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Myosin II was identified as a binding protein to the
leckstrin homology (PH) domain of protein kinase
(PKB) in CHO cell extract by using the glutathione

-transferase-fusion protein as a probe. When myo-
in II purified from rabbit skeletal muscle was em-
loyed, myosin II was shown to bind almost exclu-
ively to the PH domain of PKB among the PH
omain fusion proteins examined. The purified my-
sin II bound to the PH domain of PKB with a Kd

alue of 1.1 3 1027 M. Studies with a series of trun-
ated molecules indicated that the whole structure
f the PH domain is required for the binding of
yosin II, and the binding to the PH domain was

nhibited by phosphatidylinositol 4,5-bisphosphate.
hese results suggest that myosin II is a specific
inding protein to the PH domain of particular pro-
eins including PKB. © 1999 Academic Press

Pleckstrin homology (PH) domain was initially rec-
gnized as internal repeat sequences in pleckstrin, the
ajor protein kinase C substrate in platelets, and is

ound in numerous intracellular signaling and cy-
oskeletal proteins (1–3). Three dimensional structural
tudies of the PH domain of different proteins, includ-
ng pleckstrin (4), b-spectrin (5), dynamin (6–8), phos-
holipase Cd (9), SOS1 (10), and b-adrenergic receptor
inase (11), revealed that the domain has a common
tructure of a seven-stranded b-sandwich formed by
wo orthogonal antiparallel b-sheets and an amphiphi-
ic a-helix in the amino- and carboxyl-terminal por-
ions, respectively. It has been reported that different
ubstances bind to the PH domain such as inositol

1 To whom correspondence should be addressed. Fax: 81-78-803-
994.
Abbreviations used: CBB, Coomassie brilliant blue; GST, glutathi-

ne S-transferase; PH, pleckstrin homology; PI, phosphatidylinosi-
ol; PKB, protein kinase B.
169
he bg subunits of the heterotrimeric GTP-binding pro-
eins (19–22), and protein kinase C (22–26), and anal-
sis using mutated molecules has indicated that these
ubstances bind to the distinct sites within the PH
omain (19, 21, 25, 26). Therefore, the PH domains
eem to be involved in various signaling processes
hrough their interactions with different substances.

Protein kinase B (PKB, also named Akt and RAC-
rotein kinase) is a serine/threonine protein kinase
aving a PH domain in its amino-terminal region,
nd three subtypes, termed a, b and g, have been
solated (for reviews see Refs. 27, 28). PKB is shown
o be activated as a downstream target of phospha-
idylinositol (PI) 3-kinase in the cells stimulated
ith growth factors. Namely, PKB is proposed to be
ctivated by the binding of PI 3-kinase products to
ts PH domain or by phosphorylation in the protein
inase domain by an upstream kinase that is acti-
ated by PI 3-kinase. On the other hand, cellular
tresses including heat shock and hyperosmolarity
re shown to activate PKB in a manner independent
f PI 3-kinase (29), indicating that there are at least
wo different pathways leading to activation of PKB.
s the binding proteins to the PH domain of PKB,

he bg subunits of the heterotrimeric GTP-binding
roteins (22) and protein kinase C isoforms (22, 24,
5) have been identified. In addition to these pro-
eins, we have previously found that an unidentified
00-kDa protein in CHO cell extract associates with
he PH domain of PKB fused with glutathione
-transferase (GST) (25). It seems that the analysis
f the binding proteins to the PH domain may pro-
ide a clue to clarify the activation mechanism and
he physiological roles of PKB. In this study, we
evealed that the 200-kDa protein is the heavy chain
f myosin II, that binds specifically to the PH domain
f PKB.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ATERIALS AND METHODS

Expression plasmids and purification of GST-fusion proteins.
he PH domain of PKB b and its truncated regions were cloned into
GEX-4T-1 expression vector (Pharmacia) as described, and the
usion proteins of GST-PKB PH, GST-b1, GST-b1-6, GST-Db1, and
ST-Db1-6 include the amino acid residues 1–113, 1–18, 1–81, 19–
13, and 81–113 of PKB b, respectively (25). The GST-fusion protein

FIG. 1. Binding of myosin II to the PH domain of PKB. The CHO c
ith either GST or GST-fusion proteins immobilized onto glutathi
DS–PAGE, and either stained with CBB or subjected to immunobl
Da. (A) Binding proteins to the PH domain of PKB in CHO cell ext
ndicated by filled and open arrows, respectively. The specific binding
s indicated by an arrowhead. Minor binding proteins are indicated
ntibody. The position of the 200-kDa protein is indicated by an arrow
f PKB. Myosin II purified from rabbit skeletal muscle (4 mg) was
keletal muscle myosin II (4 mg). GST and GST-PKBPH are indicated
re indicated by an arrowhead and a small arrow, respectively. (C)
urified from rabbit skeletal muscle (4 mg) was employed for the bind
xysterol-binding protein (OSBP), b-adrenergic receptor kinase (bARK
alf (pleckstrin NT), pleckstrin in its carboxyl-terminal half (pleckst

ndicated by an arrowhead.
170
xpression plasmids encoding the PH domain of diacylglycerol ki-
ase (d-isozyme), spectrin, oxysterol-binding protein, b-adrenergic
eceptor kinase, insulin receptor substrate-1, and pleckstrin in its
mino-terminal half, were obtained as described (19, 30). The PH
omain of dynamin (Met596–Glu656) (31) was isolated from a rat brain
DNA library and cloned into pGEX-2T vector. The GST-fusion pro-
ein expression plasmid encoding the PH domain of pleckstrin in its
arboxyl-terminal half (Ile246–Lys350) was donated by Dr. Tetsuya

extract and purified rabbit skeletal muscle myosin II were incubated
-conjugated resin. Proteins bound to the resin were separated by
nalysis. Positions of the molecular weight markers are indicated in
t. Left, CBB staining after SDS–PAGE. GST and GST-PKBPH are
tein of an approximate molecular mass of 200 kDa (200-kDa protein)
alphabets (a–d). Right, immunoblot analysis using the anti-myosin
ad. (B) Binding of rabbit skeletal muscle myosin II to the PH domain
ployed for the binding assay. Input lane contains protein of rabbit
filled and open arrows, respectively. Myosin heavy and light chains

ecificity of the PH domains for the binding of myosin II. Myosin II
to the GST-fusion proteins of the PH domain of dynamin, spectrin,

insulin receptor substrate-1 (IRS-1), pleckstrin in its amino-terminal
CT), diacylglycerol kinase (DGK), and PKB. Myosin heavy chain is
ell
one
ot a
rac
pro
by
he
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by
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nazu (Fukui Medical School). The GST-fusion constructs were in-
roduced in Escherichia coli strain DH5a, and the GST-fusion pro-
eins were purified by successive chromatography on glutathione-
epharose and Mono Q HR 5/5 columns (Pharmacia).

Cell culture and preparation of cell extract. CHO cells were cul-
ured in Dulbecco’s modified Eagle’s medium containing 10% fetal
ovine serum and proline (35 mg/ml) at 37°C in a 5% CO2 incubator.
he cell extract was prepared at 0–4°C as described (25, 29). Briefly,
he cells were washed with phosphate-buffered saline, and lysed in
0 mM Tris–HCl at pH 7.5 containing 1 mM EDTA, 1 mM EGTA, 10
M 2-mercaptoethanol, 1% Triton X-100, 150 mM NaCl, 10 mM
aF, 1 mM Na3VO4, and 50 mg/ml phenylmethylsulfonyl fluoride

lysis buffer). After centrifugation for 10 min at 18,000g, the result-
ng supernatant was employed as a cell extract.

Binding assay. GST and GST-fusion proteins (4 mg) immobilized
nto glutathione-Sepharose were employed. The CHO cell extract
400–600 mg protein) and myosin II purified from rabbit skeletal

uscle (Calzyme Laboratories) were incubated with either GST or
ST-fusion protein on the resin in 400 ml of lysis buffer with shaking
t 4°C for 4 h. The mounts of purified myosin II were indicated in
ach figure legend. Where indicated, GST-PKBPH was preincubated
or 30 min with either PI (Sigma), PI 4-phosphate (Boehringer-

annheim), PI 4,5-bisphosphate (Boehringer-Mannheim), phospha-
idylserine (Doosan Serdary Research Laboratories) or phosphatidyl-
holine (Sigma). Phospholipids were sonicated in an ultrasonic
rocessor and then employed for the binding assay. After washing 10
imes with 20 mM Tris–HCl at pH 7.5 containing 1% Triton X-100
nd 150 mM NaCl at 4°C, the proteins bound to the resin were
eleased by boiling in SDS-sample buffer, separated by SDS–PAGE,
nd either stained with Coomassie brilliant blue (CBB) or subjected
o immunoblot analysis. Protein concentrations were determined by
CA protein assay reagent (Pierce) using bovine serum albumin as a
tandard. Where indicated, the amounts of myosin heavy chain
ound to the resin were quantitated by densitometry using Image
auge Program Version 3.0 (Fuji film) calibrating with known
mounts of myosin heavy chain stained with CBB after SDS–PAGE.

Immunoblot analysis. After SDS–PAGE, proteins were trans-
erred to an Immobilon P membrane (Millipore). Immunoblot anal-
sis was carried out using an anti-myosin polyclonal antibody (Bio-
edical Technologies) which recognizes non-muscle cell myosin II

nd an anti-actin monoclonal antibody (Boehringer-Mannheim) as
rimary antibodies. The alkaline phosphatase-conjugated anti-
abbit and anti-mouse antibodies (Promega) were employed as sec-
ndary antibodies, and the color reaction was carried out using

FIG. 2. Kinetics of the binding of rabbit skeletal muscle myosin
uscle (4–38 mg) was incubated with GST-PKBPH immobilized on

uantitated by densitometry. The concentrations and amounts of my
Da of myosin heavy chain. A representative of three independent e
otal myosin heavy chain applied. Right, Scatchard plot analysis.
171
-bromo-4-chloro-3-indolyl-phosphate and nitro blue tetrazolium as
ubstrates (25, 29).

ESULTS AND DISCUSSION

Several proteins binding to the GST-fusion protein of
he PH domain of PKB b were found in CHO cell
xtract (Fig. 1A, left), including a protein of an approx-
mate molecular weight of 200 kDa (25). These binding
roteins apparently bound specifically to the GST-
usion protein except for the protein indicated as (d),
hich also associates with GST. During the character-

zation of these binding proteins, the 200-kDa protein
as revealed to be recognized by the antibody against
yosin II (Fig. 1A, right). Myosin II purified from

abbit skeletal muscle was then employed for the bind-
ng assay to examine whether myosin II binds directly
o the PH domain of PKB. The heavy chain of rabbit
keletal muscle myosin II bound to the fusion-protein
ut not to GST (Fig. 1B). Although the Rf value of the
rotein band (d) in Fig. 1A roughly corresponds to that
f myosin light chain in Fig. 1B, the protein band (d)
ay contain some other protein as the protein band

inds to GST. This protein indicated as (c) in Fig. 1A
as recognized by the antibody against actin (data not

hown), that is consistent with the fact that actin as-
ociates with myosin. The properties of the proteins
ndicated as (a) and (b) in Fig. 1A are not clear. Similar
esults were obtained when the fusion proteins of the
H domain of PKB a and g were employed.
The specificity of the PH domain for the association
ith myosin II was studied. In Fig. 1C, GST-fusion
roteins containing the PH domain of various proteins
ere employed for the binding assay of rabbit skeletal
uscle myosin II. The binding of myosin II was de-

ected only for the PH domain of PKB and the
-isozyme of diacylglycerol kinase, but not for the do-

to the PH domain of PKB. Myosin II purified from rabbit skeletal
lutathione resin, and myosin heavy chain bound to the resin was

n heavy chain were calculated by using the molecular weight of 200
riments is shown. Left, bound myosin heavy chain as a function of
II
to g
osi
xpe
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nd carboxyl-terminal halves, insulin receptor
ubstrate-1, b-adrenergic receptor kinase, oxysterol-
inding protein, spectrin, and dynamin. The heavy
hain of nonmuscle myosin II in CHO cell extract
ound less efficiently to the PH domain of the diacyl-
lycerol kinase isozyme (data not shown). These re-
ults suggest that myosin II may not be a general
inding protein to the PH domains but bind to the PH
omain of particular proteins such as the PKB sub-
ypes and the d-isozyme of diacylglycerol kinase.

The kinetic analysis for the binding of myosin was
arried out using rabbit skeletal muscle myosin II (Fig.
). Myosin II bound to the PH domain of PKB in a
aturable manner, and Scatchard plot analysis re-
ealed that the dissociation constant (Kd) for this in-
eraction is 1.1 3 1027 M. The maximum binding of
yosin II was 8 pmol and the amount of the fusion

rotein in the binding assay mixture was calculated to
e 100 pmol from its molecular weight of 40 kDa. A
mall fraction of the fusion protein of approximately
% seems to have an appropriate structure to associate
ith myosin II under the conditions employed. As the
d values between 1027 to 1026 M for the interaction of
olyphosphoinositides to the PH domain of PKB have
een reported (32, 33), and polyphosphoinositides and
yosin II appear to bind to the PH domain of PKB with

imilar affinities.
Previous studies have demonstrated that the bg sub-

nits of the G-proteins and protein kinase C bind to the
H domain (16, 25, 26). The binding sites of these
roteins are in the carboxyl- and amino-terminal por-
ions of the PH domain, respectively, indicating that
he PH domain interacts with these proteins at distinct
ites. To define the binding site for myosin II, the
inding assay was performed using a series of trun-
ated mutants of the PH domain (Fig. 3). No obvious
inding was detected to the deletion mutant GST-Db1
acking the amino-terminal end b sheet (b1) or the

utant GST-b1-6 deleting the a-helix (a1) at the
arboxyl-terminal end. The binding was not detected to
he amino- or carboxyl-terminal end sequence such as
ST-b1 and GST-Db1-6. These results suggest that the
hole structure of the PH domain, rather than the

hort region of the domain, is required for the binding
f myosin II.
PI 4,5-bisphosphate has been shown to interact with

he PH domain of several proteins including PKB (12–
4, 32, 33). It has also been reported that the binding of
he bg subunits of the G-proteins and PI 4,5-
isphosphate to the PH domain of b-adrenergic recep-
or kinase is cooperative (34, 35). In contrast, PI 4,5-
isphosphate inhibited the binding of skeletal muscle
yosin II to the PH domain of PKB in a dose depen-

ent manner (Fig. 4). The 50% inhibitory concentration
IC50) was 40 mM, and the binding was significantly
nhibited at 60 mM of the phospholipid. PI 4-phosphate
172
owered the binding of myosin to 45% at 60 mM, while
ther phospholipids such as PI, phosphatidylcholine,
nd phosphatidylserine at the same concentration did
ot affect the binding. These results confirm that my-
sin II binds to the PH domain in a manner distinct
rom that of the bg subunits of the G-proteins which
ecognize the restricted region in the domain.
We here demonstrated that myosin II interacts with

he PH domain of PKB in vitro. The binding of myosin
I to the intact PKB molecule, however, was not de-
ected when the recombinant full-length PKB protein
xpressed in insect cells was employed (data not
hown). The conformational change of the PKB struc-
ure induced by extracellular signals might be neces-
ary for the binding of myosin II to the PH domain of
KB. In fact, myosin II was co-immunoprecipitated
ith the truncated protein having the PH domain of
KB, but not with the full-length PKB transiently
xpressed in HEK293 cells (data not shown). Further
tudies are required to examine the association be-
ween myosin II and the PH domain of PKB in vivo. A

FIG. 3. Deletion analysis of the PH domain of PKB. (A) Deletion
utants of the PH domain of PKB. The regions of the a-helix and
-sheets of the PH domain are indicated as a1 and b1 to b7, respec-
ively. (B) Binding of myosin II in CHO cell extract to the deletion
utants. The CHO cell extract was incubated with either GST or

ach GST-fusion protein immobilized onto glutathione resin. Upper,
yosin II bound was detected by immunoblot analysis using the

nti-myosin antibody. Myosin heavy chain is indicated by an arrow-
ead. Lower, GST and GST-fusion proteins separated by SDS–PAGE
ere stained with CBB. Positions of molecular weight markers are

ndicated in kDa.
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reliminary experiment indicates that not only myosin
I but other myosin isoforms could bind to the PH
omain of PKB through their head region, which is
onserved among the myosin family (36). PI 3-kinase,
he upstream regulator of PKB, is indicated to have an
ssential role in myogenic differentiation (37), and the
-isozyme of diacylglycerol kinase, another target pro-
ein for the binding of myosin II, is expressed predom-
nantly in skeletal muscle (38). Taken together, it
eems possible that the association of myosin to the PH
omain proteins may have a role in the muscle cells.
ost recently, it was reported that tubulin, a cytoskel-

tal protein, binds to the PH domain of G-protein-
oupled receptor kinase 2 (39,40). The functions of
ome cytoskeletal proteins might be regulated by the
rotein-protein interaction through the PH domain.
nalysis of the binding proteins to the PH domain is

equired to clarify the role of the PH domain in the
ignal transduction.
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