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Rho-associated kinase (Rho-kinase), which is acti-
vated by the Rho small GTPase, phosphorylates the
myosin-binding subunit (MBS) of myosin phosphatase,
myosin light chain (MLC), the ERM family proteins,
and adducin, thereby regulating the formation of
stress fibers, focal adhesions, microvillus formation,
and cell motility. Here, to further understand the role
of Rho-kinase in the regulation of the numerous cellu-
lar processes by Rho, we purified a novel substrate of
Rho-kinase having a molecular mass of 48 kDa (p48)
from a rat liver cytosol extract. Mass spectral analysis
revealed p48 to be elongation factor-1 alpha (EF-la),
which is known as an actin-binding protein besides a
cofactor of polypeptide elongation. Rho-kinase di-
rectly phosphorylated recombinant EF-le« in vitro. A
high- speed cosedimentation assay revealed that phos-
phorylation of EF-1la by Rho-kinase decreased the
binding activity of EF-la to filamentous actin (F-
actin). A low-speed sedimentation assay revealed that
phosphorylation of EF-l1a by Rho-kinase decreased
the F-actin-bundling activity. In addition, EF-la
bound to MBS of myosin phosphatase, suggesting that
both Rho-kinase and myosin phosphatase regulate the
phosphorylation state of EF-1a downstream of Rho as
other substrates of Rho-kinase, i.e., MLC, adducin, and
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the ERM family. These results suggest that the Rho/
Rho-kinase pathway regulates the organization of ac-
tin cytoskeleton via the phosphorylation of EF-la.
© 2000 Academic Press
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The small GTPase Rho, together with Rac, Cdc42,
and TC10, belongs to the Rho family. The activity of
Rho in cells is regulated cyclically between its inactive
GDP- and active GTP-bound forms in response to ex-
tracellular signals (1). The latter form of Rho interacts
with specific effectors to exert cellular functions. Rho
participates in signaling pathways that regulate actin
cytoskeletal structures such as stress fibers, and cell-
substratum adhesions such as focal adhesions in fibro-
blasts (reviewed in 2—4). Rho is also involved in the
regulation of cell morphology, cell aggregation,
cadherin-mediated cell-cell adhesion, cell motility, cy-
tokinesis, membrane ruffling, neurite retraction, mi-
crovillus formation, and smooth muscle contraction (re-
viewed in 2—4). Rho-associated kinase (Rho-kinase)/
ROK/ROCK, which is a serine/threonine kinase
identified as a specific effector of Rho (5-7), has been
most intensively studied. Rho-kinase regulates the
phosphorylation state of the myosin light chain (MLC)
by the direct phosphorylation of MLC (8) and by the
inactivation of myosin phosphatase through the phos-
phorylation of the myosin-binding subunit (MBS) of
myosin phosphatase (9). Thus, Rho-kinase regulates
contractility of actin-myosin filaments and thereby in-
duces the formation of stress fibers and focal adhesions
(10-12), smooth muscle contraction (13, 14), and neu-
rite retraction (15-17) via the MLC phosphorylation.
In addition to MLC, the ezrin/radixin/moesin (ERM)
family of proteins (18, 19) and adducin (20) were found
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to be substrates of both Rho-kinase and myosin phos-
phatase. The phosphorylation of MBS by Rho-kinase
inhibits the phosphatase activity of myosin phospha-
tase toward these substrates (reviewed in 4). Rho-
kinase and myosin phosphatase are thought to cooper-
atively control the phosphorylation level of a subset of
substrates and to regulate various cellular functions,
such as microvillus formation and membrane ruffling
(4, 21, 22).

In the present study, a novel substrate of Rho-kinase
with a molecular mass of 48 kDa (p48) was purified
from rat liver extract. Mass spectral analysis revealed
that p48 was identical to EF-1«, which is a cofactor of
eukaryotic protein synthesis responsible for binding
aminoacyl-tRNA to the ribosome during polypeptide
elongation (23). EF-1a also has the filamentous actin
(F-actin)-binding and -bundling activities (24—-26) and
microtubule-severing activity (27), and is colocalized
with F-actin (28). We also found that Rho-kinase di-
rectly phosphorylated recombinant EF-1« in vitro and
that the phosphorylation of EF-la by Rho-kinase
resulted in a reduction in its F-actin-binding
and -bundling activities. Furthermore, EF-1« bound to
MBS of myosin phosphatase, suggesting that Rho-
kinase and myosin phosphatase regulate the state of
phosphorylation of EF-1a to regulate the actin cy-
toskeleton as described for other substrates of Rho-
kinase.

MATERIALS AND METHODS

Materials and chemicals. PET16b-EF-1a was kindly provided by
Dr. E. Nishida (Kyoto University), and HisX10-tagged EF-1a (His-
EF-1a) was purified as described (27). Glutathione-S-transferase
(GST)-Rho-kinase [6-553 amino acids (aa)] was prepared as previ-
ously described (8). Native Rho-kinase was purified from bovine
brain as previously reported (6). GST-RhoA was purified from
Escherichia coli and loaded with guanine nucleotides as described
earlier (29). GST-MBS-ankyrin repeat domain (ANK) (39-295 aa of
rat3 MBS) and GST-MBS-C-terminal fragment (CT) (758-1032 aa of
rat3 MBS) were prepared as previously reported (20, 30). F-actin was
purified from an acetone powder prepared from rabbit skeletal mus-
cle (31). Anti-EF-1a antibody was purchased from Upstate Biotech-
nology Incorporated. Other materials and chemicals were obtained
from commercial sources.

Purification of a Rho-kinase substrate, p48. Rat livers (from re-
tired Sprague-Dawley rats) were excised and homogenized in a
threefold volume of Buffer A (25 mM Tris—HCI at pH 7.5, 1 mM
EDTA, 1 mM dithiothreitol [DTT], 5 mM MgCl,, 8.6% sucrose, 10
rg/ml leupeptin, and 100 pg/ml phenylmethylsulfonyl fluoride), and
the homogenate was then centrifuged at 10,000g for 1 h. The ob-
tained supernatant was further centrifuged at 100,000g for 1 h. The
obtained cytosol fraction (35 mg of protein) was loaded onto a Mono
Q HR5/5 column (Pharmacia Biotech Inc., Grand Island, NY) pre-
equilibrated with 10 ml of Buffer B (20 mM Tris—HCI at pH 7.5, 1
mM EDTA, 1 mM DTT, and 5 mM MgCl,). After having been washed
with Buffer B, the bound proteins were eluted with a linear gradient
of NaCl (0—-0.5 M). Fractions (0.5 ml each) were collected, and an
aliquot of each fraction (10 ul) was subjected to the phosphorylation
assay as described below. The peak fractions containing the major
phosphorylated protein, p48, were diluted fivefold with Buffer B
containing 0.5% cholate, and further loaded onto a second Mono Q
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HR5/5 column preequilibrated with Buffer B containing 0.5%
cholate. Proteins were eluted with a linear gradient of NaCl (0-0.5
M). Each fraction (10 wl) was subjected to the phosphorylation assay,
and p48 was determined.

Phosphorylation assay. The kinase reaction with GST-Rho-
kinase or native Rho-kinase was carried as previously reported
(8, 32).

Mass spectral analysis. ldentification of p48 obtained from the
second Mono Q column was performed by mass spectral analysis
using a PerSeptive Biosystem Voyager-DE/RP [Matrix-assisted La-
ser Desorption/lonization time-of-flight (MALDI-TOF) mass spec-
trometer] as reported (33-35).

High-speed and low-speed sedimentation assay. His-EF-1a (1.0
M) was incubated in the presence of GST-Rho-kinase (0.2 uM) with
or without 100 uM ATP for 1 h at 30°C. Polymerized F-actin (3.3 uM)
was mixed with His-EF-1a (0.6 uM) and incubated for 120 min at
4°C in 20 mM Pipes at pH 6.5, containing 50 mM KCI, 2 mM MgCl,,
1 mM EGTA, 0.5 mM ATP, 0.2 mM DTT, 0.1 mg/ml bovine serum
albumin, and 10% (w/v) sucrose. After the incubation, 50 ul of each
reaction mixture was layered onto a 100-ul sucrose barrier (20%
(w/v) sucrose) and centrifuged at 100,000g for 1 h at 4°C. The
supernatants and pellets were separated and subjected to SDS—
PAGE. In the low-speed assay, after the incubation each mixture was
centrifuged at 10,0009 for 20 min at 4°C. The supernatants and
pellets were carefully separated and subjected to SDS-PAGE.

Affinity column chromatography. The bovine brain membrane
extract saturated with 40—80% ammonium sulfate was prepared as
described (36). Under the conditions, the membrane extract con-
tained a greater amount of EF-1a compared to the cytosol extract or
the membrane extract saturated with 40% ammonium sulfate
(Fukata et al., unpublished data). The membrane extract was ap-
plied to affinity columns bearing immobilized GST, GST-MBS-ANK,
or GST-MBS-C as previously described (19, 20), and the proteins
bound to each column were eluted by high-ionic strength and eval-
uated by silver staining or immunoblot analysis using antibody
against EF-1a.

RESULTS

To search for novel substrates of Rho-kinase, we
separated rat liver cytosol proteins by Mono Q column
chromatography and subjected the obtained fractions
to a phosphorylation assay using a constitutively active
form of Rho-kinase (GST-Rho-kinase). Several proteins
were phosphorylated with [y-*P]JATP in the absence of
exogenous GST-Rho-kinase (Fig. 1A, indicated by as-
terisks). One protein with a mass of about 48 kDa (p48)
was recognized as a major protein phosphorylated in a
GST-Rho-kinase-dependent manner (Fig. 1A). p48 was
eluted at around 200 mM NacCl. p48 from this Mono Q
column chromatography was further purified by chro-
matography on a second Mono Q column in the pres-
ence of cholate (Fig. 1B). p48 was eluted at around 300
mM NacCl (data not shown). p48 from the second Mono
Q column was phosphorylated by GST-Rho-kinase
again, but the efficiency of phosphorylation was not so
high (Fig. 1B). This finding is consistent with our re-
sult that the activity of GST-Rho-kinase was consider-
ably inhibited in the presence of cholate in vitro
(Fukata et al., unpublished data). The purified protein
was subjected to mass spectrometry. The molecular
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FIG. 1. Screening for Rho-kinase substrate from rat liver. (A) Rat liver cytosol fraction was loaded onto a first Mono Q column. Each
fraction eluted with the linear gradient of NaCl was subjected to the phosphorylation assay with (+) or without (—) GST-Rho-kinase. The
reaction mixture was subjected to SDS-PAGE, and the radioactive proteins were detected by autoradiography. p48 was detected as a major
protein phosphorylated in a GST-Rho-kinase-dependent manner (indicated by arrow, fractions. 6—10). Asterisks indicate representative of
proteins phosphorylated in a GST-Rho-kinase independent manner. Autophosphorylated GST-Rho-kinase was detected at around the
90-kDa position (indicated by arrowhead). (B) Fractions No. 6—10 obtained from this column were further purified by a second Mono Q
column chromatography in the presence of cholate. The fractions containing p48 were determined by phosphorylation assay with GST-Rho-
kinase. The fractions containing p48 from the first and second Mono Q columns were mixed separately and subjected to silver staining and

phosphorylation assay.

weights of peptides derived from p48 were determined,
and found to be identical to those from rat EF-1« (Fig.
2A). An immunoblot analysis with anti-EF-1« antibody
confirmed that p48 was identical with EF-1« (Fig. 2B).

Next, we examined whether Rho-kinase could di-
rectly phosphorylate EF-1« in vitro. GST-Rho-kinase
phosphorylated purified recombinant His-tagged
EF-1la (His-EF-1a), and the amount of phosphate in-
corporated into His-EF-1a was approximately 1.0 mol
per 1.0 mol of protein under the conditions used (Fig.
3A). Native Rho-kinase, which was purified from bo-
vine brain, phosphorylated His-EF-1«a in a GTPyS (a
nonhydrolyzable GTP analog) - GST-RhoA-dependent
manner in vitro (Fig. 3B). These results indicate that
EF-1« is a putative substrate of Rho-kinase.
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EF-1a has an F-actin-binding property (24, 25), and
F-actin-bundling property, i.e., the ability to cross-link
F-actin into bundles (26). Given that the Rho/Rho-
kinase pathway participates in the reorganization of
actin cytoskeleton (4), we next examined whether the
phosphorylation of EF-1a by Rho-kinase would affect
the F-actin-binding and -bundling activities of EF-1a.
To test the F-actin-binding activity, we performed a
high-speed cosedimentation assay by ultracentrifuga-
tion using His-EF-1a and F-actin. Nonphosphorylated
His-EF-1a sedimented in high-speed precipitate in an
F-actin-dependent manner (Fig. 4A). His-EF-1a phos-
phorylated by GST-Rho-kinase, which showed the
slower mobility on SDS-PAGE gel (indicated by aster-
isk), hardly cosedimented with F-actin (Fig. 4A). The
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FIG. 2. Identification of EF-1« as a substrate of Rho-kinase. (A)
The molecular weights of peptides derived from p48 were determined
by mass spectral analysis and found to be identical to those from rat
EF-1a, the sequence of which is shown. The estimated molecular
weight of rat EF-1« (50 kDa) was consistent with that of p48. The
peptides obtained from p48 are indicated by underlines (the sixth
amino acid in the former peptide was di- (or tri)-methyl lysine). (B)
p48 from the first or second Mono Q column was specifically recog-
nized by anti-EF-1a antibody. Rat liver cytosol fraction (20 pg of
protein) was also subjected to the immunoblot analysis (start).

binding of EF-1« to F-actin is sensitive to pH; as the
pH increases, the F-actin-binding and —bundling activ-
ities decrease (37). The phosphorylation of His-EF-1«
by Rho-kinase showed an essentially similar effect, i.e.,
reduction in F-actin-binding activity of His-EF-1a, at
both pH 6.5 (Fig. 4) and pH 7.5 (data not shown).
Furthermore, we examined the effect of the phosphor-
ylation by Rho-kinase on the F-actin-bundling activity
of EF-1a by using a low-speed sedimentation assay. In
the absence of His-EF-1«, F-actin did not precipitate by
low-speed centrifugation (Fig. 4B) as previously de-
scribed (38). F-actin efficiently precipitated in the pres-
ence of non-phosphorylated His-EF-1a by the low-
speed centrifugation, indicating that F-actin was cross-
linked by His-EF-1«, as previously reported (37);
whereas F-actin did not precipitate when His-EF-1a
phosphorylated by GST-Rho-kinase was used (Fig. 4B).
These results indicate that the phosphorylation of
EF-1a by Rho-kinase inhibited both the F-actin-
binding and -bundling activities of EF-1« in vitro.
Several substrates of Rho-kinase, such as MLC, the
ERM family, and adducin bind to MBS of myosin phos-
phatase and are also substrates of myosin phosphatase
(4). Because the phosphatase activity of myosin phos-
phatase toward these substrates is inhibited by the
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phosphorylation of MBS by Rho-kinase, it has been
proposed that the phosphorylation level of these sub-
strates is elevated by the direct phosphorylation by
Rho-kinase and the inactivation of myosin phospha-
tase downstream of Rho (4, 9, 19, 20). It is tempting to
speculate that EF-1«, like other substrates, forms a
complex with MBS. MBS has an ankyrin repeat do-
main and a leucine-zipper-like motif, both of which are
involved in the protein—protein interaction. It has been
reported that MLC (39) and adducin (20) bind to the
ankyrin repeat of MBS, and that the ERM family (19)
and Rho (9) bind to the COOH (C)-terminal fragment of
MBS containing the leucine-zipper-like motif. To ex-
amine the interaction of EF-1a with MBS, we loaded a
bovine brain membrane extract onto a glutathione—
Sepharose affinity column on which GST, GST-MBS-
ankyrin repeat domain (ANK) or GST-MBS-C-
terminal fragment (CT) had been immobilized. The
proteins that bound to the affinity columns were eluted
with a buffer containing 0.2 M NaCl. Protein with
molecular mass of about 48 kDa was detected in the
eluate from the GST-MBS-ANK affinity column but not
in that from the GST or the GST-MBS-CT affinity
column (Fig. 5A). p48 from the GST-MBS-ANK affinity
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FI1G. 3. Phosphorylation of recombinant EF-1a by Rho-kinase.
(A) Recombinant His-EF-1a was phosphorylated by GST-Rho-kinase
for various periods. The phosphorylated protein was resolved by
SDS-PAGE and quantified by an image analyzer. About 1.0 mol of
phosphate was maximally incorporated into 1.0 mol of His-EF-1« by
GST-Rho-kinase. (B) Purified His-EF-1a was subjected to a phos-
phorylation assay with native Rho-kinase in the presence of GST,
GDP - GST-RhoA, or GTPyS - GST-RhoA. The arrow denotes the
position of His-EF-1a. The results shown are representative of three
independent experiments.
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FIG. 4. Effects of phosphorylation of EF-1a by Rho-kinase on the
F-actin-binding and -bundling activities of EF-1a. (A) High-speed
cosedimentation assay. His-EF-1a was incubated with GST-Rho-
kinase in the absence or presence of ATP (indicated by phosphory-
lation (=) or (+), respectively), and was then incubated for 120 min
with or without F-actin (3.3 wM). After the incubation, each reaction
mixture was separated into supernatant (S) and pellet (P) fractions
by ultracentrifugation (at 100,0009). Each fraction was subjected to
SDS-PAGE and silver staining. Arrow and arrowhead denote the
positions of His-EF-1a and F-actin, respectively. The asterisk indi-
cates the phosphorylated His-EF-1« that broadly mobility-shifted on
SDS-PAGE. Bovine serum albumin used as a blocking protein was
detected mainly in the S fraction, irrespective of F-actin (just above
His-EF-1a on SDS-PAGE). (B) Low-speed sedimentation assay.
Phosphorylated (with ATP, +) or nonphosphorylated (without ATP,
—) His-EF-1« prepared as above was incubated with F-actin (3.3
uM), and separated into S and P fractions by low-speed centrifuga-
tion (at 10,000g). As a control experiment, buffer prepared in the
absence of His-EF-1a with (+) or without (=) ATP was separately
incubated with F-actin. Each fraction was subjected to SDS-PAGE
and Coomassie brilliant blue staining. Arrow and arrowhead denote
the position of His-EF-1a and F-actin, respectively. The asterisk
indicates the phosphorylated His-EF-1a. The results shown are rep-
resentative of three independent experiments.

column was phosphorylated by GST-Rho-kinase (data
not shown). By an immunoblot analysis with anti-
EF-1a antibody, the binding of EF-1a to GST-MBS-
ANK was confirmed (Fig. 5B). These results suggest
that the phosphorylation state of EF-1a might be du-
ally regulated by Rho-kinase and myosin phosphatase
downstream of Rho as in the case of other substrates.

DISCUSSION

We have previously shown that Rho-kinase and my-
osin phosphatase dually regulate the phosphorylation
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level of various substrates, such as MLC (8, 9), the
ERM family (18, 19), and adducin (20). These signaling
pathways play crucial roles in a variety of cellular
functions downstream of Rho (reviewed in 4). Here,
EF-1a was identified as a novel substrate of Rho-
kinase, and the phosphorylation of EF-1a by Rho-
kinase was shown to decrease the F-actin-binding
and -bundling activities of EF-1a. This is the first evi-
dence indicating that the modification of EF-1« by phos-
phorylation directly affects its activities toward F-actin.
Furthermore, MBS of myosin phosphatase bound to
EF-1a, suggesting that the state of phosphorylation of
EF-1« is regulated by Rho-kinase and myosin phospha-
tase, as described for other substrates of Rho-kinase.

The next step we are facing is to clarify the physio-
logical role of the phosphorylation of EF-1a by Rho-
kinase in vivo. It has been recently reported that EF-1«a
from highly metastatic cells has reduced binding affin-
ity to F-actin (28), suggesting that the difference in the
EF-1« activities toward F-actin is important for cy-
toskeletal organization in motile processes. We hypoth-
esize that modulation of the activities of EF-1a by
Rho-kinase might influence the cytoskeletal organiza-
tion and/or regulate the protein synthesis associated
with the actin cytoskeleton as described below.

The intracellular concentration of EF-1a is very
high, and more than half of the total EF-1a (~60%)
appears to bind to the actin cytoskeleton (28). EF-1«
binds to the same site on actin as several other actin-
binding proteins such as myosin (37, 40, 41), so the
weakened F-actin binding activity of EF-1a by Rho-

A
(kDa)
120=
80— B
e 4 (kDa)
50= — | 50-'_ — ""-EF-1(1
' =X
c W =2 0O
5 9 < ¢
20= 1 | n LR
- =0
» Z O DDn=
G < ¢ C=20
[
2
nwaon=
C= 0O
FIG. 5. Interaction of EF-1a with MBS of myosin phosphatase.

Proteins from a bovine brain membrane extract that bound to GST,
GST-MBS-ANK, or GST-MBS-CT immobilized on a column were
evaluated by silver staining (A) or by immunoblot analysis with
anti-EF-1a antibody (B). Arrowhead denotes the position of p48. The
results shown are representative of three independent experiments.
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kinase would help other actin binding proteins, e.g.,
myosin, bind to the actin cytoskeleton. Thus, when Rho
is activated, Rho-kinase may phosphorylate EF-1« and
MLC, sequester EF-1a away from F-actin, and in turn
facilitate the interaction of myosin with F-actin. As a
result, cells could alter the actin cytoskeleton to exert
various cellular functions, such as stress fiber forma-
tion (see below) and membrane ruffling.

It is now recognized that protein synthesis machin-
ery containing mRNAs, ribosomes, initiation factors,
and elongation factors, is associated with the actin
cytoskeleton (42, 43), and that the localized translation
of specific proteins is essential for cell motility. For
example, B-actin mMRNA is localized at the leading edge
of motile cells, where it is actively translated to actin
protein. Mislocalization of B-actin mRNA disrupts cell
polarity (44, 45). Because F-actin and aminoacyl-tRNA
compete with each other for binding to EF-1a (41),
Rho-kinase phosphorylates EF-la to weaken its
F-actin-binding, thereby inducing the binding of
aminoacyl-tRNA to EF-la. This might promote the
localized protein synthesis associated with the actin
cytoskeleton.

It has been reported that in the yeast Saccharomyces
cerevisiae, Bnilp, which is one of the Rholp effectors
(46), interacts with EF-1a, and that the binding of
Bnilp to EF-1a inhibits F-actin-binding and -bundling
activities of EF-1a (47). In a mammalian system, coop-
eration between Rho-kinase and mDia, an effector of
Rho and a mouse homologue of Bnilp, is necessary for
the formation of fully refined stress fibers (48). Al-
though MLC is apparently the most important sub-
strate of Rho-kinase in the formation of stress fiber,
EF-1a may also participate in the formation of stress
fibers as a common downstream molecule of not only
Rho-kinase but also mDia. Further experiments are
necessary to understand in better detail the relation-
ship between Rho-kinase/mDia and EF-1a.
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