 on the
HJURP:MIS180f complex also uncovered a
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MBP-M18BP1*% (WT or mutants) incubated with MBP-PBD in the presence or
absence of kinase activity. (F) Centromeric localization of mNeonGreen-PLK1 and
enrichment of M18BP1 pThr702 signal in human cells expressing mScarlet-M18BP1
(WT or mutants) in early Gy phase. Arrowheads indicate the position of the spindle
midbody. (G) Quantification of mNeonGreen-PLK1 intensity from cells in (F).

(H) Quantification of M18BP1 pThr702 intensity from cells in (F). Magenta dots show
the median value of each experimental repeat. (I) AlphaFold2 model showing the
docking of M18BP1's Ser77 and Thr78 to the canonical binding pocket of PBD. Ser93 is
predicted to interact with a proximal positively charged patch (highlighted in the inset).

conserved PBD-binding domain in the HIJURP
C-terminal region, which required phosphor-
ylation of Thr654 (Fig. 3C and fig. S13). Incu-
bating recombinant MIS18a5°34 5448 with
HJURPSO53ATOMY ghrogated the formation of
the HJURP:MIS18af3 complex in analytical
SEC, even in the presence of PBD and PLK1
activity (Fig. 3D). Different combinations of
wild-type (WT) and mutant proteins resulted
in complexes exhibiting intermediate affinities
(fig. S14). To demonstrate that the interaction
of PLK1 with both MIS180. and HJURP is es-
sential to driving successful CENP-A deposition
in a cellular context, we performed rescue assays
in which HJURPS®®3AT654Y and MIS18¢:5°345544,
both fluorescently labeled, were coexpressed
in HeLa cells depleted of the respective endo-
genous proteins. As predicted, coexpression of
the two mutants decreased CENP-A deposition
(Fig. 3, E to H, and fig. S15) and reduced the
centromeric recruitment of HJURP to levels sim-
ilar to those exhibited by the M18BP1S™T78VS93A
mutant (compare Fig. 3, E and G, with Fig. 2, C
and D). As anticipated by the binding assays,
the expression of individual point mutants of
either MIS180, or HJURP in HeLa cells only
mildly affected CENP-A deposition (figs. S16 and
S17). We conclude that simultaneous binding
of PLK1 to MIS18c and HJURP is needed to
counteract the negative activity of the MIS18a
N terminus and to license successful CENP-A
deposition (Fig. 31).

The role of PLK1 in the epigenetic maintenance
of centromeres revolves around the MIS18a.
conformational switch

PLKI-licensing activity lies in its ability to regu-
late the conformation of the MIS180 N-terminal
region (Fig. 3). If this were the primary role of
PLK1 in the pathway of CENP-A deposition,
then we speculated that removing MIS180’s
inhibitory domain should allow CENP-A depo-
sition in the absence of PLK1 activity at centro-
meres. To verify this, we designed a rescue assay
in human cells in which M18BP1577A"T78V-S934
which prevents PLK1 recruitment to centromeres,
was coexpressed with MIS180°%C in cells de-
pleted of the endogenous proteins. As shown
above, expression of M18BP157AT8VS93A gy
gated CENP-A deposition (Fig. 4, A and B, and
fig. S18). Cells expressing MIS18¢°%€ alongside
MI8BPIS7AT78V-S93A i1y sorporated new CENP-A
to substantial levels (58% efficiency compared
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Fig. 2. Centromeric PLK1 is required for HJURP recruitment to centromeres in
early G;. (A) EGFP-M18BP1, mCherry-MIS18c, and new CENP-A levels at
centromeres in human cells expressing EGFP-M18BP1 (WT or mutants) in

early Gy phase. The top panels show the parental cells as controls for the
endogenous M18BP1 depletion. (B) Quantification of new CENP-A levels in cells
from (A). Magenta dots show the median value of each experimental repeat.
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(C) HJURP-mNG levels in human cells expressing M18BP1 (WT or S77A-T78V-
S93A mutant) in early G; phase. (D) Quantification of HIURP-mNG intensity in
cells from (C). Magenta dots show the median value of each experimental
repeat. (E) Summary diagram. In early Gy, PLK1 binds to M18BP1's N terminus
and regulates HJURP localization to centromeres to allow CENP-A deposition.
CA, CENP-A.
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Fig. 3. PLK1 relieves MIS18u’s N terminus negative regulation on HJURP
recruitment to centromeres. (A) Analytical SEC showing that MIS18c8 and
HJURP>C can bind in the presence of PBD and PLK1 phosphorylation. (B and

C) Diagrams showing the location of the PLK1-binding site on MIS18c: and HJURP,
respectively. The inset displays the evolutionary conservation of the domain.

(D) Analytical SEC showing that the HJURP®*C interaction with MIS18a is abrogated
when the PBD is not able to bind to both of them. (E) mCherry-MIS18a, HJURP-mNG,
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HJURP-mNG (both WT and

CENP-A intensity from (E).
(H) Quantification of mCherry-MIS18a intensity from (F). Magenta dots show the
median value of each experimental repeat. (I) Summary diagram. PLK1 phosphoryl-
ation of and binding to MIS18c. and HJURP enables their interaction by counteracting
MIS18a's N terminus negative regulation.

and new CENP-A levels in human cells coexpressing mCherry-MIS18c and

mutant) in early G; phase. (F) Quantification of new
(G) Quantification of HJURP-mNG intensity from (E).
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Fig. 4. Role of PLK1 in the epigenetic maintenance of centromeres revolves
around MIS18a’s conformational switch. (A) EGFP-M18BP1, mCherry-MIS18c;, and
new CENP-A levels in human cells coexpressing EGFP-M18BP1 and mCherry-MIS18a:

(WT or mutants, expressed in different combinations) in early G; cells. (B) Quantification
of new CENP-A intensity from (A). Magenta dots show the median value of each
experimental repeat. (C) Summary diagram showing the final model of this study.

with the WT control). Altogether, these results
demonstrate that PLK1 promotes CENP-A de-
position through the regulation of the MIS18a
conformational switch.

PLK1 binding to the CENP-A deposition
machinery is hierarchical

Our work shows that PLK1 regulates CENP-A
deposition through multiple interactions with
the components of the deposition machinery.
Because mutating the PLK1-docking site on
M18BP1 was sufficient to prevent HJURP local-
ization to centromeres (Fig. 1), it appears that
recruitment of the various components of the
deposition machinery requires a defined bind-
ing hierarchy (15, 18). To test this idea, we
investigated whether the PLK1-docking site of
M18BP1, which is highly conserved (compare
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Fig. 1D and Fig. 3, B and C), could sustain
CENP-A deposition when grafted onto HJURP.
A minimal PLK1-binding fragment of M18BP1
encompassing residues 56 to 98, which bound
to PLK1 robustly in analytical SEC experiments
(fig. S19), was grafted onto HJURP to replace
the PBD-binding motif centered at Thr654
(henceforth called “HJURPE™™; fig. S20A). We
coexpressed this mutant with M18BP17ATBY934
which blocks PLK1 recruitment to centromeres,
in HelLa cells depleted of endogenous M18BP1
and HJURP (fig. S20B). The HJURP&! con-
struct did not localize to centromeres and did
not allow new CENP-A deposition in the pres-
ence of the M18BP1S77AT78V-S93A mytant (fig.
S20, C to G). Further confirming that PLK1
licensing of new CENP-A deposition must start
with its binding to M18BP1, preventing the

6 September 2024

docking of PLK1 to another component of the
deposition machinery downstream of M18BP1
recruitment (MIS18¢:5°%A4 %44 mutant) barely
affected the centromere levels of PLK1 (fig.
S21). In addition, blocking HJURP from
interacting with PLK1 did not significantly
alter its localization to centromeres (fig. S17,
D and F).

Discussion

Our work clarifies the role of PLK1 in licensing
new CENP-A deposition (35). In early G;, PLK1
binds to M18BP1 on a highly conserved binding
site generated by the phosphorylation of two
nearby residues, Thr78 and Ser93 (Fig. 4C, step
1), both of which have to be phosphorylated for
successful recruitment of PLK1 to centromeres.
This doubly phosphorylated site interacts with
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a single PBD, possibly with a previously un-
described binding mode (40, 43). M18BPT’s
Ser93 is a substrate of both PLK1 and CDK1
in vitro. Its sequence resembles noncanonical
CDK1 sites previously identified in other mi-
totic substrates (44-46), but it is also similar to
target sites of the acidophilic PLK1 kinase.
This promiscuous regulation hints at possible
priming of the binding during mitosis, in par-
allel with other mitotic PLK1-binding pro-
teins (41), implying that the phosphorylated
site needs to survive dephosphorylation by
protein phosphatase 2A (PP2A-B55) during
mitotic exit (47).

To overcome the pleiotropic effects of PLK1
inhibitors, we focused on specific phosphoryl-
ation sites and separation-of-function mutants.
This showed that centromere targeting of
M18BP1 and the MIS18cf complex is mini-
mally sensitive to PLK1 activity, but also un-
covered a complex cascade of events that
ultimately activate CENP-A discharge by the
deposition machinery. We propose that once
bound to M18BP1, PLK1 primes the simulta-
neous binding of additional PLK1 molecules to
two downstream components of the CENP-A
deposition machinery (Fig. 4C, steps 2 and 3).
These interactions require the phosphoryla-
tion of Ser54 on MIS18c and Thr654. on HJURP.
Our results imply that physical binding of PLK1
to the MIS180’s N-terminal a-helix promotes
a conformational switch that is essential for
increasing the affinity between HJURP and
MIS180,3 (23) (Fig. 4C, step 4. All of the PLK1-
docking sites mapped in this study are close to
the regions that the components of the depo-
sition machinery use to interact with each
other (17, 19, 23, 24) (fig. S22). Thus, CENP-A
deposition appears to require full assembly
of this complex (Fig. 4C, step 5). By showing
that PLKI1 is a tightly docked component,
our data imply a structural role of PLK1 in
the assembly of the complex. The regulation
of the MIS18c’s N-terminal region is pivotal
for HJURP localization to centromeres, and,
accordingly, the MIS180°% mutant was able
to load CENP-A in the absence of PLK1 at
centromeres.

The recruitment of PLK1 onto the CENP-A
deposition machinery appears to be sequential.
It depends on binding first to M18BP1, which
acts as its apical regulator. Confirming this, the
PLK1-binding site of M18BP1 cannot be grafted
onto HJURP without losing CENP-A deposi-
tion activity. The order of PLK1 binding is also
consistent with the sequential centromere lo-
calization of the CENP-A deposition machinery
during the transition from mitotic exit to early
G; in human cells (75, 18). The loss of CENP-A
incorporation exhibited by the M18BP1>T%V-5934
mutant was phenocopied only when both
MISIS O£S53A—SS4~A an d HURPSGSSA—T654V mutants
were coexpressed, whereas the single expres-
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sion of MIS18¢5°3455*4 and HJURPS®3A T4V
mutants only resulted in mild CENP-A depo-
sition phenotypes. The conservation of the
PLKI1 sites implies that this mechanism also
works in other metazoans. Our analysis does
not exclude that PLK1, in addition to con-
trolling the incorporation of HJURP in the
MIS18 complex, may regulate further down-
stream steps in the mechanism of new CENP-A
incorporation.

Our study provides insight into how cells
replenish the centromere epigenetic marker at
every cell cycle. This safety mechanism must
satisfy two conditions to allow the deposi-
tion reaction to take place: CDK1 sites must be
dephosphorylated (17, 32-34) and PLK1 must
phosphorylate and bind to M18BP1, MIS18a,
and HJURP (385). This elegant solution har-
nessing the action of CDK1 and PLK1, two
kinases with opposite functions, restricts the
deposition reaction to the early G; phase. Our
findings are consistent with and complemen-
tary to the work of Parashara et al. (48).
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