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through a highly conserved docking motif
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Protein phosphatase 1 (PP1), a serine/threonine protein phosphatase, controls diverse key cellular events.
PP1 catalytic subunits form complexes with a variety of interacting proteins that control its ability to
dephosphorylate substrates. Here we show that the human mitotic kinesin-8, KIF18A, directly interacts
with PP1vy through a conserved RVXF motif. Our phylogenetic analyses of the kinesins further uncovered
the broad conservation of this interaction potential within the otherwise highly diverse motor-protein
superfamily. This suggests an ancestral origin of PP1 recruitment to KIF18A and a strategic role in human

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Serine/threonine protein phosphatase 1 (PP1) is a highly con-
served eukaryotic enzyme and a key cellular regulator due to its
dominant role in serine/threonine protein (de)phosphorylation.
98% of phosphorylation events that occur in the human proteome
are Ser/Thr phosphorylations and PP1 together with PP2A,
accounts for >90% of these dephosphorylation events [ 1-3]. Protein
kinases and phosphatases, respectively, add or remove phosphate
moieties, thereby influencing substrate function. Throughout evo-
lution, protein kinases developed into a large enzyme family, each
with a particular substrate recognition motif. Conversely, the Ser/
Thr protein phosphatase numbers remained small, developing
their substrate recognition via complex formation between a
canonical, low specificity catalytic subunit and a large array of reg-
ulatory proteins. The best example is PP1, where each complex

Abbreviations: PP1, protein phosphatase 1; PP2A, protein phosphatase 2A; MTs,
microtubules.
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consists of a catalytic subunit (PP1) bound with a regulatory pro-
tein, mostly via short, degenerate interaction motifs (RVXF; SILK;
MyPHONE) in the primary sequence of the latter [1,4].

Mammalian species encode for 3 ubiquitously expressed iso-
forms of PP1 (o, 8, ) which, in non-mitotic cells, localize to both
overlapping and distinct subcellular compartments [5]. The overall
number of known PP1 interacting proteins has grown exponen-
tially in recent years [4,6], which is commensurate with newly dis-
covered roles for protein phosphatases in the regulation of cell
growth and division, signal transduction and gene expression.
Pools of human PP1 isoforms relocate to specific subcellular posi-
tions both during mitosis and in response to external triggers [4].
The mechanisms underlying these relocations remain largely
unexplored.

Organelles and molecules are transported through the eukary-
otic cell via 3 motor protein classes (dyneins, kinesins and myo-
sins) and an extensive cytoskeleton. Their functionality is
carefully regulated. Mitotic kinesins are kept functionally inactive
during interphase via nuclear sequestration [7]. This may, how-
ever, offer an opportunity to upload their cargo, ready for mitotic
onset. We screened the nuclear PP1 interactome in proliferating
HelLa cells for the presence of motor proteins and identified the
human mitotic kinesin-8 KIF18A as a novel PP1 interactor with a
functional interacting RVXF motif. Sequence analyses further
showed that the RVXF motif within KIF18A motif is better con-
served than all other RVxXF motif within the kinesin superfamily.
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It also withstood evolutionary pressure, indicative of a key mitotic
role for PP1 binding to this kinesin-8 member.

2. Materials and methods

Chemicals were obtained through VWR or Bioshop Canada,
unless otherwise indicated.

2.1. Cell lines and plasmids

Hela cells were obtained from ATCC. Stable cell lines
(HeLa®FP-PP1%-Y: HeLa®") were established and transient transfec-
tions performed as previously described [5]. Cells were arrested
at the G2/M checkpoint with nocodazole (40 ng/ml for 16 h) or at
G1/S via a double thymidine block (2.5 mM thymidine, 18 h; with
9 h intermediate release). KIF18A was subcloned from an Open
Biosystems FL cDNA using unique restriction sites for Kpnl and
Bam H1 and inserted into an mCherry-C1 mammalian expression
vector.

2.2. Protein extracts and immunoprecipitations

Nuclear protein extracts, microcystin-Sepharose based chroma-
tography and peptide displacement were described in [G]. SDS-
PAGE and Western blot analyses were performed according to
standard protocols. Antibodies against specific proteins or control
IgGs were covalently coupled to Protein A-Sepharose beads (Invit-
rogen) with dimethylpimelimidate (Sigma) according to the man-
ufacturer’s protocol. Antibodies were from Bethyl Laboratories
(KIF18A), Santa Cruz (sc594 -cyclin B1, sc7482-pan PP1) and Roche
(GFP mAD).

2.3. KIF18A-PP1 co-immunoprecipitation

Unsynchronized HeLa cells were harvested, proteins extracted
(50 mM Tris pH 7.5, 1 mM EDTA/EGTA, 150 mM Nacl, 0.5% NP40,
0.5 mM DTT, 1 mM PMSF, 1 mM Benzamidine, 2 pig/ml Leupeptin,
1 pg/ml Pepstatin) and incubated with Protein A-Sepharose cou-
pled KIF18A/IgG antibodies (2 h 4 °C end over end). Isolates were
washed 3 times (PBS+ 0.3 M NaCl - 50 Column Volumes, 5 min
each) and beads boiled in sample buffer.

2.4. Quantitative comparison of GFP-PP1 complexes

For these experiments, HeLa®™", HeLa®"""'* and HeLa®™PP1Y
stable cell lines were differentially labeled by growth in SILAC
(Stable Isotope Labeling by Amino acids in Culture) DMEM
supplemented with 10% dialyzed FBS and 100 U/mL penicillin/
streptomycin and containing either “light” l-arginine and I-lysine
(Sigma-Aldrich; ROKO), “medium” l-arginine '3C and I-lysine
4,45,5-D4 (Cambridge Isotope Laboratories; R6K4) or “heavy”
l-arginine '3C'>N and I-lysine '>C!'>N (Cambridge Isotope Laborato-
ries; R10K8). To compare mitotic complexes for GFP-PP1a vs. GFP-
PP1vy (with GFP alone as the built-in negative control), cells were
nocodazole-arrested, harvested by mitotic shake-off and proteins
extracted by sonication in RIPA buffer (50 mM Tris, pH 7.5,
150 mM NacCl, 1% NP-40, 0.5% deoxycholate, and Roche protease
inhibitor cocktail). To compare mitotic vs. interphase complexes
for PP1y, HeLa"PP17 cells were labeled with ROKO or R6K4, and
the latter nocodazole-arrested.

Equivalent amounts of each lysate were incubated with
GFP-TrapA (Chromotek) for 1 h (4 °C, end over end), washed and
combined, and proteins eluted, separated by 1D SDS-PAGE, and
trypsin-digested for MS analysis on an LTQ Orbitrap XL hybrid
mass spectrometer as described previously [8]. MaxQuant software

v1.2.7.4 [9] was used for database searching (against the human
Uniprot database) and quantitation.

2.5. GFP-PP1/KIF18A co-immunoprecipitation

Unsynchronized or nocodazole-arrested HeLa®™” and HeLa®f"-PP1Y
cells were harvested and proteins extracted by sonication in RIPA
buffer. Equivalent amounts of lysate were incubated with
GFP-TrapA (Chromotek) for 1 h (4 °C, end over end), beads washed
3 times with RIPA buffer and boiled in sample buffer to elute
proteins for further analysis.

2.6. Modification of the PP1 binding motif in KIF18A and protein
purification

The C-terminal KIF18A gene (aa 555-898) was amplified from
the human cDNA and cloned into the pET101 vector (Invitrogen).
The putative PP1 binding KKg2VVVWg16AD motif was mutated
to non-binding KKg;,AVVAg;sAD version (called KIF18A-RARA
hereafter) by site directed mutagenesis (Stratagene). All constructs
were sequence verified by DNA sequencing (University of Calgary).
PET101-C terminal KIF18A WT or RARA mutant were transformed
into BL21 (DE3) cells, grown in LB-Amp with 0.5% glucose (w/v) to
0.Deoonm Of 1.0 and induced with 0.3 mM IPTG for 2 h at 37 °C. The
cells were harvested and snap-frozen (—80 °C) until further use.
Cell pellets were resuspended in lysis buffer (25 mM Tris pH 7.5,
150 mM Na(l, 0.5% NP-40, 1 mM PMSF and 0.5 mM Benzamidine)
and lysed with a French press (Sim-Aminco; 2 runs at 83 MPa exit
pressure) and debris pelleted by centrifugation (20,000 rpm at 4 °C
for 45 min). The supernatant was loaded onto a pre-equilibrated
Ni-NTA column (1.5 mL) and incubated end over end for 90 min
at 4 °C. Column was washed with wash buffer (25 mM Tris pH
7.5, 1 M NaCl, 10 mM imidazole, 0.05% Triton X-100, 1 mM PMSF
and 0.5 mM Benzamidine) before application of elution buffer
(lysis buffer with 300 mM imidazole). The eluted proteins were
concentrated using Amicon filters and frozen at —80 °C.

2.7. PP1y — KIF18A in vitro binding assay

PP1y was purified using microcystin-Sepharose beads as
described previously [6]. Purified PP1y (6 pg) was mixed with
equal amounts (10 pg) of either wild type C-terminal fragment of
KIF18A or RARA KIF18A in 500 pL binding buffer (25 mM Tris pH
7.5, 5% glycerol, 150 mM NaCl and 10 mM imidazole) and allowed
to interact for 30 min at 4 °C. Ni-NTA beads were equilibrated with
binding buffer and blocked with 1 mg/mL BSA solution to prevent
non-specific binding. Blocked beads (40 pL) were added to each
sample and incubated end over end for 2 h at 4 °C. Beads were
washed 3 times with wash buffer (25 mM Tris pH 7.5, 5% glycerol,
1 M NaCl, 10 mM imidazole and 1% Tween-20) before eluting the
proteins with 2X sample buffer. Eluates were run on 12% SDS-
PAGE gels, transferred onto nitrocellulose membrane and probed
with either PP1 antibody (Santa Cruz, Sc7482) or His antibody
(Qiagen).

2.8. HeLa cell microscopy

HeLa®f"PP17 cells were cultured in glass-bottomed dishes
(WILLCO; Intracel) for transient transfection with the mCherry-
KIF18A plasmid (Effectene, QIAGEN). Images were acquired using
a DeltaVision CORE widefield fluorescence system fitted with a
CooISNAP coupled-charge device (CCD) camera (Roper Scientific)
and Weatherstation environmental chamber to maintain 37 °C.
Before imaging, growth medium was replaced with Phenol Red-
free CO, independent medium (Invitrogen). DNA was stained by
incubating cells (20 min) in medium with 0.25 pg/ml Hoechst
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No. 33342 (Sigma-Aldrich). Cells were imaged using a 60x NA 1.4
Plan-Apochromat objective (Olympus), with 20 x 0.5 uM optical
sections collected using the appropriate filter sets (Chroma
Technology Corp.). The microscope was controlled and images pro-
cessed by SoftWorX acquisition and deconvolution software (GE
Healthcare).

2.9. Phylogenetic analyses

Human KIF18A was used as query to probe various online dat-
abases for related sequences via pBLAST and tBLASTn approaches.
Sequences were aligned with CLUSTALX and Genedoc, duplicates
removed and a bootstrapped (1000 re-samplings) neighbor-joining
tree was generated with full length sequences according to stan-
dard parameters. PP1-binding (RVXF) and coiled-coil motifs were
identified based on http://elm.eu.org (see Supplementary data for
complete tree). The resulting tree was condensed to indicate evo-
lutionary bifurcations and coinciding motif presence.

3. Results and discussion
3.1. The kinesin-8 motor protein KIF18A is a novel PP1 interactor

Previously, we purified PPP complexes by incubating a nuclear
HelLa cell extract with a microcystin (MC)-Sepharose matrix and
eluting PP1 binding partners by peptide displacement chromatog-
raphy [6]. Most PP1 binding partners contain a short canonical
motif (“RVXF”) in their primary sequence, essential for binding to
PP1. We used an excess of a highly matching peptide (“RVRW”)
to release PP1 interactors from matrix-bound PP1. False positives
were eluted with a control peptide (“RARA”), prior to RVRW elu-
tion, while remaining partners were eluted with 3 M isothiocya-
nate (SCN). Eluted proteins were separated via SDS-PAGE,
visualized and analyzed by mass spectrometry, as described in
[6]. Here we concentrated on the motor proteins present, in partic-
ular dyneins and kinesins, because the latter is the largest motor
protein class and ample research exists on the interaction between
PP1, MYPT and myosin [10].

Within the nuclear PP1 interactome, we identified cytosolic
dynein heavy chain 1 and 2 (data not shown) and 2 kinesins
(Table S1). The dynein chains possess an RVxF-motif, yet their loca-
tion on the SDS-PAGE gel was significantly below their estimated
size, suggesting these were degradation products. Other identified
peptides were from a kinesin-4 (KIF21A) and a kinesin-8 (KIF18A)
subfamily member with 7 and 4 peptide matches, respectively
(Table S1). The predicted mass of identified KIF18A was consistent
with the full length protein. Contrary to KIF21A, KIF18A contains a
putative PP1 binding RVXF-motif (KKg12VVVWg16AD) and is local-
ized in the nuclei of proliferating cells [5,7]. Furthermore, kine-
sin-8 homologs in Schizosaccharomyces pombe (Klp5/6) were
recently identified as PP1 binding proteins with a role in spindle
checkpoint silencing [11].

We corroborated this MS-based identification via Western blot
analysis of the peptide displacement elutions (Fig. 1A). KIF18A is
released from the MC-Sepharose matrix by the PP1-binding pep-
tide (RVRW), but not by prior elution with the control peptide
(RARA). Moreover, elution with the RVRW peptide is necessary
and sufficient, because there is no detectable KIF18A signal in the
subsequent thiocyanate (SCN) eluate. These results strongly sug-
gest that human PP1 interacts with the kinesin-8 KIF18A via its
putative RVXF motif. These results were further supported by co-
precipitation of endogenous PP1 with endogenous KIF18A from
asynchronous Hela cells (Fig. 1B). In-vitro binding assays with
His-tagged C-terminal fragment show a direct interaction of
KIF18A with PP1 (Fig. 1C). We also show that the interaction of

KIF18A with PP1 is via the KKg1,VVVWg16AD motif as the mutated
version of KIF18A (RARA) is not able to bind PP1 (Fig. 1C).

3.2. KIF18A remains a member of the PP1 interactome at mitotic onset

The low protein level of KIF18A in asynchronous, proliferating
cells negatively influences mass spectrometry-based identification
and immunoprecipitation alike. Indeed, we (Fig. S1) and others
[12] observed that KIF18A protein levels are cell cycle dependent,
with levels peaking in G2 and mitosis. We therefore studied the
interaction between PP1 and KIF18A in unsynchronized HeLa cells
and at mitotic onset. We focused on PP1y because proteomic anal-
ysis of GFP-PP1a and GFP-PP1y immunoprecipitated from G2/M-
arrested HeLa cells identified KIF18A as a PP1vy-specific interactor
(Fig. 1D). To validate this interaction, proteins were extracted from
either asynchronous or G2/M arrested HeLa®"P"1Y and HeLa®™®
cell lines, and GFP or GFP-PP1y immunodepleted using the high
affinity GFP-TrapA reagent. Lysates and enriched proteins were
separated via SDS-PAGE and probed for GFP or GFP-PP1y and
endogenous KIF18A. Fig. 1E shows that KIF18A is significantly
enriched by GFP-PP1y compared to GFP alone in both cell cycle
stages. In addition, a quantitative mass spectrometry approach
revealed KIF18A as the protein with greatest increased PP1 associ-
ation during mitosis (Fig. S2). Hence, KIF18A readily interacts with
PP1, particularly at mitotic onset when KIF18A levels are increas-
ing (Fig. S1), most likely in preparation for its role in chromosome
congression. Kinesin-8 subfamily members have long been impli-
cated in mitotic regulation, yet the potential for PP1-binding
remained unnoticed. Recently, however, the S. pombe kinesin-8
members (KIp5, 6) were identified as crucial players for silencing
the spindle assembly checkpoint at the metaphase/anaphase tran-
sition. This required binding of PP1 by Klp5/6, more so than their
microtubule depolymerisation capacity [11]. We have now identi-
fied a similar interaction between KIF18A and PP1 in metazoan
cells, suggesting that PP1 binding may be of equal importance for
the role of this and related kinesin-8 family members in chromo-
some congression. This observation is now supported by another
recent work [13].

3.3. The potential for PP1 interaction within the kinesin-8 family
members

A recent study to define the last common eukaryotic ancestor of
the kinesin superfamily showed its complex origin with multiple
gene duplications and secondary losses during evolution [14]. If
PP1 binding is indeed a key element for kinesin-8 members, we
expect the RVXF motif to be conserved within the subfamily. We
therefore performed a directed phylogenetic study. Human KIF18A
and S. pombe Klp5/6, kinesin-8 members with PP1 binding capac-
ity, both consist of an N-terminal motor domain, coiled-coil motifs
and a PP1-binding motif in the C-terminal end. To perform phylo-
genetic analyses on the PP1-binding motif within kinesin-8 mem-
bers, we collected all available sequences using full-length human
KIF18A as query, contrary to [14] in which mere motor domains
from 45 representative eukaryotic genomes were used.

Protein sequences were aligned and used to produce a rooted,
bootstrapped neighbor-joining tree (Fig. S3). The human KIF2A
sequence belongs to the closest related (kinesin-13) subfamily
[14] and served as outgroup. Similar to Wickstead and colleagues
[14], we found eukaryotic genomes contain up to 3 groups within
the kinesin-8 subfamily, namely KIF18A (8A), KIF18B (8B) and
KIF19. To better highlight the evolutionary relationships between
kinesin-8 subfamily members and their respective motif organiza-
tions, we condensed the complete tree of the kinesin-8 subfamily
(Fig. S3) to the most significant members and/or the encompassing
classification name. We indicated the position of the motor
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Fig. 1. The human kinesin-8 KIF18A interacts with PP1. (A) Protein phosphatase complexes were enriched from the nuclear proteome of unsynchronized HelLa cells with a
microcystin (MC)-Sepharose matrix. PP1 interactors were eluted via sequential peptide displacement chromatography with a control peptide (“RARA"), a high affinity peptide
(“RVRW”) and 3 M iso-thiocyanate (SCN). Eluates were separated via SDS-PAGE and verified by Western blot analyses for the presence of KIF18A. (B) HeLa extracts were
incubated with either o-KIF18A or IgG antibodies, each cross-linked to Protein A-Sepharose beads. Enriched proteins were washed, eluted and separated by SDS-PAGE prior
to Western blot analysis for the presence of KIF18A and PP1. (C) Bacterially expressed and purified PP1y and His6-Cterminal KIF18A WT or RARA mutant were incubated
together and mixed with BSA-blocked Ni—NTA beads. After allowing them to bind for 2 h at 4 °C, the bound proteins were eluted with 2X SDS-PAGE cocktail and analyzed for
presence of PP1. (D) HeLa®", HeLa®™*P"1* and HeLa®""""Y cells were labeled with light (L), medium (M) and heavy (H) Arg and Lys, respectively, prior to affinity purification
and mass spectrometric analysis. Plotting the log H:M ratios calculated for each identified protein vs. their relative abundance (summed peptide intensity, normalized by
molecular weight) highlights targeting subunits (diamonds) that are equally enriched with both PP1 isoforms (log H:M ~ 1) and those that are enriched more with PP1y
(ratio > 1 log above median) or PP1a (ratio > 1 log below median). KIF18A (gray diamond) is indicated, as is the median value (black X). (E) KIF18A and PP1 interact in cells
arrested at mitotic onset. HeLa®™" and HeLa®™"" cells were either kept untreated (proliferating) or arrested at mitotic onset (G2/M). Cells were lysed and incubated with the
GFP-TrapA reagent. Enriched proteins from each of the 4 fractions were separated by SDS-PAGE and probed for the presence of GFP or GFP-PP1y (lower panel) and KIF18A

(upper panel). A representative lysate is shown for the HeLa®™ cell line.

domains and the number of coiled-coil and PP1-binding motifs
(Fig. 2).

In line with the nature of kinesin evolution, the KIF18A and
KIF18B groups are most likely due to a recent gene duplication
event. Most interesting is the prevalence of PP1-binding motifs in
KIF18A members, which are completely lacking in KIF18B mem-
bers. The KIF19 sequences may also have risen from a duplication
event with the ancestral KIF18. Interestingly, potential PP1 binding
motifs are scattered throughout the KIF19 group, and motif
sequences differ from the highly conserved KIF18A motif. Each
group has early eukaryote members, which makes it difficult to
define whether the ancestral KIF18 or KIF19 is more closely related
to the founding kinesin-8 member. The presence of a PP1-binding
motif in Brown algae, Fungi, unicellular Holozoans and regressed
Animalia up to Metazoans, however, strongly suggests that this
motif was part of the ancestral kinesin-8, supporting the idea that
PP1 association is fundamental to KIF18A function. Secondary
losses, again reminiscent of overall kinesin evolution [14], may
have resulted in the docking motif's absence from KIF18B and
some KIF19 members.

The kinesin superfamily has grown exponentially, most likely
reflecting the increasing need for specialized motor proteins in
multi-cellular organisms. We analyzed the distribution of

PP1-binding motifs within the kinesins in select species. S. pombe
has 9 identified kinesins yet only the kinesin-8 members (Klp5/6)
contain an RVXF motif. For Saccharomyces cerevisiae, we identified
RVXF motifs in 2 of the 6 kinesins, namely kinesin-5 (Cin8) and
kinesin-8 (Kip3) members. Humans currently list 45 kinesins, 18
of which (subfamily 1, 3-5, 7-9, 11, 13) possess putative RVXF
motifs (Fig. S4). Some motifs are functionally significant in partic-
ular organisms [15] yet none of them is as broadly conserved as the
KIF18A RVXF motif.

Within the fungal sequences we observed one kinesin-8 mem-
ber (Fig. S3) in the Mucormycotina and Basidiomycota, although
only the latter possessed an RVxXF motif, based on currently avail-
able sequences. Within the Ascomycotina, the Schizosaccharomy-
cetes (S. pombe and japonicas) each have 2 kinesin-8 members,
one of which has 2 RVXF motifs; the Saccharomycotina each have
1 member with 1 motif, but the last subphylum, the Pezizomyco-
tina (filamentous Ascomycetes), display 1 member per species
and each with a tandem PP1-binding motif, similar to Schizosacch-
aromycetes. This suggests that the presence of a PP1 binding motif
is part of the ancestral fungal kinesin-8 and may have suffered
from the occasional secondary loss. Simultaneously, a duplication
may have led to the tandem motif we observe in the Schizosacch-
aromycetes and Pezizomycotina. We also observed sequence



436 V. De Wever et al./Biochemical and Biophysical Research Communications 453 (2014) 432-437

Human Kif2A - kinesin 13 subfamily : OUTGROUP
E tae/Discicri: - Protista - Plantae - Animalia [ — e
25 0-1
E: tae/Discicristates and M d [ m— e
2-3 0-1
wek [y T— )
1-2 0-1
Chromalveolata / Amoeb e S
0-1 0-1
ek [ — 0
1-2 0
Alveolata /brown algae e ip—(O—
1-3 0-1
Chromalveolat _—a——0—
0 0
rek — O
1 0
Frogs - ——O—
4 0
[ m— e )
0-4 0-1 KIF1g
Ray-finned fishes (Sea bass / zebra fish) f m—— e e o
1-3 0-1
- fishes (Lancelet) '|:|—-£—.'
L shicebialish) -|:l—0—g-
HOLOZOA 3 0
mammals including platypus ———g—0—
Starlet sea anemone —_— &
? i
Puple sea urchin / Echinodermata - —E—O—
1l 0
Hydra il (Cnidaria) -, e S —
3 0
E {Dugesia japonica; Clonorchis sinensis) -l:l—?—g—
— A -8 budding yeasts, O
Slehiest) 01 04
A Pezi: ina (fliz yeasts) o ——C—
02 1-3
Basidiomycota - Pucciniomycotina — ——— FUNGI
1 2
A ycota - Schizomy, (budding yeasts) f — S
0-1 1-2
Basidiomycota T p———
1-2 01
Cl olate: - — O
et 4 A
Amphibia
Reptiles KIF18A
1 - ———
Birds HOLOZOA a1
Mammals
Fish
Anemones f — e — e o
L ? 7
Sponge / Placozoa [ — e 0]
0 2
Reptiles
Amphibia
Birds lolliordehy e
KIF18B
1 0
L: Crustaceans
Echinodermata
Diptera ————re————O0—
y 4 0-1
Coleoptera -|:ro—?- INSECTS
Hymenoptera -‘:'IO‘E_?-
Animalia - features lost 1:)-?—.1-
Unicellular Holozoan -l:l-?—?—
Nematode p e
1 i
Excavata O
I‘C M d —_——
I 0-2 0
Alveolata f — e ©
1-3 0

=————"/—3 motor domain
am  coiled coil
@  RVxF/PP1 binding motif
0-3 number of motifs within sequences
7 seguence not adequate

Fig. 2. Rooted neighbor-joining tree of kinesin-8 subfamily and PP1-binding motif distribution. Kinesin-8 sequences were obtained and aligned with ClustalX and Genedoc. A
neighbor-joining tree was generated with full length sequences and bootstrapped according to standard parameters. Tree was rooted with the kinesin-13 sequence HsKIF2A
and condensed to highlight the evolutionary relationships. Full tree plus putative dock sites are shown in Fig. S2. Motor domains, coiled-coil and PP1-binding motifs were
identified (http://elm.eu.org/) and indicated alongside the tree. Numbers underneath reflect the numbers of motifs identified (see Fig. S3). Question marks indicate a lack of

publicly available sequences.

variation in the tandem PP1-binding motifs, suggesting the Pezizo-
mycotina were subject to evolutionary pressure yet mostly main-
tained both motifs, again indicative of functional significance of
the PP1-binding motif in motor proteins.

3.4. KIF18A partially co-localizes with PP1 at kinetochore microtubules
during mitosis

The proper orientation of chromosomes on the metaphase plate
is dependent on KIF18A, which has been shown to suppress kine-
tochore-microtubule plus-end dynamics [15]. KIF18A localizes to
the plus-end MTs during metaphase and with its intrinsic

depolymerizing activity helps maintain MT length essential for sta-
ble MT-kinetochore interactions.

Knowledge of the biological function of human KIF18A is more
limited than its S. pombe homolog Klp5/6 and has thus far concen-
trated on its motor protein capacities [12,16]. We therefore studied
the localization of KIF18A relative to PP1 in mitosis by transiently
transfecting mCherry-KIF18A into HeLa®™"*!Y cells. KIF18A has
been shown to localize near the plus ends of kinetochore microtu-
bules during metaphase, flanked by markers for the outer kineto-
chore (Hec1) and the kinetochore spindle (HURP) [16,17]. Here
(Fig. 3) we show that mCherry-KIF18A and GFP-PP1y partially
co-localize at the outer kinetochore region in HeLa®™-PP1Y
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GFP-PP1y

Spindle

Kinetochore

Chromosomes

Fig. 3. Partial overlap of KIF18A and PP17 localization during metaphase. HeLa®""P1Y cells were transiently transfected with mCherry-KIF18A. Panel A shows the localization
patterns of GFP-PP1y (green) and mCherry-KIF18A (red) in a representative metaphase cell that was also stained with Hoechst 33342 to visualize chromosomes (blue). The
left panel (merge) shows an overlay of all 3 panels. Scale bar is 10 pm. There is partial colocalization of KIF18A (red) and PP1y (green) on spindles and at the outer
kinetochore, as indicated by regions that appear yellow. The region indicated by the white box has been enlarged in Panel B, to more clearly demonstrate the partial overlap of
KIF18A and PP1y at the outer kinetochore. The DNA signal has been removed for clarity. The arrowhead points to the spindle and the arrow to the kinetochore. A distinct
region of overlap can be observed at the outer edge of the kinetochore (hashed arrow). The diagram shown in Panel C depicts the relevant structures and the areas in which
colocalization of KIF18A and PP1y (yellow) is observed. There is a remnant pool of outer kinetochore-associated PP1y (green), proximal to the chromosome region, that
remains distinct from KIF18A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

metaphase cells. This suggests a potential novel regulatory role of
KIF18A in targeting a pool of PP1vy to the outer kinetochores.

Recently, the functional significance of the interaction between
the kinesin KIF18A and PP1 was established. KIF18A is a substrate
for the kinetochore-localized pool of PP1. PP1 antagonizes CDK1
phosphorylation at residues S674 and S684 in KIF18A, which is
important for inhibiting chromosome movements at the meta-
phase plate thereby aiding in chromosome congression [13].

In summary, we have confirmed the interaction between
KIF18A and PP1 in human cells from interphase through to mitotic
onset. The PP1-binding motif within the kinesin-8 subfamily is the
most widely distributed of all PP1-motifs in the respective kinesin
subfamilies. Moreover, despite a highly complex superfamily with
numerous gene duplications and secondary losses, the kinesin-8
members and their motif distribution, inclusive of the PP1-binding
motif, is remarkably conserved, underscoring the functional impor-
tance of this motif.

Acknowledgments

This work was supported by funding from NSERC (G.M.), the
Cancer Research Society (G.M.), the Alberta Cancer Foundation
(LN.) and the Terry Fox Foundation (L.T.M.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.09.105.

References

[1] G.B. Moorhead, V. De Wever, G. Templeton, D. Kerk, Evolution of protein
phosphatases in plants and animals, Biochem. J. 417 (2009) 401-409.

[2] E. Heroes, B. Lesage, ]. Gornemann, M. Beullens, L. Van Meervelt, M. Bollen, The
PP1 binding code: a molecular-lego strategy that governs specificity, FEBS ].
280 (2013) 584-595.

[3] G.B. Moorhead, L. Trinkle-Mulcahy, A. Ulke-Lemee, Emerging roles of nuclear
protein phosphatases, Nat. Rev. Mol. Cell Biol. 8 (2007) 234-244.

[4] M. Bollen, W. Peti, M.]. Ragusa, M. Beullens, The extended PP1 toolkit: designed
to create specificity, Trends Biochem. Sci. 35 (2010) 450-458.

[5] L. Trinkle-Mulcahy, J. Andersen, Y.W. Lam, G. Moorhead, M. Mann, A.l. Lamond,
Repo-Man recruits PP1 gamma to chromatin and is essential for cell viability, J.
Cell Biol. 172 (2006) 679-692.

[6] G.B. Moorhead, L. Trinkle-Mulcahy, M. Nimick, V. De Wever, D.G. Campbell, R.
Gourlay, Y.W. Lam, Al Lamond, Displacement affinity chromatography of
protein phosphatase one (PP1) complexes, BMC Biochem. 9 (2008) 28.

[7] KJ. Verhey, ].W. Hammond, Traffic control: regulation of kinesin motors, Nat.
Rev. Mol. Cell Biol. 10 (2009) 765-777.

[8] M. Prevost, D. Chamousset, I. Nasa, E. Freele, N. Morrice, G. Moorhead, L.
Trinkle-Mulcahy, Quantitative fragmentome mapping reveals novel, domain-
specific partners for the modular protein RepoMan (Recruits PP1 onto mitotic
chromatin at anaphase), Mol. Cell. Proteomics 12 (2013) 1468-1486.

[9] J. Cox, I. Matic, M. Hilger, N. Nagaraj, M. Selbach, J.V. Olsen, M. Mann, A
practical guide to the MaxQuant computational platform for SILAC-based
quantitative proteomics, Nat. Protoc. 4 (2009) 698-705.

[10] ASS. Pinheiro, J.A. Marsh, ].D. Forman-Kay, W. Peti, Structural signature of the
MYPT1-PP1 interaction, J. Am. Chem. Soc. 133 (2011) 73-80.

[11] J.C. Meadows, L.A. Shepperd, V. Vanoosthuyse, T.C. Lancaster, A.M. Sochaj, G.J.
Buttrick, K.G. Hardwick, J.B. Millar, Spindle checkpoint silencing requires
association of PP1 to both Spc7 and kinesin-8 motors, Dev. Cell 20 (2011) 739-
750.

[12] M.L. Mayr, S. Hummer, J. Bormann, T. Gruner, S. Adio, G. Woehlke, T.U. Mayer,
The human kinesin Kif18A is a motile microtubule depolymerase essential for
chromosome congression, Curr. Biol. 17 (2007) 488-498.

[13] J. Hafner, M.I. Mayr, M.M. Mockel, T.U. Mayer, Pre-anaphase chromosome
oscillations are regulated by the antagonistic activities of Cdk1l and PP1 on
Kif18A, Nat. Commun. 5 (2014) 4397.

[14] B. Wickstead, K. Gull, T.A. Richards, Patterns of kinesin evolution reveal a
complex ancestral eukaryote with a multifunctional cytoskeleton, BMC Evol.
Biol. 10 (2010) 110.

[15] Y. Kim, AJ. Holland, W. Lan, D.W. Cleveland, Aurora kinases and protein
phosphatase 1 mediate chromosome congression through regulation of CENP-
E, Cell 142 (2010) 444-455.

[16] J. Stumpff, Y. Du, C.A. English, Z. Maliga, M. Wagenbach, C.L. Asbury, L.
Wordeman, R. Ohi, A tethering mechanism controls the processivity and
kinetochore-microtubule plus-end enrichment of the kinesin-8 Kif18A, Mol.
Cell 43 (2011) 764-775.

[17] J. Stumpff, G. von Dassow, M. Wagenbach, C. Asbury, L. Wordeman, The
kinesin-8 motor Kif18A suppresses kinetochore movements to control mitotic
chromosome alignment, Dev. Cell 14 (2008) 252-262.


http://dx.doi.org/10.1016/j.bbrc.2014.09.105
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0005
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0005
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0015
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0015
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0020
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0020
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0025
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0025
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0025
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0030
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0030
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0030
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0035
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0035
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0045
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0045
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0045
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0050
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0050
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0065
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0065
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0065
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0070
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0070
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0070
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0075
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0075
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0075
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0085
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0085
http://refhub.elsevier.com/S0006-291X(14)01742-2/h0085

	The human mitotic kinesin KIF18A binds protein phosphatase 1 (PP1) through a highly conserved docking motif
	1 Introduction
	2 Materials and methods
	2.1 Cell lines and plasmids
	2.2 Protein extracts and immunoprecipitations
	2.3 KIF18A-PP1 co-immunoprecipitation
	2.4 Quantitative comparison of GFP-PP1 complexes
	2.5 GFP-PP1/KIF18A co-immunoprecipitation
	2.6 Modification of the PP1 binding motif in KIF18A and protein purification
	2.7 PP1γ − KIF18A in?vitro binding assay
	2.8 HeLa cell microscopy
	2.9 Phylogenetic analyses

	3 Results and discussion
	3.1 The kinesin-8 motor protein KIF18A is a novel PP1 interactor
	3.2 KIF18A remains a member of the PP1 interactome at mitotic onset
	3.3 The potential for PP1 interaction within the kinesin-8 family members
	3.4 KIF18A partially co-localizes with PP1 at kinetochore microtubules during mitosis

	Acknowledgments
	Appendix A Supplementary data
	References


