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Regulation of Myosin Phosphatase Through Phosphorylation of the Myosin-
Binding Subunit in Platelet Activation

By Keiji Nakai, Yoshinori Suzuki, Hisakazu Kihira, Hideo Wada, Masanori Fujioka, Masaaki Ito, Takeshi Nakano,
Kozo Kaibuchi, Hiroshi Shiku, and Masakatsu Nishikawa

Human platelets were found to contain myosin phosphatase
consisting of a 38-kD catalytic subunit of protein phospha-
tase type 18, a 130-kD myosin-binding subunit (MBS) and a
20-kD subunit, all of which cross-reacted with antibodies
against these subunits of smooth muscle myosin phospha-
tase. Anti-MBS antibody coimmunoprecipitated RhoA and
Rho-kinase of human platelets. Platelets MIBS is a substrate
for Rho-kinase and phosphorylation of MBS decreases the

HE 20-kD LIGHT CHAIN of myosin (MLC) israpidly
phosphorylated, and then dephosphorylated during
platelet activation.*? Phosphorylation of 20-kD MLC is caus-
aly related to platelet shape change, contraction, and secre-
tion.** When the 20-kD MLC is phosphorylated by Ca?'/
calmodulin-dependent ML C kinase, myosin can interact with
actin because phosphorylation increases actin activation of
platelet myosin ATPase.* A good temporal correlation exists
between ML C phosphorylation and myosin association with
the cytoskeleton in platelet activation.® We identified the
catalytic subunit isozymes («, v, 6) of protein phosphatase-
1 (PP1) and the catalytic subunit of protein phosphatase-2A
(PP2A) in human platelets.® We found that the association
of PP1 with the Triton-insoluble cytoskeleton occurred on
agonist-induced platelet activation, even in the absence of
aggregation, whereas the translocation of PP2A depended
on aggregation.® Thus, the interaction of PP1 with the cy-
toskeleton may play a role in agonist-induced formation of
the contractile cytoskeleton by regulating the phosphoryla-
tion state of cytoskeletal myosin.

Myosin phosphatase of smooth muscle is composed of a
38-kD PP1$ catalytic subunit, a 130-kD and a 20-kD compo-
nent, which are thought to be regulatory components in-
volved in targeting the phosphatase to its substrate.”® The
130-kD subunit is a myosin-binding subunit (MBS), which
targets the catalytic subunit to myosin.2® A growing body of
evidence suggests that smooth muscle myosin phosphataseis
regulated under physiologic conditions.’®** Thiophosphory-
lation of the 130-kD MBS resulted in afivefold decrease in
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activity of myosin phosphatase. Treatment of intact plate-
lets with 9,11-epithio-11,12-methano-thromboxane A, led to
a dramatic increase in phosphorylation of MBS and a sig-
nificant decrease in the activity of myosin phosphatase.
These findings suggest a putative mechanism for agonist-
induced regulation of myosin phosphatase activity in plate-
lets.

© 1997 by The American Society of Hematology.

phosphatase activity and an increased Ca?* sensitivity of
force output in «-toxin-permiabilized portal vein strips.***
Rho is involved in the GTP-enhanced Ca®* sensitivity of
smooth muscle contraction.**** It was recently reported that
overexpression of RhoA or dominant activated RhoA
(RhoAY*) in NIH 3T3 cells increases phosphorylation of
MBS and 20-kD MLC.* Kimura et a showed that GTP-
Rho activates Rho-associated kinase (Rho-kinase), then Rho-
kinase phosphorylates MBS and myosin phosphatase is
thereby inactivated."” Left unanswered is the key question of
whether MBS phosphorylation occursin response to external
stimuli in intact cells and therefore would be a possible
mechanism for regulation of myosin phosphatase. Here,
we report that Rho-kinase phosphorylates platelet MBS and
inactivates platelet myosin phosphatase in vitro. We also
demonstrate that a stable thromboxane A, analog 9,11-
epithio-11,12-methano-thromboxane A, (STA,) induces MBS
phosphorylation and inactivation of myosin phosphatase in
intact platelets, thus raising the possibility that this may be
attributed in part to 20-kD MLC phosphorylation.

MATERIALS AND METHODS

Preparation of human platelet suspension and measurement of
aggregation. Human platelets (10%mL) were resuspended in Ty-
rode-HEPES Buffer that contained afinal concentration of 0.14 mol/
L NaCl, 2.7 mmol/L KCI, 1 mmol/L MgCl,, 0.1% D-glucose, 3.75
mmol/L NaH,PO,, 15 mmol/L HEPES, pH 7.5. Washed platelets
(400 pL) were stimulated by STA, at 1 ymol/L for various times
in the aggregometer (37°C), and aggregation was monitored photo-
metrically, as described.?® The reaction was quenched with ice-cold
lysis buffer (1% NP-40, 20 mmol/L Tris-HCI, pH 7.5, 0.15 mol/L
NaCl, 2 mmol/L EDTA, 4 mmol/L phenylmethylsulfonyl fluoride
[PMSF], 200 pg/mL leupeptin, 2 mmol/L sodium vanadate) and
used for immunoprecipitation.

Measurement of protein phosphorylation in intact platelets. The
platelet suspension (400 uL) prelabeled with 18.5 MBg/mL [*P]
orthophosphate (at 30°C, for 60 minutes) was stimulated with 1
umol/L STA, in the aggregometer.?® At various times, the reaction
was terminated by adding the ice-cold lysis buffer. Phosphoproteins
were separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). The gel was stained with Coomassie blue,
dried, and subjected to autoradiography, using Kodak X-Omat AR
film with an intensifying screen at —80°C.

Immunoprecipitation. Immunoprecipitation of platelet lysates
was performed after clarification of samples by centrifugation at
10,000g for 1 hour, and the soluble fraction precleared with protein
A Sepharose beads, was incubated with 5 uL of specific antibodies
against MBS’ at 4°C for 1 hour. The immune complex was precipi-
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tated by adding protein A-Sepharose (Pharmacia Biotech AB, Upp-
sala, Sweden), incubating for an additional 1 hour at 4°C, then wash-
ing the beads three times with lysis buffer. The sample was then
split into two portions; one was used for immunoblotting, and the
other was processed further for in vitro phosphatase assay.

Immunoblot analysis. Immunoblot analysis was carried out as
described.5*# Polyclonal antibodies against the catalytic subunit iso-
zymes (« and 6) of PP1, 130-kD MBS, the 20-kD subunit, and
Rho-kinase were obtained by immunizing rabbits with synthesized
fragments of respective proteins and used after purification.>® Quan-
titative estimation of the level of MBS in human platelets was per-
formed densitometrically by scanning theimmunoreactive band after
immediately photographing the visualized band.®*® The signal was
then compared with that of known amounts of the purified recombi-
nant MBS. Routinely, at least three different amounts of MBS were
included as standards to quantify the level of platelet MBS.

Kinase assay. In vitro kinase reactions using recombinant glute-
thione S-transferase (GST)-Rho-kinase were carried out in 50 uL of
the reaction mixture 40 mmol/L Tris-HCI, pH 7.5, 2 mmol/L EDTA,
1 mmol/L dithiothreitol, 6.5 mmol/L MgCl,, 0.1% CHAPS, 10 nmol/
L okadaic acid (OKA; Wako Pure Chemicals, Osaka, Japan), 20
umol/L [y-2P]ATP, 25 uL of the immunoprecipitate, and 8 ng of
GST-Rho-kinase, which is constitutively active.*® The kinase reac-
tion was initiated by adding the immunoprecipitate. Reactions were
carried out at 30°C for the times indicated and terminated by the
addition of SDS sample buffer. Phosphoproteins were separated by
SDS-PAGE. The gel was stained with Coomassie blue, dried, and
subjected to autoradiography, using Kodak X-Omat AR film with
an intensifying screen at —80°C. Quantitative estimation of the level
of phosphorylation was carried out densitometrically with a Fujix
BAS2000 Bioimager (Fuji Photo Film Co, LTD, Tokyo, Japan) or
a Molecular Dynamics Scanning Densitometer (Sunnyvale, CA) in
conjugation with ImageQuant program run on a Dell Personal Com-
puter (Austin, TX) by scanning the radioactive band.*® The area of
anindividual pesk was measured above background in densitometric
tracing and was expressed as an arbitrary unit.

Measurement of phosphatase activity. Activities of PP1, PP2A,
protein phosphatase-2B (PP2B), and protein phosphatase-2C (PP2C)
were determined with [*2P]-phosphorylated ML C of chicken gizzards
as asubstrate.*® PP1 and PP2A activities were measured in areaction
mixture (50 pL) containing 20 mmol/L Tris-HCI, pH 7.4, 50 mmol/
L NaCl, 0.1 mmol/L EGTA, 2 mmol/L sodium vanadate, +10 nmol/
L OKA, +a heat stable phosphatase inhibitor-2, 4 mmol/L PMSF,
and 200 pg/mL leupeptin. PP2A was completely inhibited by 10
nmol/L OKA, whereas PP1 was hardly affected at this concentration.
PP1 can be taken as the activity that is sensitive to the inhibitor-2
and PP2A can be taken as the activity that is blocked by 10 nmol/
L OKA.® PP2B and PP2C activities were determined as the activity
in the presence of 0.5 ymol/L CaCl,, 5 mmol/L MgCl,, 0.5 pmol/
L OKA, 1 umol/L calmodulin, and +0.15 mmol/L trifluoperazine.?*
PP1 and PP2A are completely inhibited at 0.5 umol/L OKA, there-
fore this activity was taken as the total activity of PP2B and PP2C.
Trifluoperazine, 0.15 mmol/L, was added to completely inhibit
PP2B, but PP2C was unaffected by trifluoperazine, even at 0.15
mmol/L.% PP2B activity was determined by subtracting PP2C (the
activity in the presence of 0.15 mmol/L trifluoperazine) from total
activity. Assays were performed in duplicate, and the cpm measured
in blank assays lacking cell sample was subtracted from the total
cpm. The phosphatase activity was indicated as nanomoles released
%Pi per minute in cell samples.

RESULTS AND DISCUSSION

The expression of MBS in human platelets was examined
by immunoblot analysis using a polyclonal antibody specific
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Fig 1. Immunoblot analysis of MBS in human platelets. Platelet
lysates were applied to SDS-PAGE followed by immunoblots using
the antibody against MBS as described in the Materials and Methods.

against smooth muscle MBS. As shown in Fig 1, the anti-
body detected a major band with 130-kD, as noted in the
smooth muscle.”® To investigate whether the immunoreac-
tive protein at 130-kD is MBS of human platelets, we ana-
lyzed immunoprecipitates with anti-MBS antibody of plate-
let extract (Fig 2A). The procedure was to submit the Protein
A precipitates to SDS-PAGE followed by immunoblotting
with polyclonal antibodies against the PP1 catalytic subunit
and the 20-kD subunit of myosin phosphatase. The PP16-
isoform and 20-kD subunit of myosin phosphatase were de-
tected at 38-kD and at 20-kD, respectively (Fig 2A), while
the PPla-isoform was not detected. MBS was also detected
at a major band with a 130-kD in the anti-PP16 antibody
immunopreci pitate.

We further investigated phosphatase activity of the immu-
noprecipitates using [*?P]-phosphorylated MLC as a sub-
strate. About 80% of total phosphatase activity in the precipi-
tate was PP1 activity (Fig 2B). These results indicate that
the immunoreactive protein at 130-kD is MBS in human
platelets. We determined the amount of MBS in whole plate-
lets using the purified recombinant MBS as the standard.
The amount of MBS was 3.14 + 0.48 ng/10’ platelets (mean
+ SD, n = 3). The amount of PP1$ catalytic subunit in
whole platelets was 7.1 + 0.5 ng/10” platelets (n = 6) and
constituted approximately 28% of the total PP1 catalytic
subunit (PPla + PPly + PP16).® These data suggest that
MBS is present at a lower level than that of PP16 catalytic
subunit.

The small GTPase Rho isimplicated in response to extra-
cellular signals and is associated with cytoskel etal rearrange-
ments.*? |t has been reported that platelets contain a high
level of RhoA protein, and that botulinum C3 exoenzyme
ADP-ribosylates only Rho when added to platelet lysates.®
Three Rho targets have been identified: protein kinase N,>2%
Rho-kinase,*® which is also identified as ROK, % and MBS of
myosin phosphatase.”” Rho-kinase, a serine/threonine kinase,
phosphorylates MBS from chicken gizzard smooth muscle,
and consequently inactivates the activity of myosin phospha-
tase.’” We then studied whether Rho and Rho-kinase are
functionally associated with platelet MBS. RhoA and Rho-
kinase were detected in the anti-MBS immunoprecipitates,
using polyclonal antibodies in human platelets, as shown in
Fig 3A. The association of platelet MBS with Rho-kinase
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was further verified by immunoblotting to MBS in immuno-
precipitate with anti—Rho-kinase antibody (Fig 3B). We next
tested if platelet MBS would be phosphorylated in a cell-
free system by GST-Rho-kinase, which is congtitutively ac-
tive,"® asisthe case with smooth muscle.”” In Fig 3C, incuba-
tion with GST-Rho-kinase produced a phosphorylated band
at 130-kD in immunoprecipitates with anti-MBS antibody
from human platelet lysates, and the protein kinase inhibitor
staurosporine inhibited its phosphorylation. Staurosporine
has been found to inhibit the kinase activity of both Rho-
kinase and GST-Rho-kinase® The 130-kD MBS was
dightly phosphorylated in the absence of GST-Rho-kinase,
suggesting that the anti-MBS immunoprecipitates contain
endogenous Rho-kinase and possibly an unidentified kinase.
There was no phosphorylation at the 38-kD band suggesting
that the PP1 catalytic subunit is not phosphorylated. We then
investigated the effect of MBS phosphorylation by GST-
Rho-kinase on phosphatase activity of the immunoprecipi-
tates with anti-MBS antibody (Fig 3D). The extent of phos-
phorylation increased as the phosphatase activity decreased.
Both MBS phosphorylation and the decrease in myosin phos-
phatase activity were mostly dependent on the presence of
GST-Rho-kinase. Addition of staurosporine led to inhibition
of the GST-Rho-kinase—induced MBS phosphorylation and
to a reduction in inactivation of the phosphatase activity.
To observe if the phosphorylation of MBS occurs in intact
human platelets, we analyzed immunoprecipitates and made
use of a polyclona anti-MBS antibody of [**P|Pi-labeled
platelets before and after STA, stimulation. The stable throm-
boxane analog STA, was used to activate platelets, since
thromboxane A, initiates polyphosphoinositide metabolism,
Ca®* mobilization, and the phosphorylation of 20-kD MLC
and 47-kD plekstrin following receptor occupancy.®? When
platelets were activated with STA, in the absence of stirring,
they changed shape and secreted without aggregation.®® As
shown in Fig 4, a phosphorylation band at 130-kD MBS was
detected in the precipitates after STA, stimulation, in non-
stirred platelets. The level of MBS phosphorylation increased
rapidly for up to 1 minute, reached a seven-fold higher level
than at rest, then decreased after exposureto 1 ymol/L STA,.
MBS phosphorylation subsequently reached a near resting
level 5 minutes after STA, stimulation. Amounts of precipi-
tated MBS per se remained unchanged after stimulation (data

Fig 2. Immunodetection of myosin phosphatase in human plate-
lets. Platelet lysates were immunoprecipitated with the antibody
against MBS as described in the Materials and Methods. (A) Immuno-
precipitates with anti-MBS antibody (a) or the preimmune serum (b)
were immunoblotted with anti-MBS antibody. Immunoprecipitates
with anti-MBS antibody were immunoblotted with antibodies
against PP16 catalytic subunit and the 20-kD subunit, respectively.
The immunoprecipitate with the antibody against PP16 catalytic
subunit was immunoblotted with anti-MBS antibody. IP, immunopre-
cipitation antibody used; IB, immunoblotting antibody used; lg,
cross-reacted immunoglobulin. (B) Immunoprecipitates with anti-
MBS antibody were assayed for phosphatase activity, using [*?P]-
MLC as substrate. Each phosphatase activity was determined in tripli-
cate as described in Materials and Methods.
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Fig 3. Phosphorylation of MBS and inactivation of myosin phos-
phatase by Rho-kinase. (A) Coimmunoprecipitation of RhoA and Rho-
kinase with platelet MBS. Coprecipitated RhoA (left) and Rho-kinase
(right) were determined by probing immunoblots with antibodies
against respective proteins. (B) Coprecipitation of MBS with Rho-
kinase from human platelets. Immunoprecipitation with anti-Rho-
kinase antibody and immunoblot analysis of MBS were described in
the Materials and Methods. (C) In vitro phosphorylation of platelet
MBS by GST-Rho-kinase and its inhibition by staurosporine. MBS
immunoprecipitates of platelet lysates were incubated with Rho-ki-
nase in the presence of staurosporine, as described under Materials
and Methods. Protein phosphorylation was analyzed by SDS-PAGE,
followed by autoradiography. Lane 1, no incubation; Lane 2, 15 min-
utes of incubation without GST-Rho-kinase; Lane 3, 15 minutes of
incubation with GST-Rho-kinase, Lane 4; 15 minutes of incubation
with GST-Rho-kinase in the presence of 1 umol/L staurosporine. The
results are representative of three independent experiments. (D) Ef-
fect of MBS phosphorylation on the activity of myosin phosphatase.
MBS immunoprecipitates were incubated without GST-Rho-kinase
(A, A), with GST-Rho-kinase (CJ, M) or with GST-Rho-kinase and 1
pmol/L staurosporine (O, o), as described in the Materials and Meth-
ods. At the indicated times, aliquots of the reaction mixture were
quenched by addition of a solution containing final 10 mmol/L EGTA
to stop the reaction and were kept on ice. Activity of myosin phos-
phatase (open symbol) was determined immediately. Phosphoryla-
tion (solid symbol) of MBS was analyzed by SDS-PAGE and autoradi-
ography. Points, means of three separate experiments (SD < 10%).

not shown). We attempted to detect phosphotyrosine at 130-
kD MBS in precipitates after STA, stimulation, using amono-
clonal anti-phosphotyrosine antibody (4G10), but phosphoty-
rosine was not detected (data not shown). Platelet MBS was
not phosphorylated in vitro by two major platelet tyrosine
kinases, pp60™© and p72%*. The phosphorylation band at 130-
kD appeared to be at serine and/or threonine residues. These
observations suggest that STA, treatment resultsin an increase
in serine/threonine phosphorylation at MBS in intact human
platelets. Phosphorylation of the 38-kD PP1 catalytic subunit
was not evident in anti-MBS antibody immunoprecipitates
after STA, stimulation.

To determine if, in addition to phosphorylation, STA,
treatment of human platelets affects myosin phosphatase ac-
tivity, we examined phosphatase activity of the anti-MBS
immunoprecipitates after STA, stimulation. As shownin Fig
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5, STA, treatment for 60 seconds led to a 55% decrease in
myosin phosphatase activity of the precipitates relative to
that for O seconds. STA-induced changes in phosphatase
activity appeared to parallel the extent of MBS phosphoryla-
tion (Figs 4 and 5). The amount of MBS and the coprecipi-
tated catalytic subunit of myosin phosphatase did not change
throughout the time course, judging from the immunoblot
analysis (Fig 5). Phosphorylation of the MBS apparently did
not dissociate the myosin phosphatase holoenzyme and the
decrease in myosin phosphatase activity was not due to any
change in the amount of coprecipitated catalytic subunit.
These data suggest that attenuation of phosphatase activity
isareflection of the phosphorylation of MBS. Itislikely that
phosphorylation and dephosphorylation of MBS represent an
in vivo mechanism for regulating myosin phosphatase activ-
ity in platelets.
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Fig 4. STA,-induced phosphorylation of MBS in
intact platelets. The [*?P] Pi-labeled platelets were
stimulated with 1 umol/L STA, without stirring.
MBS was immunoprecipitated with anti-MBS anti-
body, and phosphorylation of MBS was analyzed by
SDS-PAGE and autoradiography (inset). Results
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By analogy to the proposed processes that regulate myosin
phosphatase activity in smooth muscle,”” the present study
suggests that phosphorylation of MBS and inactivation of
platel et myosin phosphatase occur in vitro and inintact plate-

Fig5. STA,-induced inactivation of myosin phos-
phatase in intact platelets. Washed platelets (1 x
10%/uL platelets) were stimulated with 1 umol/L
STA, without stirring. MBS was immunoprecipitated
with anti-MBS antibody and the activity of myosin
phosphatase was determined immediately as de-
scribed in the Materials and Methods. Data represent
the means + SE of five independent experiments.
Immunoprecipitates were immunoblotted with anti-
bodies against MBS and the PP16 catalytic subunit
(inset).
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were expressed as fold increase in the phosphoryla-
tion relative to the level at 0 seconds. Similar results
were obtained in three other experiments with dif-
ferent donor platelets.

lets in response to agonist stimulation. If this postulation is
tenable, then this provides new evidence that myosin phos-
phatase is controlled in intact platelets. Upon stimulation
with STA,, intracellular Ca?" concentration is elevated®® and
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GDP-Rho may be converted to GTP-Rho (activation of
Rho). The rise in the Ca&?* level activates MLC kinase to
increase 20-kD MLC phosphorylation, activating myosin
and stimulating contractility. Activated Rho appears to in-
hibit myosin phosphatase possibly via the phosphorylation
of MBS by Rho-kinase, which also contributes to the in-
crease in 20-kD MLC phosphorylation, thereby amplifying
and prolonging activation of ML C kinase. Rho isimplicated
in other physiologic functions associated with cytoskel etal
rearrangements such as shape change and aggregation.**?®
Treatment with a specific Rho inhibitor C3 exoenzyme led
to complete suppression of thrombin-induced platelet aggre-
gation, whereas serotonin secretion was delayed but reached
the same extent as in the control platelets.* These data sug-
gest that Rho playsimportant rolesin the aggregation process
rather than in secretion. To obviate the role of Rho in the
aggregation, platelets were activated without stirring in the
present study. Under non-aggregating conditions, agonist-
induced platelet secretion was associated with Ca?*-depen-
dent ML C phosphorylation,? and dephosphorylation was pre-
vented,* which means that myosin phosphatase is probably
less active under these conditions. The elevation of MLC
phosphorylation could result from increased MLC kinase
activity and/or from decreased myosin phosphatase activity.
Collectively, our present data suggest that agonist-mediated
regulation of myosin phosphatase activity, possibly via Rho-
kinase, is operational in platelets, although the primary regu-
lator of ML C phosphorylation is MLC kinase. Various ago-
nists other than STA,, also induced MBS phosphorylation in
intact platelets (data not shown). Thrombin, collagen, and
A23187 stimulated MLC phosphorylation, but the rate and
extent of ML C phosphorylation varied with the agonist.* The
contribution of MBS phosphorylation and its inactivation of
phosphatase activity to MLC phosphorylation may vary with
the agonist.
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Metastatic carcinoid tumor of hindgut origin. A 50-year-old, asymptomatic woman with a retroperitoneal mass, found on routine physical
examination, underwent surgery. Only formaldehyde-fixed material was available for ultrastructural studies. Despite poor preservation of
subcellular details, tumor cells that were filled with round, electron-dense granules of the type found in hindgut carcinoid tumors were
observed. Within 2 months of this surgery, a small primary rectal carcinoid tumor was discovered by endoscopy. Original magnification x
25,000. (Courtesy of Ann M. Dvorak, MID, Department of Pathology, Beth Israel Deaconess Medical Center, 330 Brookline Ave, Boston, MA
02215.)
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