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ABSTRACT. The small GTPase RhoA is a molecular switch in various extracellular signals. Rho-kinase/ROCK/
ROK, a major effector of RhoA, regulates diverse cellular functions by phosphorylating cytoskeletal proteins,
endocytic proteins, and polarity proteins. More than twenty Rho-kinase substrates have been reported, but the
known substrates do not fully explain the Rho-kinase functions. Herein, we describe the comprehensive screening
for Rho-kinase substrates by treating HeLa cells with Rho-kinase and phosphatase inhibitors. The cell lysates
containing the phosphorylated substrates were then subjected to affinity chromatography using beads coated
with 14-3-3 protein, which interacts with proteins containing phosphorylated serine or threonine residues, to
enrich the phosphorylated proteins. The identities of the molecules and phosphorylation sites were determined
by liquid chromatography tandem mass spectrometry (LC/MS/MS) after tryptic digestion and phosphopeptide
enrichment. The phosphorylated proteins whose phosphopeptide ion peaks were suppressed by treatment with
the Rho-kinase inhibitor were regarded as candidate substrates. We identified 121 proteins as candidate
substrates. We also identified phosphorylation sites in Partitioning defective 3 homolog (Par-3) at Ser143 and
Ser144. We found that Rho-kinase phosphorylated Par-3 at Ser144 both in vitro and in vivo. The method used in

this study would be applicable and useful to identify novel substrates of other kinases.
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Introduction

The small GTPase RhoA is a molecular switch in various
extracellular signals. RhoA cycles between an inactive
GDP-bound form and an active GTP-bound form through
GDP/GTP exchange and a GTPase reaction (Jaffe and Hall,
2005) and is implicated in a variety of biological functions,
including cell migration, contraction, adhesion, and polar-
ization (Jaffe and Hall, 2005; Kaibuchi ez al., 1999). RhoA
regulates these functions through specific effectors, such as
Rho-kinase/ROCK/ROK, PKN, mbDia, and phosphatidyl-
inositol 5-kinase (Kaibuchi et al., 1999; Narumiya et al.,
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2009). Among these effectors, Rho-kinase appears to have a
key role in mediating the critical functions of RhoA
(Amano et al., 2010a; Riento and Ridley, 2003). We pre-
viously found that Rho-kinase phosphorylates myosin phos-
phatase target protein 1 (MYPT1), a subunit of myosin
phosphatase, and thereby inactivates the phosphatase activ-
ity of myosin phosphatase, resulting in a cell contraction
with an increase in the level of phosphorylation of the
myosin light chain (Kimura ef al., 1996). Since then, sev-
eral groups, including our group, have identified specific
substrates for Rho-kinase, including ezrin/radixin/moesin,
adducin, Lim-kinase, endophilin, MARCKS, CRMP-2,
MAP-2, intermediate filaments, Par-3, Tiam1/2, and p190
RhoGAP (Amano et al., 2010a; Riento and Ridley, 2003).
These substrates include cytoskeletal proteins, endocytic
proteins, polarity regulators, and Rho family regulators and
partly account for the modes of action of Rho-kinase
(Amano et al., 2010a). Rho-kinase phosphorylates Par-3
and FilGAP to regulate Rac activity for cell polarization
(Nakayama et al., 2008; Ohta ef al., 2006), but the known



substrates do not fully explain the functions of Rho-kinase
in the establishment and maintenance of cell polarity.

The phosphorylation levels of most proteins are regulated
in vivo by a balance between protein phosphatases and
protein kinases (Salazar and Hofer, 2006). We previously
found that the phosphorylation of the Rho-kinase substrates,
including MYPT1, vimentin, and doublecortin, is increased
by the treatment of the cells with calyculin A (CLA), a
specific inhibitor of type 1 and 2A phosphatases, and that
these phosphorylations are specifically inhibited by treat-
ment with Y-27632, a Rho-kinase-specific inhibitor (Amano
et al., 2010b; Goto et al., 1998). These results indicate that
the substrates undergo a rapid turnover between their phos-
phorylated and dephosphorylated states; this combination of
the inhibitors allowed us to examine the phosphorylation of
the Rho-kinase substrates in vivo.

The 14-3-3 proteins are homologs of C. elegans polarity
protein Par-5, and they regulate many cellular processes,
such as cell division, signal transduction and cell polariza-
tion. 14-3-3 proteins regulate diverse target proteins by
binding to phosphorylated Ser/Thr motifs (Bridges and
Moorhead, 2005; Morrison, 2009). Moreover, 14-3-3
proteins appear to regulate cellular functions by inducing
conformational changes in their target proteins, masking
the phosphorylated region, or facilitating the binding of
other proteins (Bridges and Moorhead, 2005; Morrison,
2009). To isolate the in vivo substrates of Rho-kinase asso-
ciated with cell polarity, we took advantage of the 14-3-3
proteins, which specifically bind with proteins containing
phospho-Ser/Thr (Bridges and Moorhead, 2005; Morrison,
2009).

In this study, we performed the comprehensive screening
for Rho-kinase substrates using Y-27632 and CLA. The
lysates of HeLa cells treated with Y-27632 and/or CLA
were subjected to 14-3-3 pull-down assays to enrich the
phosphorylated proteins. The molecular identity and phos-
phorylation sites of the enriched phosphorylated proteins
were then determined by LC/MS/MS. The phosphorylated
proteins with phosphopeptide ion peaks that were sup-
pressed by the Y-27632 treatment were regarded as candi-
date substrates. We identified more than 100 proteins as
candidate substrates for Rho-kinase, including novel Rho-
kinase phosphorylation sites in Par-3.

Materials and Methods

Materials and chemicals

The ¢cDNA encoding rat Par-3 was provided by Dr. Ohno (Yoko-
hama City University School of Medicine). The cDNAs encoding
14-3-3C and 14-3-3¢ were cloned from a human fetal brain cDNA
library (Clontech Laboratories, Inc., California, USA). The poly-
clonal anti-MYPT]1 antibodies were produced as described previ-
ously (Kawano et al., 1999). The pCAGGS vector was provided
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by Dr. Nakafuku (Cincinnati Children’s Hospital Medical Center,
USA). Polyclonal anti-Adducin pT445, anti-p190A RhoGAP
pS1150, and anti-CRMP2 pT514 were produced as described pre-
viously (Fukata et al., 1999; Mori et al., 2009; Yoshimura et al.,
2005). The polyclonal anti-Par-3 pS144 antibody was produced
using the phosphopeptide Gly-Cys-His-Val-Arg-Arg-Ser-phospho
Ser144-Asp-Pro-Ala-Leu-Thr by Biologica Co. (Aichi, Japan).
The antiserum obtained was then affinity purified using that phos-
phopeptide. The polyclonal anti-phospho-MYPT1 (Thr850) anti-
body and the polyclonal anti-Par-3 antibody were supplied by
Millipore (Massachusetts, USA). The polyclonal anti-phospho-Akt
(Thr308) antibody was obtained from CST (Massachusetts, USA).
Monoclonal anti-p190 antibody and the polyclonal anti-14-3-3¢
antibody were obtained from BD Transduction Laboratories (New
Jersey, USA). The polyclonal anti-14-3-3C antibody was obtained
from Santa Cruz (California, USA). The monoclonal anti-tubulin
antibody was obtained from Sigma-Aldrich (Missouri, USA). The
monoclonal anti-His antibody was supplied by Qiagen (Hilden,
Germany). Other materials and chemicals were obtained from
commercial sources.

Plasmid construction

The mutants Par-3-1N-143A and Par-3-1N-144A were generated
using a site-directed mutagenesis kit (Stratagene, California, USA)
by changing Ser143 and Ser144 into alanines. The cDNAs encod-
ing the Par-3 full-length and mutant fragments and full-length 14-
3-3¢ and £ were subcloned into pGEX (GE healthcare, Bucking-
hamshire, England) or pCAGGS-myc-kk1, as described previously
(Nishimura et al., 2005). Protein production and purification
were performed as described previously (Nishimura et al., 2005).
Briefly, GST- and histidine (His)-tagged proteins were produced in
BL21(DE3) Escherichia coli cells and purified using glutathione
Sepharose 4B beads (GE Healthcare) and Ni-NTA agarose
(Qiagen), respectively.

Cell culture and transfection

HeLa and N1E-115 cells were cultured in DMEM with 10% fetal
bovine serum (FBS), and the transfection was performed with
Lipofectamine or Lipofectamine 2000 (Invitrogen, California,
USA), according to the manufacturer’s instructions.

CLA/Y-27632 treatment and 14-3-3¢ pull-down
followed by LC/MS/MS

HeLa cells (5%10° cells/10-cm dish) were seeded and cultured for
24 hours and then cultured in DMEM without FBS. After 24 hours
of serum starvation, the cells were treated with 20 uM Y-27632 or
0.1% DMSO for 30 minutes and then treated with 50 nM CLA or
0.05% DMSO for 12 minutes. The cells were gently washed with
ice-cold PBS and scraped off the plate with ice-cold lysis buffer
(20 mM Tris/HCI, 1% NP-40, 1 mM EDTA, 1 mM dithiothreitol,
150 mM NaCl, 50 nM CLA, 0.1 uM APMSF [p-amidinophenyl
methansulfonyl fluoride], 1 pg/ml aprotinin, and 4 pg/ml leupep-
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tin, pH 7.5). The lysate was incubated for 30 minutes at 4°C with
rotation and centrifuged at 17,000xg for 20 minutes at 4°C; the
supernatant was used as the cell lysate. Glutathione Sepharose 4B
beads immobilized with 1 nmol of GST-14-3-3C were incubated
with the cell lysate for 1 hour at 4°C with rotation. The beads were
then washed with lysis buffer three times, and then with wash
buffer (20 mM Tris/HCI, 1 mM EDTA, 1 mM dithiothreitol, 150
mM NaCl, 50 nM CLA, 0.1 uM APMSF, 1 pg/ml aprotinin, and 4
pg/ml leupeptin, pH 7.5) three times to remove the detergent from
the beads. The bound proteins were extracted from the beads with
guanidine solution (7 M guanidine and 50 mM Tris) and then
reduced by incubating with 5 mM dithiothreitol for 30 minutes and
alkylated with 10 mM iodoacetamide for 1 hour in the dark. The
proteins were demineralized, concentrated by methanol/chloroform
precipitation and digested with trypsin (50 mM NH,HCO;, 1.2 M
urea, and 0.5 pg trypsin). The phosphopeptide enrichment was per-
formed with a Titansphere® Phos-TiO Kit (GL Sciences, Tokyo,
Japan) according to the manufacturer’s instructions. LC/MS/MS
was performed using an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific, Massachusetts, USA) connected to an HTC-
PAL autosampler and a Paradigm MS4 HPLC (Michrom Biore-
sources, California, USA) with a C;s reversed-phase column and
Michrom’s ADVANCE Plug and Play Nano Source. The mass
spectrometer was operated in the data-dependent MS? mode with
multistage activation triggered by 97.97, 48.99, or 32.66 Da of
neutral loss.

A peak list was generated and calibrated using MaxQuant soft-
ware (version 1.1.1.25) (Cox and Mann, 2008). Database searches
were performed against the complete proteome set of Homo sapi-
ens (20,252) in UniProtKB 2010 11 concatenated with reversed
copies of all sequences (Peng et al., 2003) and supplemented with
a contaminant list in MaxQuant (porcine trypsin, Achromobacter
Iyticus lysyl endopeptidase, and human keratins) using Androm-
eda, a search engine integrated into MaxQuant. The carbamidome-
thylation of cysteine was set as fixed, and the oxidation of
methionine, the phosphorylation of serine/threonine/tyrosine, and
N-terminal acetylation were set as variable modifications. A total
of three missed cleavages by trypsin were allowed. The mass toler-
ance for fragment ions was set to 0.5 Da, and the maximum PEP
was set to 1. False discovery rates (FDRs) for the peptide, protein,
and site levels were set to 0.01. The minimum required peptide
length was six amino acids. Three independent experiments were
performed. The CLA-treated samples and untreated samples were
analyzed independently because the CLA treatment substantially
increased the number of phosphorylated peptides. Peptide ion
intensities (log2 scale) were normalized by subtracting the median
of all of the identified peptide intensities in each experiment. The
ion intensities of the identified peptides in the controls and the
CLA-treated samples were compared with those of the Y-27632-
treated samples and the Y-27632+CLA-treated samples, respec-
tively, and those phosphorylation sites with more than twofold
higher ion intensity in at least two independent experiments were
used as the candidate substrates for Rho-kinase.
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Pull-down assays

The proteins in rat brain (P6 and P7) were extracted by the addition
of lysis buffer (20 mM Tris-HCI, pH 8.0, 1 mM EDTA, 150 mM
NaCl, 1 mM dithiothreitol, 1 uM APMSF, 10 pg/ml leupeptin, 0.5
uM CLA, 0.5 uM okadaic acid, and 1.0% NP-40), followed by
centrifugation at 100,000xg for 30 min at 4°C. The supernatant
was incubated with the indicated GST fusion proteins for one hour
at 4°C. The GST fusion proteins were then precipitated with glu-
tathione Sepharose beads. The beads were washed three times
with lysis buffer, eluted by boiling in SDS-PAGE sample buffer,
and then subjected to immunoblot analysis with the indicated anti-
bodies.

Phosphorylation assay

The phosphorylation assay was performed as previously described
(Amano et al., 1996). In brief, the kinase reaction of Rho-kinase
for Par-3-1N was carried out in 50 pl reaction mixtures (50 mM
Tris/HCI, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol,
and 5 mM MgCl,) containing 100 uM [y-*P]ATP (1-20 GBg/
mmol), 0.1 uM of purified GST-Rho-k cat, and 1 pM of purified
GST-Par-3 fragments. After incubation for 1, 4 or 10 min at 30°C,
the reaction mixtures were boiled in SDS sample buffer and sub-
jected to SDS-PAGE. The radiolabeled bands were visualized, and
the density of each band was estimated using a BAS2000 image
analyzer (Fujifilm, Tokyo, Japan).

Results

Combination of phosphatase inhibitor and kinase
inhibitor followed by 14-3-3¢ pull-down

The treatment of HeLa cells with CLA induced the phos-
phorylation of Rho-kinase substrates, including adducin,
MYPTI1, and p190A RhoGAP, whereas the treatment with
Y-27632 partially inhibited the CLA-induced phosphoryla-
tion (Fig. 1A), as previously described (Amano et al., 2010b;
Goto et al., 1998). To enrich the phosphorylated proteins,
the HeLa cell lysates treated with CLA and/or Y-27632
were subjected to affinity chromatography with beads
coated with GST-14-3-3C or GST alone. The co-precipitated
proteins were eluted with SDS sample buffer and were then
subjected to SDS-PAGE, followed by silver staining. The
CLA treatment increased the number and amount of pro-
teins bound to GST-14-3-3¢ but not to GST, whereas Y-
27632 had no apparent effect (Fig. 1B), suggesting that
CLA induced the phosphorylation of a lot of proteins which
associated with 14-3-3C, but Y-27632 did not affect the
phosphorylation state of the most of the proteins. The
immunoblot analysis with antibodies against MYPT1 and
phosphorylated MYPT1 revealed that the associations
between both the total MYPT1 and phosphorylated MYPT1
with GST-14-3-3C (but not with GST) were increased by
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Fig. 1. Treatment with a phosphatase inhibitor and a kinase inhibitor followed by 14-3-3C pull-down. (A) Amplification of the effect of the kinase
inhibitors by phosphatase inhibitor treatment. HeLa cells with 24-hour serum starvation were treated with 20 pM Y-27632 for 30 minutes and then with 50
nM calyculin A for 12 minutes. The cell lysates were analyzed by immunoblot analysis with the indicated antibodies. (B), (C) GST-14-3-3C pull-down assay
enriched phosphoproteins. Phosphoproteins were examined immediately after cell lysis (Scraped cells), before the pull-down assay (Input) and in the eluate
(GST and GST-14-3-30). Proteins were detected by silver staining (B) or immunoblotting with the indicated antibodies (C).
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CLA treated 227 100
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Total 297 121
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Fig. 2. Identification of the phosphoproteins induced by CLA/Y-27632 treatment. (A) The number of identified phosphoproteins in each sample is shown
in Venn diagram (created by VENNY. Oliveros, J.C. <http://bioinfogp.cnb.csic.es/tools/venny/index.html>, 2007). (B) The number of candidate substrates
for Rho-kinase. Phosphorylation sites with twofold higher ion intensity relative to the Y-27632-treated (*) or control (**) samples in at least two
independent experiments were counted. C) Accumulation of candidate proteins in the biological processes in which Rho-kinase plays important roles. The
distribution of GO biological processes of the 121 proteins potentially regulated by Rho-kinase was compared to that of the total human genome (analyzed
by FatiGO (Al-Shahrour ef al., 2004), <http://www.babelomics.org.>, p<0.01, GO levels from 6 to 9), and proteins with significantly enriched ontologies
are shown.
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Phosphorylation of Par-3 at Ser143 and Ser144 by Rho-kinase in vitro. (A) A representative MS/MS spectrum of the Par-3 peptides with pS144.

(B) The domain structure of Par-3. Par-3 forms oligomers via CR1. Par-1 phosphorylates Par-3 and promotes the interaction of Par-3 with 14-3-3¢ and &,
thereby disrupting Par-3 oligomer formation. CR1, conserved region 1; PDZ, PSD95/Dlg/Z0-1; aPKC BR, aPKC binding region. C) Phosphorylation of
Par-3-1N mutants by Rho-kinase. The GST fusion Par-3-1N mutants were incubated with Rho-k cat for 1, 4, or 10 min in the presence of [y->?P]ATP. The
reaction mixtures were subjected to SDS-PAGE, and the radioactive proteins were detected by autoradiography. The results shown are representative of
three independent experiments. CPM: count per minute.
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the treatment with CLA (Fig. 1C). Interestingly, the associa-
tion of phosphorylated MYPT1, but not of total MYPT]I,
with GST-14-3-3 was decreased by the treatment with
Y-27632, suggesting that MYPT1 is phosphorylated by
other kinases, such as PKA, in addition to Rho-kinase and
that the association of MYPT1 with 14-3-3C is mediated by
these other kinases, as previously described (Koga and
Ikebe, 2008). p190A RhoGAP, one of the substrates of
Rho-kinase, was not associated with GST-14-3-3C (Fig.
1C), indicating that this screening excluded unbound 14-3-3
Rho-kinase substrates.

LC/MS/MS analysis of enriched phosphopeptides

To identify the proteins bound to GST-14-3-3C, the bound
proteins were extracted and digested by trypsin, and the
phosphopeptides were enriched using a titania column, fol-
lowed by LC/MS/MS using an LTQ Orbitrap XL mass
spectrometer. The phosphopeptides that were identified at
least twice in three independent experiments were used in
further analyses, and 946 phosphorylation sites in 224 pro-
teins were identified (Supplementary Table 1, Fig. 2A, B).
Of the identified proteins, 25% (56 proteins) overlapped
with previously reported 14-3-3¢ binding proteins (Supple-
mentary Table 1), and 61.2% of the identified proteins had
14-3-3 binding motifs with high stringency (Supplementary
Table 2, predicted by Scansite (Obenauer, 2003)).

We obtained 297 sites in 121 proteins as potential sub-
strate sites of Rho-kinase (Supplementary Table 1, Fig. 2B).
Among the candidates, three proteins (MYPT1, vimentin,
and Par-3) were among the 28 known Rho-kinase substrates
(Amano ef al., 2010a), and 10 proteins overlapped with the
previously identified substrates of Rho-kinase that were
identified by affinity column chromatography using the
catalytic domain of Rho-kinase (Amano et al., 2010b) (Sup-
plementary Table 3). The substrate candidates we identified
were significantly enriched in the Gene Ontology (GO) bio-
logical process categories in which Rho-kinase is known to
play an essential role (Fig. 2C), indicating that our screen-

Fig. 4. Promotion of the interaction of Par-3 with 14-3-3¢ and 14-3-3C
by Rho-kinase phosphorylation. (A), (B) Effect of the phosphorylation of
Par-3-1N by Rho-kinase on the interaction of Par-3 with 14-3-3¢ and 14-3-
3. GST-Par-3-IN was phosphorylated by Rho-kinase in vitro.
Phosphorylated or non-phosphorylated GST protein-immobilized beads
were incubated with rat brain lysate. (A) The bound proteins were
subjected to SDS-PAGE and were analyzed by silver staining. Asterisks
indicate each GST fusion protein. Arrowheads indicate phospho-Par-3-
specific-interacting proteins. (B) The samples were analyzed by
immunoblotting with the indicated antibodies. (C) Promotion of a direct
interaction of Par-3 with 14-3-3C by Rho-kinase. GST fusion Par-3-1N was
phosphorylated by Rho-kinase in vitro. Phosphorylated or non-
phosphorylated GST protein-immobilized beads were incubated with His-
14-3-3¢ or His-RhoGDI. The binding proteins were analyzed by
immunoblotting with anti-His-tag antibodies.



ing of Rho-kinase substrates effectively identified the can-
didate substrates for Rho-kinase.

Rho-kinase phosphorylation of Par-3 Ser144

To determine whether this method is useful for novel Rho-
kinase substrate screening, we focused on Par-3 (Fig. 3A).
Par-3 plays an important role in various cell polarization
events by forming a polarity complex with its binding part-
ners (Suzuki and Ohno, 2006). Par-3, MARK2, and 14-3-3
are homologs of C. elegans polarity regulating Par proteins
(Par-3, Par-1, and Par-5, respectively), and Par-1 is known
to phosphorylate Par-3 at Ser144 and to recruit 14-3-3,
resulting in the prevention of the dimerization and activity
of Par-3 (Fig. 3B) (Kemphues et al., 1988; Hurd et al.,
2003; Benton and St Johnston, 2003). We previously found
that Rho-kinase phosphorylates Par-3 at Thr833 and thereby
inhibits its binding to Tiam1 (a Racl GEF), leading to the
inactivation of Racl. However, this phosphorylation does
not fully explain how Rho-kinase regulates the functions of
Par-3. Thus, we further explored the physiological rele-
vance of the phosphorylation of Par-3 at Ser144 by Rho-
kinase. To confirm the phosphorylation of Par-3 at Ser144
by Rho-kinase, we performed a Rho-kinase phosphorylation
assay using the Serl44-containing Par-3-1N fragment
(amino acids 1-251) and found that GST-Rho-k cat (a
constitutively active form of Rho-kinase) efficiently phos-
phorylated Par-3-1N (Fig. 3C). The efficiency of the
phosphorylation of GST-Par-3-1N-144A was substantially
reduced relative to that of the wild-type protein but that of
GST-Par-3-1N-143A was not substantially reduced (Fig.
3C), suggesting that Rho-kinase phosphorylates Par-3 and
that its major phosphorylation site is Ser144.

Promotion of the interaction of Par-3 with 14-3-3¢ and
14-3-3¢ by Rho-kinase phosphorylation

To confirm the interaction of Par-3 with 14-3-3, GST-Par-3-
IN was stoichiometrically phosphorylated by GST-Rho-k
cat and then incubated with rat brain lysate. A 30 kDa pro-
tein was specifically precipitated with the GST-Par-3-1N
that had been phosphorylated by Rho-kinase (Fig. 4A), and
this 30 kDa protein was recognized by antibodies against
14-3-3¢ and 14-3-3C (Fig. 4B). To examine the direct inter-
action of phosphorylated Par-3-1N with 14-3-3 proteins,
phosphorylated or non-phosphorylated GST-Par-3-1N was
incubated with His-14-3-3(. His-14-3-3C interacted with
phosphorylated GST-Par-3-1N but not with GST or unphos-
phorylated GST-Par-3-1N (Fig. 4C). These results indicate
that Rho-kinase phosphorylates Par-3 at Ser144 and pro-
motes the interaction of Par-3 with 14-3-3.
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Phosphorylation of Par-3 at Ser144 by Rho-kinase in
vivo

To examine the Par-3 phosphorylation by Rho-kinase in
vivo, we prepared an antibody that specifically recognized
Par-3 phosphorylated at Ser144. The specificity of the anti-
Par-3 pS144 antibody was examined by immunoblot analy-
sis. The anti-Par-3 pS144 antibody specifically recognized
GST-Par-3-1N (but not GST-Par-3-1N-144A) that was
phosphorylated by Rho-kinase in a dose-dependent manner
(Fig. 5A). Last, we investigated the in vivo phosphorylation
of Par-3 at Ser144 in HeLa cells. The immunoblot analysis
with the anti-Par-3 pS144 antibody revealed that the treat-
ment of HeLa cells with CLA increased the level of phos-
phorylation of Par-3 at Ser144, whereas Y-27632 inhibited
the CLA-induced phosphorylation of Par-3 at Ser144 (Fig.
5B). The treatment of the cells with CLA also increased
the association of Par-3 phosphorylated at Ser144 with
GST-14-3-3C, and Y-27632 inhibited this association (Fig.
5B), suggesting that Rho-kinase phosphorylates Par-3 at
Ser144 in vivo and that this phosphorylation promotes the
association of Par-3 with 14-3-3.

To monitor the phosphorylation of Par-3 at Ser144 that is
induced by RhoA activation, we stimulated HeLa cells and
NI1E-115 cells with LPA because LPA is known to stimu-
late the Rho/Rho-kinase pathway in certain types of cells.
However, the phosphorylation of this site in these cells
was not affected by LPA-mediated stimulation or Y-27632-
mediated inhibition (data not shown), suggesting that
LPA did not induce the Par-3 phosphorylation under the
condition.

Discussion

In this study, we identified more than 100 substrate candi-
dates for Rho-kinase (Supplementary Table 1, Fig. 2A, B).
Among the candidate sites, we found that Rho-kinase
directly phosphorylated Par-3 at Ser144 (Fig. 3C), inducing
the association of 14-3-3 with Par-3 (Fig. 4C). This associa-
tion inhibits the dimerization of Par-3, which is required
for the function of Par-3 in cell polarization (Benton and St
Johnston, 2003; Hurd e al., 2003). We previously found
that Rho-kinase phosphorylates Par-3 at Thr833 and thereby
inhibits the interaction of Par-3 with Tiam1 (a Racl GEF) to
prevent Par-3-mediated Racl activation (Nakayama et al.,
2008). Thus, Rho-kinase appears to inhibit the functions of
Par-3 through the phosphorylation of at least two distinct
sites in Par-3.

We also identified many peptides and phosphorylation
sites without using the pull-down technique with the 14-3-
3-coated beads. These phosphorylation sites were diverse,
and the results were not reproducible; thus, it is difficult to
determine the physiological relevance of these phosphoryla-
tion sites (data not shown). It should be noted that most of
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Fig. 5.

Phosphorylation of Par-3 at Ser144 by Rho-kinase in vivo. (A) Specificity of the phospho-specific anti-Par-3-pS144 antibody. GST-Par-3-1N (2

nmol) containing the indicated amount of Par-3-1N; Par-3-1N-144A phosphorylated by Rho-k cat was subjected to SDS-PAGE. Immunoblot analysis with
anti-Par-3-pS144 antibody (upper panel) or anti-GST antibody (lower panel) was carried out. (B) Phosphorylation of Par-3 at Ser144 by Rho-kinase in vivo.
Control, Y-27632-treated, CLA-treated, and Y-27632+CLA-treated HeLa cells were subjected to a GST-14-3-3C pull-down assay. Phospho-Ser144 of Par-
3 was examined with anti-Par-3 pS144 antibodies immediately after cell lysis (Scraped cells), before the pull-down assay (Input) and in the eluate (GST and

GST-14-3-3¢).

these phosphorylated proteins are abundant and involved
in housekeeping processes and do not overlap with the
proteins obtained after the pull-down, suggesting that the
pull-down with the beads coated with 14-3-3 effectively
enriched a specific population of the phosphorylated pro-
teins (data not shown). Because 14-3-3 specifically interacts
with proteins through a consensus motif containing phos-
phate and regulates protein functions through inhibiting
dimerization, intramolecular association or association with
other partners (Bridges and Moorhead, 2005; Morrison,
2009), our proteomic approach with the 14-3-3 beads
appears to enrich the functionally important phosphopro-
teins.

In addition to Par-3, we obtained more than 100 candi-
date substrates for Rho-kinase; these proteins are involved
in cell polarity, cell morphogenesis, metabolic processes or
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Rho signaling. Moreover, several of these candidates appear
to be substrates of Rho-kinase, but we need to determine
whether they are in fact phosphorylated by Rho-kinase to
conclude that they are real substrates. A certain population
of the candidates may be phosphorylated by Rho-kinase and
associated with 14-3-3 through its phosphorylation sites,
whereas the remaining candidates may be phosphorylated
by other kinases prior to association with 14-3-3. It is also
possible that the remaining candidates may be phosphory-
lated by Rho-kinase at sites that are different from the 14-
3-3 binding site, as the phosphorylation was inhibited by
Y-27632. Further detailed analyses of the substrate candi-
dates should provide important insight into the RhoA/
Rho-kinase-mediated signal network.

We have recently reported more than three hundreds can-
didate substrates for Rho-kinase by combining affinity



chromatography using Rho-kinase and LC/MS/MS (Amano
et al., 2010b). We found that several candidates, including
APC, PFKFB2, and NF1, were obtained in both methods.
These candidates appear to be good substrates for Rho-
kinase both in vitro and in vivo. The number of overlapping
candidates was less than expected. This smaller-than-
expected overlap may be explained by the notion that 14-3-
3 enriches the specific population of Rho-kinase substrates
because 14-3-3 preferentially associates with a consensus
motif that contains phosphate. Another reason may be the
difference between the protein profiles in HeLa cells and rat
brain.

Acknowledgments. We thank Dr. Ohno (Yokohama City University
School of Medicine) and Dr. Nakafuku (Cincinnati Children’s Hospital
Medical Center) for kindly providing Par-3 ¢cDNA and pCAGGS vector,
respectively. We thank K. Taki (Division for Medical Research Engineer-
ing, Nagoya University), N. Hamada (Center Medical Branch, Nagoya
Univ. School of Medicine), and Y. Nakamura (Center Medical Branch,
Nagoya Univ. School of Medicine) for technical support. We are grateful
for members of Kaibuchi Laboratory, especially Dr. K. Kato for helpful
discussion, X. Zhang for technical support, and T. Ishii for secretarial
assistance. This research was supported in part by Grant-in-Aid for Scien-
tific Research (S) (20227006) and (C) (23590357) from Japan Society for
the Promotion of Science (JSPS). This research also was supported in part
by a Grant-in-Aid for Scientific Research on Innovative Areas (Compre-
hensive Brain Science Network) from the Ministry of Education, Culture,
Sports, Science and Technology of Japan, and partly by Japan Science and
Technology Agency, Core Research for Evolutional Science and Technol-
ogy (26-J-Jc08).

References

Al-Shahrour, F., Diaz-Uriarte, R., and Dopazo, J. 2004. FatiGO: a web
tool for finding significant associations of Gene Ontology terms with
groups of genes. Bioinformatics (Oxford, England), 20: 578-580.

Amano, M., Ito, M., Kimura, K., Fukata, Y., Chihara, K., Nakano, T.,
Matsuura, Y., and Kaibuchi, K. 1996. Phosphorylation and activation
of myosin by Rho-associated kinase (Rho-kinase). J. Biol. Chem., 271:
20246-20249.

Amano, M., Nakayama, M., and Kaibuchi, K. 2010a. Rho-kinase/ROCK:
A key regulator of the cytoskeleton and cell polarity. Cytoskeleton
(Hoboken, N.J.), 67: 545-554.

Amano, M., Tsumura, Y., Taki, K., Harada, H., Mori, K., Nishioka, T.,
Kato, K., Suzuki, T., Nishioka, Y., Iwamatsu, A., and Kaibuchi, K.
2010b. A proteomic approach for comprehensively screening substrates
of protein kinases such as Rho-kinase. PLoS one, 5: ¢8704.

Benton, R. and St Johnston, D. 2003. Drosophila PAR-1 and 14-3-3 inhibit
Bazooka/PAR-3 to establish complementary cortical domains in polar-
ized cells. Cell, 115: 691-704.

Bridges, D. and Moorhead, G.B.G. 2005. 14-3-3 Proteins: a Number of
Functions for a Numbered Protein. Science’s STKE: signal transduction
knowledge environment 2005, re10.

Cox, J. and Mann, M. 2008. MaxQuant enables high peptide identification
rates, individualized p.p.b.-range mass accuracies and proteome-wide
protein quantification. Nat. Biotechnol., 26: 1367-1372.

Fukata, Y., Oshiro, N., Kinoshita, N., Kawano, Y., Matsuoka, Y., Bennett,
V., Matsuura, Y., and Kaibuchi, K. 1999. Phosphorylation of adducin
by Rho-kinase plays a crucial role in cell motility. J. Cell Biol., 145:
347-361.

Goto, H., Kosako, H., Tanabe, K., Yanagida, M., Sakurai, M., Amano, M.,
Kaibuchi, K., and Inagaki, M. 1998. Phosphorylation of vimentin by
Rho-associated kinase at a unique amino-terminal site that is specifically

48

T. Nishioka et al.

phosphorylated during cytokinesis. J. Biol. Chem., 273: 11728-11736.

Hurd, T.W., Fan, S., Liu, C.-J., Kweon, H.K., Hakansson, K., and Margolis,
B. 2003. Phosphorylation-Dependent Binding of 14-3-3 to the Polarity
Protein Par3 Regulates Cell Polarity in Mammalian Epithelia. Curr.
Biol., 13: 2082-2090.

Jaffe, A.B. and Hall, A. 2005. Rho GTPases: biochemistry and biology.
Annu. Rev. Cell Dev. Biol., 21: 247-269.

Kaibuchi, K., Kuroda, S., and Amano, M. 1999. Regulation of the cyto-
skeleton and cell adhesion by the Rho family GTPases in mammalian
cells. Annu. Rev. Biochem., 68: 459—486.

Kawano, Y., Fukata, Y., Oshiro, N., Amano, M., Nakamura, T., Ito, M.,
Matsumura, F., Inagaki, M., and Kaibuchi, K. 1999. Phosphorylation of
myosin-binding subunit (MBS) of myosin phosphatase by Rho-kinase in
vivo. J. Cell Biol., 147: 1023-1038.

Kemphues, K.J., Priess, J.R., Morton, D.G., and Cheng, N.S. 1988. Identi-
fication of genes required for cytoplasmic localization in early C. elegans
embryos. Cell, 52: 311-320.

Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku, M.,
Yamamori, B., Feng, J., Nakano, T., Okawa, K., Iwamatsu, A., and
Kaibuchi, K. 1996. Regulation of myosin phosphatase by Rho and Rho-
associated kinase (Rho-kinase). Science, 273: 245-248.

Koga, Y. and lkebe, M. 2008. A novel regulatory mechanism of myosin
light chain phosphorylation via binding of 14-3-3 to myosin phos-
phatase. Mol. Biol. Cell, 19: 1062—1071.

Mori, K., Amano, M., Takefuji, M., Kato, K., Morita, Y., Nishioka, T.,
Matsuura, Y., Murohara, T., and Kaibuchi, K. 2009. Rho-kinase con-
tributes to sustained RhoA activation through phosphorylation of p190A
RhoGAP. J. Biol. Chem., 284: 5067-5076.

Morrison, D.K. 2009. The 14-3-3 proteins: integrators of diverse signaling
cues that impact cell fate and cancer development. Trends Cell Biol., 19:
16-23.

Nakayama, M., Goto, T.M., Sugimoto, M., Nishimura, T., Shinagawa, T.,
Ohno, Sigeo, Amano, M., and Kaibuchi, K. 2008. Rho-kinase phospho-
rylates PAR-3 and disrupts PAR complex formation. Dev. Cell, 14: 205—
215.

Narumiya, S., Tanji, M., and Ishizaki, T. 2009. Rho signaling, ROCK and
mDial, in transformation, metastasis and invasion. Cancer Metastasis
Rev., 28: 65-76.

Nishimura, T., Yamaguchi, T., Kato, K., Yoshizawa, M., Nabeshima, Y.,
Ohno, S., Hoshino, M., and Kaibuchi, K. 2005. PAR-6-PAR-3 mediates
Cdc42-induced Rac activation through the Rac GEFs STEF/Tiam1. Nat.
Cell Biol., 7: 270-2717.

Obenauer, J.C. 2003. Scansite 2.0: proteome-wide prediction of cell sig-
naling interactions using short sequence motifs. Nucleic Acids Res., 31:
3635-3641.

Ohta, Y., Hartwig, J.H., and Stossel, T.P. 2006. FilGAP, a Rho- and
ROCK-regulated GAP for Rac binds filamin A to control actin remodel-
ling. Nature cell biology, 8: 803-814.

Peng, J., Elias, J.E., Thoreen, C.C., Licklider, L.J., and Gygi, S.P. 2003.
Evaluation of Multidimensional Chromatography Coupled with Tandem
Mass Spectrometry (LC/LC-MS/MS) for Large-Scale Protein Analysis:
The Yeast Proteome. J. Proteome Res., 2: 43-50.

Riento, K. and Ridley, A.J. 2003. Rocks: multifunctional kinases in cell
behaviour. Nat. Rev. Mol. Cell Biol., 4: 446-456.

Salazar, C. and Hofer, T. 2006. Competition effects shape the response
sensitivity and kinetics of phosphorylation cycles in cell signaling. Ann.
NY Acad. Sci., 1091: 517-530.

Suzuki, A. and Ohno, S. 2006. The PAR-aPKC system: lessons in polarity.
J. Cell Sci., 119: 979-987.

Yoshimura, T., Kawano, Y., Arimura, N., Kawabata, S., Kikuchi, A., and
Kaibuchi, K. 2005. GSK-3beta regulates phosphorylation of CRMP-2
and neuronal polarity. Cell, 120: 137-149.

(Received for publication, December 13, 2011, accepted, January 5, 2012
and published online, January 17, 2012)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [515.906 728.504]
>> setpagedevice


