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Abstract
Centrosomal protein of 192 kDa (CEP192) is a scaffolding protein that recruits the mitotic protein
kinases Aurora A and PLK1 to the centrosome. Here we demonstrate that CEP192 also recruits
the type one protein phosphatase (PP1) via a highly conserved KHVTF docking motif. The
threonine of the KHVTF motif is phosphorylated during mitosis and protein kinase inhibition
studies suggest this to be a PLK1-dependent process.
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1. Introduction

Centrosomes form the major microtubule-organizing centers in mammalian cells and are
critical for the processes of spindle formation, spindle organization, and chromosome
segregation. Centrosome duplication and maturation have been shown to be regulated by
serine/threonine protein kinases including Aurora A, PLK1 and Nek2A [1-5]. Major players
involved in centrosomal function include the protein pericentrin, which forms the
pericentriolar matrix (PCM) inner layer. The PCM outer matrix is composed of other crucial
centrosomal proteins including the y-tubulin ring complex, centrosomal protein of 192 kDa
(CEP192) and centrosomal protein of 215 kDa (CEP215), among others [6]. All of these
components couple the centrosomal cycle with the cell cycle which is crucial for accurate
cell division.
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CEP192 has a critical function in centrosome maturation and centriole duplication as well as
bipolar spindle formation [7,8]. This protein not only determines the centrosome size, but is
also essential for the recruitment of other PCM components, including the -y-tubulin ring
complex, through its interaction with multiple centrosomal proteins [9]. CEP192 has been
proposed to act as a scaffold for nucleation of microtubules and other regulatory factors
during mitosis. CEP192 is also a critical player in the protein kinase activation cascade of
Aurora A and PLK1 at the centrosomes and acts as a scaffold to recruit and activate
centrosomal Aurora A via autophosphorylation at the T-loop Thr288 residue [10-12]. Once
activated, Aurora A can trigger the activation of PLK1 by phosphorylating its T-loop Thr210
residue. This active PLK1 can then dock phospho-Thr44 of CEP192 and phosphorylate the
protein on several additional serine residues [11]. These phosphorylated residues act as a
recruiting platform for other PCM proteins, such as the -y-tubulin ring complex, which
controls microtubule nucleation. Loss of CEP192 in mammalian cells leads to numerous
centrosomal abnormalities due to incorrect centrosome segregation caused by impaired
centrosome separation and centrosome maturation, highlighting the importance of CEP192
as a critical regulator of centrosome function.

Most protein phosphorylation occurs on serine and threonine residues, and the protein
phosphatases PP1 and PP2A are thought to account for majority of the dephosphorylation
events on these amino acids [13-15]. Humans have three highly related PP1 isoforms that
achieve substrate specificity through a vast array of docking proteins. Greater than 90% of
these docking proteins bind PP1 in a hydrophobic cleft distant from the active site via a short
sequence known as the RVxF motif. The RVxF motif on PP1 binding partners is slightly
degenerate and conforms to the sequence [KR] [KR][VI]X[FW].

CEP192 is a heavily phosphorylated protein with 67 phosphorylated serine, threonine or
tyrosine residues identified in different phospho-proteomic data sets collected and
catalogued at PhosphoSitePlus [10,11]. Given the dynamic nature of phosphorylation, it can
be presumed that these sites need to be dephosphorylated during the centrosomal cycle. To
this end, very little is known about protein phosphatases working to dephosphorylate
CEP192. Here we show that CEP192 recruits PP1 via its RVxF motif (‘KHVTF’) and
propose that this interaction is critical for the dephosphorylation and function of CEP192 at
the centrosome.

2. Materials and methods

2.1. Conservation of a potential PP1 binding motif among mammalian CEP192

The mammalian protein orthologs of CEP192 were extracted from the sequences of
organisms with a full genome sequence available using EggNOG*° [16]. Smith-Waterman
algorithm along with composition based score adjustment was used to calculate sequence
similarities. The sequences from all orthologous proteins identified were aligned using
Clustal Omega to determine the conservation of the potential PP1 binding RVXF motif
among these organisms [17]. A potential PP1 binding RVXF motif (‘KHVTF’) sits at amino
acid positions 948 to 952 in human CEP192 and was used to generate a trimmed alignment
containing the ‘KHVTF’ motif and this inturn was used to create a weblogo [18,19].
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2.2. Molecular cloning and site-directed mutagenesis of CEP192

Residues 507-1065 (containing the ‘KHVTF’ motif) of human CEP192 were amplified
from a pEGFP-C1-CEP192 construct by PCR using Gateway compatible primers and
inserted into pDONR201 via BP ligation reaction (Life Technologies). This construct was
subcloned into bacterial expression vector pDEST42 to create a C-terminal V5 and 6XHis
tagged fusion construct (CEP192-WT). The putative PP1 binding motif ‘KHVTF’ in this
construct was mutated to ‘KHATA’ (CEP192-RARA) by site-directed mutagenesis
following the manufacturers’ protocol. The constructs were sequence verified by Eurofin
MWG Operon LLC sequencing.

2.3. Expression and purification of human CEP192 and its RARA mutant

2.4,

CEP192-WT and CEP192-RARA constructs were transformed into BL-21 (DE3) E. coli
cells and were grown at 37 °C until they reached an O.D. 600 of 0.4. The cells were induced
with 0.1 mM IPTG at 22 °C for 16 h. Bacteria were pelleted at 4000 rpm for 20 min, re-
suspended in 1X extraction buffer (50 mM Hepes-NaOH pH 7.5, 150 mM NacCl, 5% (v/v)
glycerol and 10 mM imidazole) and frozen at —80 °C until further use. For protein
purification, cells were thawed with the addition of 1% (v/v) Tween-20, 20 mM imidazole, 1
mM phenylmethanesulfonylfluoride (PMSF), 1 mM benzamidine, 2 ug mL ~ leupeptin, 5
g mL ~1 pepstatin and lysed using sonication. Crude lysates were clarified at 20,000 rpm
for 30 min at 4 °C. Supernatants were removed, and an additional 1 mM PMSF and 1 mM
benzamidine were added prior to incubation with Ni-NTA agarose (Qiagen) end-over-end at
4 °C for 1.5 h. Matrix was captured in a column and washed with 500 column volumes of
Buffer A (1 x extraction buffer with 1 M NaCl, 1% (v/v) Tween-20, and 20 mM imidazole)
followed by 100 column volumes of Buffer B (1 x extraction buffer). Ni-NTA bound
proteins were eluted in 1 x extraction buffer containing 300 mM imidazole, pH 7.5. Protein
eluates were concentrated using a 30,000 Da molecular weight cutoff Amicon concentrator
(EMD Millipore).

In-vitro PP1 binding assay

Human PP1 isoforms were purified as described in Ref. [20]. PP1 (a/B/y) (6 pug) was pre-
incubated with either CEP192-WT or CEP192-RARA in 500 pul binding buffer (25 mM Tris,
pH 7.5, 5% glycerol, 150 mM NaCl and 10 mM imidazole). To prevent non-specific
binding, Ni-NTA beads were blocked with 1 mg mL~1 BSA in binding buffer for 1 h prior to
incubation with PP1 and CEP192 for 2 h at 4 °C. The beads were cleaned with wash buffer
(25 mM Tris, pH 7.5, 5% glycerol, 1 M NaCl and 10 mM imidazole) with 1% (v/ v)
Tween-20 followed by a wash with the binding buffer. The proteins were eluted off the beads
using 2X SDS-PAGE cocktail and run on SDS-PAGE for further analysis.

2.5. GFP-TRAP with U20S-GFP-PP1 and HelLa-GFP-CEP192 cells

Stable cell lines integrated with a bacteria artificial chromosome containing the murine
homolog of CEP192 tagged with GFP at the C-terminus (CEP192-GFP) were cultured in
DMEM supplemented with 10% FBS, 100 U mlI~1 penicillin-streptomycin and 400 mp mL
~1 geneticin. Asynchronous lysates were prepared by scraping the cells in lysis buffer (50
mM Tris, pH 7.5, 1 mM EDTA, 1 mM EGTA, 150 mM KCI) with protease inhibitor cocktail
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(Sigma) and phosphatase inhibitors (25 mM NaF, 0.5 uM microcystin-LR), followed by
sonication. The lysates were clarified by centrifugation at 14,000 rpm for 10 min. The
protein concentration in the supernatant was determined by Bradford reagent using BSA as
standard. To obtain mitotic cells, the cells were synchronized with 100 ng mL~ nocodazole
for 16 h followed by mitotic shake-off and release for 30 min. The cell pellet was suspended
in lysis buffer and lysates prepared as described for asynchronous cells. Equal amount of cell
lysate was incubated with GFP-TRAP beads (Chromotek) for 1.5 h at 4 °C followed by
washing the beads three times with wash buffer (25 mM Tris, pH 7.5, 5% glycerol, 500 mM
NaCl, 0.5% NP-40). The bound proteins were eluted using 2X SDS-PAGE cocktail and run
on SDS-PAGE to analyze for the presence of bound PP1. GFP-only or one of the three
isoforms of GFP-tagged human PP1 (GFP-Control, GFP-PP1a, GFP-PP1p and GFP-PP1ly)
were expressed in asynchronous or mitotic U20S cells and purified using GFP-TRAP as
described in Ref. [21]. Immunoprecipitation of endogenous CEP192 was performed as in
Ref. [22] using the antibody from Ref. [23].

2.6. Generation and validation of phospho ‘KHVTF’ CEP192 antibody

The phospho and dephospho versions of CEP192 peptide containing the potential PP1
binding motif SEKHVTFENHK were synthesized with 98% purity at GL Biochem
(Shanghai) Ltd., China. The phospho-specific antibody was generated by injecting keyhole
limpet haemocyanin (KLH) (Imject Maleimide-activated KLH Kkit, Pierce) and bovine serum
albumin (BSA)-coupled phospho-CEP192 peptide into rabbits [24]. The antibody was
affinity purified using phospho-CEP192 peptide conjugated column. The purified antibody
(called p-CEP192 hereafter) was validated with dot blots using phospho and dephospho
CEP192 peptides and western blots (Fig. S1). To confirm the phospho-specificity, the
antibody was quenched with 5 pg mL™1 of the antigen (SEK HVpTFENHK) before
incubating the membrane with the antibody.

2.7. Protein kinase inhibitor assays

HeLa cells were treated with 100 ng mL ™1 nocodazole for 15 h for inducing a prometaphase
arrest. The respective inhibitors Aurora A inhibitor | (S1451, Selleckchem, 100 nM),
hesperadin (S1529, Selleckchem, 100 nM), and B12536 (S1109, Selleckchem, 100 nM) were
added for 1 h before the nocodazole was washed off the cells. The cells were then released
into media with inhibitors for 30 min or 90 min after nocodazole wash-off. For hesperadin
treated cells, MG132 (10 uM, 474790, Millipore (Calbiochem)) was added along with the
protein kinase inhibitor to prevent mitotic exit.

2.8. Immunofluorescence and microscopy

HelLa cells were grown on poly-lysine coated coverslips, fixed with 3.7% formaldehyde,
permeabilized with 0.5% Triton X-100 and blocked in 1% BSA/PBS. The coverslips were
then incubated with either CEP192 antibody (Bethyl, 1:1000), pericentrin antibody (Abcam
28144) or affinity purified phospho-CEP192 antibody (2 pg mL™1) for 2 h followed by
Alexa Fluor 488-conjugated goat anti-rabbit and Alexa Fluor 594-conjugated goat anti-
mouse secondary antibodies (Molecular Probes, Thermo Fisher Scientific, 1:500) for 1 h.
Nuclei were counterstained with DAPI (Sigma Aldrich, 1 pg mL™1) and images acquired
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using a Leica DMIRE2 microscope equipped with a digital charge-coupled device (CCD)
camera (Hamamatsu, Photonics, K.K.). The co-localization images were acquired with
Nikon A1R confocal microscope.

3. Results

3.1. Conservation of the putative PP1 binding ‘KHVTF’ motif in CEP192

Analysis of protein orthologs of human CEP192 showed that the potential PP1 binding
‘KHVTF’, located between amino acids 948-952 in the human protein, is highly conserved
among mammals. Among the CEP192 proteins identified, all contained the ‘KHVTF’ motif.
The residues critical for PP1 binding (valine and phenylalanine) are completely conserved
among the ‘KHVTF’ containing CEP192 proteins (Fig. 1A). Another striking observation is
high conservation of two ‘SP’ sites just C-terminal to the ‘KHVTF’ motif which might be
important in regulating PP1 binding with CEP192 (Fig. 1B).

3.2. CEP192 co-localizes with PPla

Centrosomal imaging of metaphase U20S-GFP-PP1a cells showed staining of CEP192 as
expected (Fig. 2A). This centrosomal signal co-localized with the GFP-PP1a signal
suggesting that CEP192 and PP1a are in close vicinity, at least during metaphase (Fig. 2A).

3.3. CEP192 interacts with PP1

A GFP-TRAP experiment using GFP-tagged PP1 expressing U20S cells showed an
enrichment of CEP192 in both the asynchronous and mitotic eluates compared to GFP alone
(Fig. 2B). This suggests CEP192 and PP1 may be a part of the same complex. This was
confirmed by reciprocal GFP-TRAP where PP1 was enriched in the GFP-CEP192 TRAP
eluates (Fig. 2C). This was further supported by co-immunoprecipitation of endogenous PP1
with CEP192 (Fig. 2D). To determine if the interaction between CEP192 and PP1 is direct,
the eluates from the binding experiment using CEP192-WT and CEP192-RARA and PP1
were immunoblotted for PP1. This blot showed a dramatic enrichment of PP1 in CEP192-
WT bound beads compared to the control beads, but not in CEP192-RARA bound beads,
suggesting a direct interaction via the ‘KHVTF’ motif (Fig. 2E).

3.4. ‘KHVTF motif in CEP192 is phosphorylated during mitosis

CEP192 contains a threonine in its PP1 binding RVxF motif (‘KHVTF’). Previous work has
shown that phosphorylation within the RVxF motif abolishes PP1 binding, so we explored
the possibility that the CEP192 ‘KHVTF’ motif is phosphorylated during the cell cycle. To
determine the phospho-status of ‘KHVTF’ motif in CEP192, phospho-specific ‘KHVTF’
antibody was generated and validated (Figs. S1A, B, and C). These results also indicated
that the ‘KHVTF’ motif of CEP192 is only phosphorylated in mitosis, and not interphase. To
explore this further, this antibody was used to analyze the phosphorylation within ‘KHVTF’
throughout the cell cycle. As shown by the immunoblot, the ‘KHVTF’ motif in CEP192 is
phosphorylated specifically during mitosis (Fig. 3A and Figs. S1B and C). This result was
also confirmed by immunofluorescence of cells stained with p-CEP192 antibody which
revealed centrosomal staining (Fig. 3B) only during mitosis. The centrosomal location was
confirmed by co-staining with pericentrin. Prior to using the p-CEP192 antibody in
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immunofluorescence experiments, we established that CEP192 co-localizes with pericentrin
throughout the cell cycle (Fig. S2).

3.5. PLK1 regulates the phosphorylation of the ‘KHVTF’ motif in CEP192

Phosphorylation within the ‘KHVTF’” motif in CEP192 might be a crucial regulator of its
interaction with PP1. To uncover the protein kinase responsible, we monitored
phosphorylation at this site in the presence of inhibitors for key mitotic protein kinases.
Immunofluorescence studies with kinase-inhibited cells stained with CEP192 antibody
confirmed that CEP192 co-localizes with pericentrin at centrosomes (Fig. 3C) in the
presence of these inhibitors (although CEP192 did decease slightly in the presence of PLK1
inhibitor). Having established that CEP192 remains at centrosomes during kinase inhibition,
we then determined that the p-CEP192 signal is only abolished when PLK1 is inhibited in
mitotic cells (Fig. 3D).

4. Discussion

CEP192 is a crucial regulator of centriole duplication, maturation, and separation through its
interaction with other centrosomal proteins [25]. CEP192 has been proposed to play a
scaffolding role in the recruitment of PCM proteins at different times in the centrosomal
cycle [8]. This has been shown to be true in case of the recruitment of protein kinases
Aurora A and PLK1, which are the major regulators of centrosomal protein phosphorylation.
CEP192 hinds both Aurora A and PLK1 protein kinases and is essential for the sequential T-
loop phosphorylation and therefore activation of both these protein kinases at the
centrosomes [10,11]. Loss of interaction between CEP192 and Aurora A and/or PLK1
results in centrosome and spindle assembly defects highlighting the importance of this
signaling pathway [11]. However, the reverse, or dephosphorylation of CEP192 and other
centrosomal proteins, has not been studied in detail with much less known about any
centrosomal protein phosphatases.

PP1 binding proteins mediate their interaction with the PP1 catalytic subunit through
docking motifs, primarily the RVxF motif [13-15,22]. CEP192 contains the classic PP1
binding motif ‘KHVTF’ which is highly conserved among eukaryotes (Fig. 1A). The
association of PP1 with its regulatory proteins has also been shown to be regulated by
phosphorylation in or around the PP1 docking RVXF motif. This phosphorylation in some
cases has been attributed to CDK1 phosphorylation of a ‘S/TP’ site near the RVxF motif as
in case of the regulatory protein CDCA2 (Repoman) [26]. Interestingly, there are two
conserved ‘SP’ sites C-terminal to the ‘KHVTF’ motif in CEP192 (Fig. 1B) which might
regulate the binding of PP1 with CEP192 in a CDK1-dependent manner. These sequence-
based observations make CEP192 an ideal candidate for PP1 binding and regulation by PP1.

PP1la localizes to the centrosomes through its interaction with Nek2 [27,28]. Apart from
Nek?2, no centrosomal targeting subunits for PP1 have been identified. Here the localization
of PP1a was confirmed using GFP-tagged PP1 expressing U20S cells. In addition, this
places PP1 at centrosomes with CEP192 (Fig. 2A). With GFP-tagged CEP192 expressing
Hel a cells and GFP-tagged PP1 expressing U20S cells, we could show that CEP192 and
PP1 are a part of the same complex (Fig. 2B and C). Additionally, this interaction was direct
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as confirmed with the /n-vitro binding assay and was abolished in the case of CEP192-
RARA mutant (Fig. 2D), suggesting that the interaction occurs via the KHVTF motif and as
expected, the valine and the phenylalanine residues are crucial for this interaction.

Phosphorylation within the RVxF motif in PP1 regulatory proteins plays a role in controlling
the association of PP1 with its regulatory proteins [29-31]. Here, we show that the threonine
within the ‘KHVTF’ motif of CEP192 is phosphorylated specifically during mitosis (Fig.
3A) and that PLKZ1 protein kinase regulates the phosphorylation of this site (Fig. 3C).
Although the ‘KHVTF’ sequence does not align well with the classic PLK1 consensus
sequence D/E-X-S/T-®-X-D/E (X, any amino acid; @, a hydrophobic amino acid), the
phosphorylation of this site is directly or indirectly regulated by PLK1 as shown by the data
presented here. PLK1 has a strong preference for hydrophobic amino acid (F) at +1 position,
but it can phosphorylate sequences lacking acidic amino acids at -2, and have basic residues
(K/R) at -1 or -2 position [32] supporting the notion that PLK1 can directly phosphorylate
the CEP192 ‘KHVTF’ sequence. PLK1 mediated phosphorylation of CEP192 is essential
for the recruitment of other proteins like the y-tubulin ring complex, which may regulate the
phosphorylation of this motif through additional protein kinases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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™

Potential PP1 binding ‘KHVTF’ motif in mammalian CEP192 proteins. (A) Clustal omega
generated multiple sequence alignment with mammalian CEP192 orthologs shows a high
degree of conservation of the potential PP1 binding ‘KHVTF’ motif. The ‘KHVTF’ motif is
highlighted in a red box and the consensus below shows the most conserved residues at each
position. Species names are as follows: Human, Homo sapiens; Ground squirrel, /ctidomys
tridecemlineatus, Mouse, Mus musculus, Wild Boar, Sus scrofa; Dolphin, Tursiops
truncates, Cow, Bos Taurus, Phillipine tarsier, 7arsius syrichta, Fox, Pteropus vampyrus,
Lemur, Microcebus murinus, Armadillo, Dasypus novemcinctus, Galago, Otolemur
garnettii; Rabbit, Oryctolagus cuniculus, Marmoset, Callithrix jacchus, Rhesus macaque,
Macaca mulatta, Orangutan, Pongo abelii;, Gibbon, Nomascus leucogenys, Gorilla, Gorilla
gorilla; Chimpanzee, Pan troglodytes, Dog, Canis lupus familiaris, Bat, Myotis lucifugus,
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Horse, Equus caballus, Cat, Felis catus, Panda, Ailuropoda melanoleuca, Ferret, Mustela
putorius furo, Zebra finch, Taeniopygia guttata, Chicken, Gallus gallus, Turkey, Meleagris
gallopavo, Kangaroo rat, Dipodomys ordii, Turtle, Pelodiscus sinensis, Opossum,
Monodelphis domestica, Tasmanian devil, Sarcophilus harrisii, Rock hyrax, Procavia
capensis, Treeshrew, Tupaia belangeri. (B) The sequence highlighted in cyan in (A) was
obtained from all the protein sequences and was used as the input to generate a weblogo
[18]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2.
CEP192 interacts with PP1. (A) Immunofluorescence using CEP192 antibody shows co-

localization in GFP tagged PP1a expressing cells. The images of the two centrosomes were
taken in two different planes and DNA is stained with DAPI. Scale bar, 20 mm. (B) Input
extracts and GFP-TRAP eluates from control cells or GFP-PP1a or B or -y expressing cells
were probed with GFP (top panel) or CEP192 (bottom panel) antibodies. (C) Input extracts
and GFP-TRAP eluates from either control cells or GFP-CEP192 expressing cells were
probed with PP1 (top panel) or CEP192 (bottom panel) antibodies. (D) Endogenous CEP192
was immunoprecipitated from extracts and probed with PP1 (top panel) or CEP192 (bottom
panel) antibodies. (E) The eluates from /n-vitro binding assay using PP1 a/p/y with either
CEP192-WT or CEP192-RARA were probed with either PP1 (top panel) or V5 (for
CEP192; bottom panel) antibodies. Beads alone and PP1 alone act as a negative control for
the assay.
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Pericentrin

Pericentrin

Phosphorylation of the ‘KHVTF’ motif in CEP192. (A) HeLa cells were synchronized in
mitosis with thymidine-nocodazole block and released thereafter to collect cells at indicated
times. The cell lysates were probed with the indicated antibodies including mitotic marker
cyclin B and loading control tubulin (p-CEP192 is a phosphospecific antibody to ‘KHVpTF’

and is validated in Fig. S1). (B) HeLa cells were stained with DAPI and the indicated

antibodies and imaged at different phases of the cell cycle as indicated. Scale bar, 20 um. (C)
HelLa cells were stained with DAPI and with the indicated antibodies to ensure CEP192
remained at centrosomes in the presence of the indicated protein kinase inhibitors. (D) HelLa
cells were treated with indicated protein kinase inhibitors and stained with DAPI and with
the indicated antibodies to monitor the status of CEP192 ‘KHVTF’ phosphorylation. Scale

bar, 20 pm.
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