Research Article 2465

Involvement of protein phosphatase-1-mediated
MARCKS translocation in myogenic differentiation of
embryonic muscle cells

Sang Soo Kim*, Jung Hwa Kim*, Seung-Hye Lee, Sung Soo Chung, Ok-Sun Bang, Dongeun Park
and Chin Ha Chung *

NRL of Protein Biochemistry, School of Biological Sciences, Seoul National University, 56-1 Shinreem-dong, Kwanak-gu, Seoul 151-742, Korea

*These authors contributed equally to this work
*Author for correspondence (e-mail: chchung@snu.ac.kr)

Accepted 8 April 2002
Journal of Cell Science 115, 2465-2473 (2002) © The Company of Biologists Ltd

Summary

Myristoylated alanine-rich C kinase substrate (MARCKS)  preventing MARCKS phosphorylation and thus

translocates from the cytosol to the plasma membrane
while  mononucleated myoblasts fuse to form
multinucleated myotubes. Here, we show that protein
phosphatase-1-mediated dephosphorylation of MARCKS
largely influences its subcellular localization and the fusion
process. Treatment with okadaic acid or tautomycin, which
are potent inhibitors of protein phosphatases and cell
fusion, was found to reversibly block the MARCKS

translocation. Moreover, the dephosphorylating activity

against MARCKS markedly increased during myogenesis,
and this increase was closely correlated with the membrane
fusion of the cells. In addition, protein phosphatase-1 was
identified as a major enzyme that is responsible for
dephosphorylation of MARCKS. Furthermore, a mutation

facilitating MARCKS translocation resulted in promotion

of the cell fusion. In contrast, overexpression of MARCKS
carrying a mutation that blocks myristoylation and thus
prevents the MARCKS translocation impaired the
myoblast fusion. Together with the fact that MARCKS
regulates the cytoskeleton dynamics by crosslinking the
actin filaments in the plasma membrane and that myoblast
fusion accompanies massive cytoskeleton reorganization,
these results suggest that protein phosphatase-1-mediated
MARCKS localization at the membrane is required for the
fusion of embryonic muscle cells.

Key words: Myoblast fusion, Dephosphorylation, Okadaic acid,
Myristoylation, Filamentous actin

Introduction

MARCKS is its phosphorylation-dependent translocation

A prominent event in the differentiation of skeletal musclebetween the cytosol and the plasma membrane. The activation
cells is the fusion of mononucleated myoblasts to fornPf PKC in various systems leads to phosphorylation of
multinucleated myotubes (Bischoff and Holtzer, 1969; O’NeilMARCKS and its reversible translocation from the plasma
and Stockdale, 1972). This process absolutely require§embrane to the cytosolic compartment of the cells (Thelen et
reorganization of cytoskeleton and accompanies variougl., 1991; Wang et al., 1989). MARCKS is able to crosslink
cellular events, including accumulation of muscle-specifidfilamentous actins in the plasma membrane, and the
proteins and redistribution of membrane components (Fultophosphorylation of MARCKS dissociates the filamentous actin
et al., 1981; Nadal-Ginard, 1978; Pauw and David, 1979)rosslinking and translocates it to the cytosol (Hartwig et al.,
Numerous studies using cultured myoblasts have suggest&892). Therefore, the subcellular localization of MARCKS is
that phosphorylation and dephosphorylation of proteins play aswndoubtedly essential to its function in the regulation of the
important role in mediating differentiation of myoblasts cytoskeleton dynamics, particularly in the interaction of actin
(Toutant and Sobel, 1987; Rapuano et al., 1989; Adamo et dilaments at the plasma membrane.
1989; Kim et al., 1992a; Kim et al., 1993; Baek et al., 1994). Ser/Thr-specific protein phosphatases are divided into two
Okadaic acid, an inhibitor of protein phosphatases, has be@noups, type-1 and type-2 (Ingebritsen and Cohen, 1983a;
shown to block membrane fusion of differentiating myoblasingebritsen and Cohen, 1983b). The type-1 protein
(Kimetal., 1991; Kim et al., 1992b). The activity of the proteinphosphatase (PP-1) preferentially dephosphorylatesfthe
phosphatases sensitive to okadaic acid has also been repoiebtunit of phosphorylase kinase and is inhibited by nanomolar
to increase progressively in differentiating myoblastsconcentrations of two heat-stable proteins, termed protein
(Srinivasan and Begum, 1994). phosphatase inhibitor-1 and -2 (Ingebritsen and Cohen, 1983a;
The myristoylated alanine-rich C kinase substratdngebritsen and Cohen, 1983b), as well as by micromolar
(MARCKS) is an abundant, high affinity cellular substrate forconcentrations of okadaic acid (Bialojan and Takai, 1988;
PKC. It has been implicated in various cellular events, such asaystead et al., 1989; Cohen et al., 1990). By contrast, the
cell mobility, neurosecretion and cell transformation (Aderemtype-2 protein phosphatases (PP-2), comprising PP-2A, PP-2B
1992a; Blackshear, 1993). One of the striking features aind PP-2C, specifically dephosphorylate tiresubunit of
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phosphorylase kinase (Ingebritsen and Cohen, 1983arepared as described previously (Ha et al., 1979; Kim et al., 1992a).
Ingebritsen and Cohen, 1983b). Their activities are not affectethe cells were plated on collagen-coated culture dishes at a
by the inhibitor proteins, but PP-2A is specifically inhibited byconcentration  of 810° cells/ml in minimum essential medium
another heat stable proteinf?24 and extremely sensitive to (MEM) containing 10% (v/v) horse serum, 10% (v/v) chick embryo

nanomolar concentrations of okadaic acid (Cohen, 1989; Li tract, and 1% (v/v) antibiotic/antimycotics solution. One day after
al, 1996). The bombesin- or vasopressir{-stimuylatege cell seeding, the culture medium was changed with the same

. . . edium but containing 2% embryo extract for induction of
phosphorylation of MA.RCKS. IS dynamlcal!y 'feo'lﬁced UPONyifferentiation. The cellsgwere subjec%/ed to Giemsa staining, and the
removal of the PKC activator in Swiss 3T3, indicating that thgjegree of myoblast fusion was determined as the percentage of the
phosphatase activity against MARCKS is present and coulgumber of nuclei in fused cells to the total number of nuclei in 10
regulate the phosphorylation state of the protein (Rodriguezandomly chosen the fields under a microscope. Cells containing more
Pena et al., 1986). Moreover, okadaic acid, which inhibits PRhan three nuclei were regarded as fused cells.

1 and PP-2A, shows little or no effect on MARCKS

phosphorylation on its own, but strongly inhibits the i .
dephosphorylation of MARCKS, which were phosphoryIateoPrEp"’“""t'On of subcellular fraCt'_Ons _ _
upon activation of PKC (Clarke et al., 1993). Myoblasts cultured for appropriate periods were washed three times

ith ice-cold Earl’s balanced salt solution (EBSS), harvested by
We have recently shown that MARCKS translocates fro ntrifugation, and kept frozen at “@until use. The cells were

the cytosol to the plasma membrane while mononucleatep@suspenoled in 50 mM Tris-HCI (pH 7.4), 5 mM MgClL mM
myoblasts fuse to form multinucleated myotubes (Kim et al.gjihjothreitol (DTT), and % complete protease inhibitor cocktail, and
2000). This MARCKS translocation was in part due to &yreparation of their subcellular fractions was performed as described
decrease in the expression of FK@hich is the major enzyme previously (Kim et al., 2000). Protein concentration was determined
responsible for MARCKS phosphorylation, during theby a previously described method (Bradford, 1976) or by using
myogenic process. We have also demonstrated that treatméitinchoninic acid when Triton X-100 was present (Smith et al.,
with PMA, an activator of the protein kinase, blocks both1985). Bovine serum albumin was used as a standard.

MARCKS translocation and myoblast fusion. In order to

clarify further whether the MARCKS shuttling is mdeedpreloalration of 32P-labeled MARCKS and phosphatase assay

involved in myogenesis, we examined the effect of okadai i : o
acid on translocation of MARCKS during the differentiation E’hOSphO MARCKS was prepared using purified MARCKS and

. . (g rtially purified PK® preparation, which was obtained by the heparin-
process. In the present studies, we show that okadaic a aarose chromatography of the muscle extracts as described previously

prevents the translocation of MARCKS from the cytosol to thgkim et al., 2000). Reaction mixtures contained 20 mM Hepes (pH 7.4),
plasma membrane and that the dephosphorylating activity.25 mm EDTA, 0.25 mM EGTA, 1 mM Cagll mM DTT, 5 mM
against MARCKS markedly increases during the course dfigCly and 0.15 mM-32P]ATP (0.05 mCi/ml). After incubating them
myogenesis. In addition, PP-1 was found to be the majdpr 3 minutes at 25°C, the samples were heated for 3 minutes at 95°C
enzyme responsible for the MARCKS dephosphorylationﬁnd centrifuged at 15,0@pfor 30 minutes. The resyltini}P-labeled
Moreover, overexpression of MARCKS carrying a mutationMcﬁ\'}gK?h‘ga:n:;n‘ig 2;&?@ jvlggszzté”fﬁifn :jsgy'?nQCJBgtigggBSFDhatase
E?:rﬁsforggﬁ Q;S im)g;rtgélla’tlhoen %r;?o:]hu; b!gﬁhfegs r‘rr;r;/%ntzlgrsa’tg abeled MARCKS with the soluble extracts obtained from the cultured
. . blasts in 50 mM Hepes (pH 7.4), 1 mM EDTA, 1 mM EGTA, 5
Therefore, we S.UQQ.eSt that the protein phosphatase-l-medla{a MgClz, 1 mM DTT, Ix complete protease inhibitor cocktail, and
MARCKS localization at the membrane is involved in thejgg nm Ro-31-8220 or staurosporine. Incubations were performed for
fusion of embryonic muscle cells. 30 minutes at 30°C and stopped by addition of 2% SDS solution
containing 1% 2-mercaptoethanol. The samples were heated for 3
. minutes at 95°C and subjected to polyacrylamide gel electrophoresis in
Materials and Methods 10% slab gels under denaturing conditions (SDS-PAGE) (Laemmli,
Materials 1970), followed by autoradiography. When inhibitors were included,
The cDNA for chick MARCKS and its mutant forms (N/S angG& the extracts were incubated with them for 15 minutes prior to the
see below) and polyclonal anti-MARCKS antibody were kindly addition of3?P-labeled MARCKS.
provided by P. J. Blackshear and D. J. Stumpo (NIEHS). Culture
media, horse serum, antibiotic/antimycotics solution, and other .
culture reagents were from Gibco-BRLy-3PJATP was obtained !Mmunoprecipitation of PP-1
from Amersham; FUGENE 6 and complete protease inhibitor cocktaMyoblasts cultured for 48 hours were resuspended in 50 mM Tris-
were from Boeringher Mannheim; okadaic acid, tautomycin, Ro-31HCI (pH 7.4), 150 mM NacCl, 5 mM Mgghnd X complete protease
8220, protein phosphatase inhibitor-2, and protein phosphatase-dpahibitor cocktail. The cells were disrupted by sonication on ice and
inhibitor were from Calbiochem; rhodamine-phalloidin was from centrifuged at 15,00@ for 30 minutes. The supernatants were
Molecular Probes. pcDNA3mycHis and Vectashield were obtained incubated with 1Qug of anti-PP-1 IgG or preimmune IgG at 4°C for
from Invitrogen and Vector Laboratories, respectively. Antibodies? hours in a rotating shaker. They were then added wifh d050%
against PP-1, c-Myc, and phospho-MARCKS (Ser152/156) werév/v) protein A-Sepharose in the same buffer and incubated for 1 hour.
from Transduction Laboratories, Santa Cruz Biotechnology, and CefMfter centrifugation, the supernatants were subjected to phosphatase
Signaling Technologies, respectively. All secondary antibodies werassay. They were also subjected to SDS-PAGE as above, followed by
from Jackson Immunoresearch. All other materials were purchasethitoradiography.
from Sigma, unless otherwise indicated.

Plasmid construction

Cell culture Since a stable cell line cannot be established with the primary culture
Myoblasts from breast muscle of 12-day-old chick embryos weref myoblasts and since these cells have a relatively low efficiency of
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transfection, Myc-tagged MARCKS were prepared for identificationwith Tektronix phaser 450. No fluorescence was detected if primary
of the transfected cells. The N/S mutant carries the Asn residue in tlaatibody was omitted.

phosphorylation domain of MARCKS in place of Ser (Swierczynski

and Blackshear, 1996). In the@ mutant, the Gly residue next to

the N-terminus of MARCKS was substituted with Ala. PCR reactionResults

were pefrformed u?‘ing the chNAs f%r the wild-type MARCKS and itsgtfacts of protein phosphatase inhibitors on MARCKS

mutant forms as the templates, and oligonucleotide primers carryi : : .

the Hindlll and Xba restriction sites. The sequences of the primgrrs][gansmcatlon du”r.]g myogenesis .
are as follows: primer 1, TGTTAAGCTTGCCACCATGGGTGCC, In order to determine whether dephosphorylation of MARCKS
which includes alindlll site; primer 2, TGTTAAGCTTGCCACCAT- is involved in translocation of the protein from the cytosol to
GGCTGCC, which has an altered sequence that can complement withe plasma membrane, the primary culture of chick myoblasts
the AGz mutation site as well as thelindlll site; primer 3,  was treated with okadaic acid or tautomycin, potent inhibitors
GCGGTCTAGACTCCGCCGGCTCGGC, which haXlad site. The  of protein phosphatases, at the time of medium change. Also,
PCR products were cut off by treatment witindlll and Xba and  the cells that had been treated with okadaic acid or tautomycin
ligated into the pcDNA3.BiycHis plasmid that had been cut with ¢or 54 hoyrs were freed of the drug by changing the medium.
the same enzymes. Thus, in the resulting plasmids, the cDNAS qih g0 celis were further cultured for the next 48 and 24 hours,

MARCKS and its mutant forms are under control of the tivel d biected t vsis f beellul
cytomegalovirus (CMV) promoter/enhancer. These constructs aldgSpectvely, and subjecte 0 analysis Tor Subcellular

have a polyadenylation signal of the bovine growth hormone (BGH§liStribution of MARCKS. Total cell lysates and membrane
terminator at their 'ermini. ractions were prepared from the cells and subjected to SDS-
PAGE, followed by immunoblot analysis using an anti-

. . MARCKS antibody. Fig. 1A shows that treatment with okadaic
Transient transfection of myoblasts . acid (lane O) or tautomycin (lane T) and subsequent removal
The cells were seeded on 100 mm plates at a density 1910‘1'2.0_ of the drug from the medium (lanes Bnd Fr) show little or
12yl of FUGENE 6 was diluted with 0.4 ml of MEM and incubated yeatment strongly inhibited the translocation of MARCKS to

for 5 minutes at room temperature. The diluted solution was slowl P

added to the pcDNA derivart)tives (4), mixed gently, and incubated ¥he membrane and this inhibitory effe_ct coulq be reversed upon
for 15 minutes. The cultured myoblasts were rinsed once with ME emoyal of the drug from the medium (Fig. 1B). .We also
and slowly added with the FUGENE 6-treated DNA solution. Afterex@mined the effect of the drug on membrane fusion of the
incubation for 4 hours, the transfected cells were rinsed with an@€lls that had been cultured under the same conditions. As
cultured in the differentiation medium for 48 hours. shown in Fig. 1C, both okadaic acid and tautomycin reversibly

blocked the cell fusion. These results suggest that

FACS analysis

Myoblasts that had been cultured for 24 hours were transfected wi c o T FE F
the pcDNA derivatives and incubated for 24 hours. The cells wer 0 T
washed twice in PBS and fixed in 2% paraformaldehyde for 1! -
minutes. They were again washed twice in PBS and incubated in PE A - - o w w
containing 0.5% saponin and 2% horse serum to permeabilize the ce
and saturate nonspecific binding sites. The cells were incubated wi B W S e e —
the monoclonal antibody raised against c-Myc (9E10) and

polyclonal antibody raised against creatine kinase for 1 hour, and the

with fluorescein isothiocyanate (FITC)-conjugated donkey anti- C
mouse IgG and phycoerythrin (PE)-conjugated goat anti-rabbit 1gC
respectively, for the next 1 hour. They were then washed twice in PB:
separated by collagenase, and resuspended in PBS. The samples v
analyzed with a FACStarplus (Becton Dickinson), and data wer
analyzed with CellQuest software.

% Fusion

Immunocytochemistry C O T F F

The cells plated on collagen-coated glass coverslips were fixed wiu.,

3.7% paraformaldehyde in PBS for 10 minutes, followed byFig. 1.Effects of protein phosphatase inhibitors on MARCKS
permeabilization with 0.5% Triton X-100 in PBS. All subsequenttranslocation and myoblast fusion. Myoblasts were treated with 25
dilutions and washes were carried out with PBS containing 0.1%M okadaic acid (lane O) or OV tautomycin (lane T) at the time
Triton X-100 (PBST). Nonspecific binding sites were saturated byf medium change, as described in Materials and Methods. The cells
incubation with 3% horse serum and 10% gelatin in PBST for 1 houthat had been cultured for 24 hours in the presence of okadaic acid or
The cells were incubated with the antibody raised against c-Myc fdautomycin were freed of the drug by changing the medium (lames F
1 hour and then with FITC-conjugated donkey anti-mouse 1gG for thand Fr, respectively). These cells were further cultured for the next
next 1 hour. For detection of filamentous actin, the cells werd8 and 24 hours, respectively. Lane C indicates the cells cultured for
incubated with rhodamine-phalloidin. The coverslips were mounted2 hours without any treatment. Total cell lysates (A) and membrane
in Vectashield and viewed in a laser scanning confocal microscofdeactions (B) were prepared and subjected to SDS-PAGE followed by
(Carl Zeiss LSM 510). FITC and rhodamine were excised by 488 nimmunoblot analysis using an anti-MARCKS antibody. The arrows
argon and 543 nm HeNe laser, and the images were filtered lydicate MARCKS. The cells cultured as above were subjected to
bandpass 505-530 nm and longpass 585 nm filters, respectively. TBéemsa staining to determine the degree of cell fusion (C). Cells
acquired images were processed with Adobe PhotoShop and printedntaining more than three nuclei were regarded as fused cells.
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C 24 36 48 60 72 720 72T (h) MARCKS in the cells, the same extracts were subjected to
immunoblot analysis using an antibody that reacts only with
W“I - the phosphorylated form of MARCKS. As shown in Fig. 2B,
the level of the phospho-MARCKS proteins decreased in
B S0P e o . pe—r parallel with the increase in the dephosphorylating activity.
Moreover, treatment with okadaic acid or tautomycin blocked
the decrease in the level of phospho-MARCKS. These results
90 suggest that the MARCKS-specific phosphatase activity is
C upregulated just before or during the onset of myoblast fusion
and may be required for myoblast fusion.

60

Identification of protein phosphatase responsible for
30 MARCKS dephosphorylation

MARCKS that was phosphorylated can be almost completely
0 ; . . dephosphorylated by the purified catalytic subunit of PP-2A
24 36 48 60 72 (Clarke et al., 1993). The purified catalytic subunit of PP-1 (PP-
Time (h) 1C) can also dephosphorylate MARCKS, although somewhat
less efficiently than the catalytic subunit of PP-2A (Clarke et
Fig. 2.Changes in the dephosphorylating activity agaifRtlabeled  al., 1993). To identify the protein phosphatase(s) that is
MARCKS during myogenic differentiation. (A) Soluble extracts responsible for dephosphorylation of MARCKS during
were prepared from myoblasts that had been cultured for the myogenesis, the soluble extracts obtained from the cells that
indicated periods, and aliquots of them (&fllane) were incubated had been cultured for 48 hours were incubated ®iRHabeled

with 32P-labeled MARCKS (0.ig) for 30 minutes at 3C. The . . . .
extracts from the 72 hour cultured cells were also incubated as abO\%IARCKS. in the presence of increasing _Congentratlons of
automycin or okadaic acid. As shown in Fig. 3A, both

but in the presence of 100 nM okadaic acid (lane 720) or 5 nM . : . . :
tautomycin (lane 72T). As a control (lane &P-labeled MARCKS ~ tautomycin (open circle) and okadaic acid (closed circle)

was incubated as above but without any addition. The samples werdnhibited the phosphatase activity in a dose-dependent fashion.
then subjected to SDS-PAGE followed by autoradiography. Note thalhe concentrations required for a half-maximum inhibition
the rate of dephosphorylation reaction was linear up to 30 minutes (ICsg) by tautomycin and okadaic acid were about 1 nM and 60
when incubated with the extracts of the cells cultured for 48 hours imM, respectively. Since PP-2C is insensitive to both inhibitors
the absence of okadaic acid. The arrows indi&édabeled and since the inhibition of PP-2B by tautomycin needs a more
MARCKS. (B) The same extracts were subjected to immunoblot  than 5000-fold higher concentration of the agents (Mackintosh
g "2 and Klumpp, 1990) i appears unlkly hat PP-28 and PP-2C
absencre)a(()) gnd presence of 25 NM okadaic acid br 0.5uM act on.phosphorylated MARCKS in dlfferent|at|ng_myoblasts.
tautomycin @) for the indicated period, and the degree of cell fusion!" add.|t|on,.|t has been reported that PP-2A requires levels of
was determined as in Fig. 1. okadaic acid at least 100-fold lower than those of PP-1 for
complete inhibition, although the drug can inhibit both PP-1 and
PP-2A (Bialojan and Takai, 1988). These results suggest that
dephosphorylation of MARCKS leads to translocation of thePP-1 is responsible for dephosphorylation of MARCKS.
protein to the plasma membrane in cultured myoblasts and thatTo clarify further the involvement of PP-1 in MARCKS
the cell fusion is closely correlated with the membranelephosphorylation, the same cell extracts were subjected to
translocation of MARCKS. immunoprecipitation by treatment with an antibody raised
To determine whether the dephosphorylating activity againgigainst PP-1C. The resulting supernatants were then incubated
MARCKS might change during myogenesis, soluble extractsiith 32P-labeled MARCKS, followed by SDS-PAGE and
were obtained from myoblasts that had been cultured faautoradiography. As shown in Fig. 3B, treatment with the anti-
various periods and assayed for their dephosphorylatioRP-1C 1gG completely prevented the dephosphorylating
activity by incubation witi?2P-labeled MARCKS. To prevent activity (lane c), unlike treatment with preimmune IgG (lane
the endogenous activity of PKCs, the extracts were pretreaté&). We also examined the effects of phosphatase inhibitors on
with Ro-31-8220, a potent inhibitor of the enzymes. Thedephosphorylation of2P-labeled MARCKS. Fig. 3C shows
samples were then subjected to SDS-PAGE followed byhat the dephosphorylating activity is strongly inhibited by
autoradiography. The ability of the soluble extracts toprotein phosphatase inhibitor-2 (lane b), which is a specific
dephosphorylate®2P-labeled MARCKS markedly increases inhibitor of PP-1, but not by protein phosphatase-2A inhibitor
(Fig. 2A) as the cells fuse to form myotubes (Fig. 2C)(11°P2A (lane c). Moreover, the protein phosphatase activity
Moreover, this increase in the dephosphorylating activity wawas inhibited by treatment with both inhibitor proteins to an
particularly evident in the extracts obtained from cells that arextent similar to that seen with protein phosphatase inhibitor-
competent or committed for membrane fusion (i.e. cultured fo2 alone (lane d). Thus, it is likely that PP-1 is the major enzyme
36-48 hours). However, treatment with okadaic acid oresponsible for dephosphorylation of MARCKS during the
tautomycin strongly inhibited both dephosphorylating activitymyogenic differentiation.
and membrane fusion (Fig. 2A and C, respectively). To To determine whether the increase in the dephosphorylating
determine whether the increase in the dephosphorylatinactivity against2P-labeled MARCKS during myogenesis (Fig.
activity indeed correlates with the phosphorylation state o2A) might be due to a change in the expression of PP-1C, the

% Fusion
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Fig. 4.Changes in the protein level of PP-1C during myogenic

differentiation. Soluble extracts were prepared from the cells that had
' been cultured for the indicated periods. They8@&ach) were then

10° 10° subjected to immunoblot analysis using an anti-PP-1C antibodly.

Inhibitor (M) Extracts of A431 cells were used as a control (lane C). The arrow

indicates PP-1C.

Phosphatase Activity
(% Control)

o

1c|>-1°

C a b c d e
T 9
Fig. 3.1dentification of protein phosphatase responsible for
dephosphorylation of MARCKS in cultured myoblasts. (A) Effects
of increasing concentrations of tautomycin and okadaic acid on
dephosphorylation o¥2P-labeled MARCKS. Soluble extracts were
prepared from the cells cultured for 48 hours and subjected to the T Y es—
phosphatase assay in the presence of increasing concentrations of
tautomycin ©) and okadaic acid®) as described in Materials and
Methods. The resulting samples were subjected to SDS-PAGE
followed by autoradiography. The bands correspondiigho s p S P S p
labeled MARCKS were quantified using a densitometer. The C a
intensity of the band seen without any treatment was expressed as
100% and the others were expressed as relative values. Each of the
data points represents meanzs.e. of triplicate determinations.
(B) Effect of immunoprecipitation with anti-PP-1C I1gG on b
dephosphorylation 6¥2P-labeled MARCKS. Soluble extracts were i
prepared from the cells cultured for 48 hours and incubated with 10
pg of preimmune IgG (lane b) or anti-PP-1C IgG (lane c) at 4°C for
2 hours. After incubation, the samples were treated with protein A- Fig. 5. Transient overexpression and subcellular localization of
Sepharose and centrifuged. The resulting supernatants were then MARCKS and its mutant forms in cultured myoblasts. Myoblasts
subjected to the phosphatase activity assay followed by SDS-PAGEthat had been cultured for 24 hours were transfected with the cDNAs
and autoradiography. Lane a represéffslabeled MARCKS for MARCKS (Wt) and its mutant forms (N/S and@g) and further
incubated alone. (C) Effects of protein phosphatase inhibitors on  incubated for 48 hours in the absence (a) or presence of 100 nM
dephosphorylation o®P-labeled MARCKS. Soluble extracts were  okadaic acid (b). After incubation, total cell lysates were prepared
prepared and assayed for their phosphatase activity as above but inand subjected to immunoblot analysis using anti-MARCKS (A) or
the absence (lane a) or presence of 20 nM protein phosphatase  anti-Myc antibody (B). Lanes C represent the mock transfected with
inhibitor-2 (lane b), 100 nM protein phosphatase-2A inhibitor (lane empty vector. Total cell lysates were also separated into soluble and
c), or both (lane d). Lane e represeiiilabeled MARCKS membranous fractions, which were then subjected to immunoblot
incubated alone. The arrows indicate the phosphorylated MARCKS analysis using anti-Myc antibody (C). Letters S and P represent the
supernatant (soluble) and pelleted (membrane) fractions,
respectively. The arrowhead indicates the endogenous MARCKS,
) . ] ) and the arrows show the Myc-tagged MARCKS proteins.
same extracts were subjected to immunoblot analysis using the
anti-PP-1C 1gG. However, the protein level of PP-1C remained
nearly constant during the entire culture periods (Fig. 4). PRnyoblast fusion, we first examined the effects of the mutations
1 is known to consist of multiple subunits, including catalytic,that could influence membrane translocation of MARCKS. The
targeting, and regulatory subunits. Thus, it is possible that treDNAs for two different mutant forms of MARCKS, N/S and
expression of either targeting or regulatory subunit or both oA2G,, were used for cell transfection (Swierczynski and
them may change during myogenesis and result in an increaBickshear, 1996). In N/S, the Ser phosphorylation site is
in the capacity of dephosphorylating MARCKS. replaced by Asn and therefore cannot be phosphorylated by
protein kinases. In &52, the Gly residue, which is located next
) to the N-terminus of MARCKS and serves as the
Effects of N/S and A2G2 mutations on MARCKS myristoylation site, is substituted with Ala. Thus, N/S should
translocation be targeted to the plasma membrane, whilgAshould
To clarify whether MARCKS translocation is involved in remain in the cytosol. The two forms of MARCKS were also
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Myc-tagged for their identification upon immunoblot analysissame cells were also stained using pallotoxin, a selective ligand

using anti-Myc antibodies.

of filamentous actin but not of the globular form. The

Myoblasts that had been cultured for 24 hours wereytoskeletal networks of filamentous actin in cells expressing
transfected with the cDNAs and further cultured for 48 hourshe wild-type MARCKS and N/S were co-localized with the
in the absence or presence of okadaic acid (Fig. 5B,C, panetembrane-translocated MARCKS (Fig. 6A-C and D-F,
a and b, respectively). Total cell lysates were prepared from thiespectively). However, construction of the filamentous actin
cells and subjected to immunoblot analysis. While Fig. 5Anetwork was impaired in the cells expressingsA(Fig. 6G-

shows the endogenous MARCKS proteins that were detectd)] although unfused myoblasts showed

longitudinally

with an anti-MARCKS antibody, Fig. 5B represents the Myc-penetrated actin filaments (data not shown). These results
tagged, wild-type MARCKS (Wt) and its mutant forms (N/S suggest that MARCKS translocation to the plasma membrane
and AGp) that were expressed from the transfected cDNASs tightly associated with its ability to crosslink filamentous

and detected with an anti-Myc antibody. Of note is thadA

actin, which may positively influence the membrane fusion of

which should lack the myristoyl group, migrated faster than theultured myoblasts.

Myc-tagged, wild-type MARCKS or N/S in the gel. These

results show that the transfected cells could overexpress the . )

Myc-tagged MARCKS proteins. We then examined the effect&ffects of N/S and A2G2 mutations on expression of

of the mutations in the phosphorylation and myristoylatiormuscle specific proteins

sites on MARCKS translocation in vivo. The soluble andDuring myogenesis, the membrane fusion of myoblasts

membrane fractions were obtained from the cultured myoblaste&ccompanies the accumulation of muscle-specific proteins,

that had been transfected with the cDNAs for the Myc-taggesgluch as creatine kinase and myosin heavy chain. To examine
wild-type MARCKS, N/S and AGp. These fractions were then whether the prevention of MARCKS translocation and hence

subjected to immunoblot analysis using an-&htc antibody

blocking the myoblast fusion might influence the expression of

as above. When the transfected cells were cultirad

in the absence of okadaic acid, the majority of
wild-type MARCKS (Wt) and N/S were recovel
in the membrane fraction (Fig. 5Ca). Ui
treatment with the drug, the wild-type MARCI
was recovered in the soluble fraction while
membrane translocation of N/S was not affe
(Fig. 5Cb). In contrast, A5 remained exclusivel
in the soluble fraction, whether the transfected
were cultured in the absence or presence of ok
acid. These results indicate that dephosphoryl.
and myristoylation of MARCKS are essential fol
translocation in vivo from the cytosol to the plas
membrane of the cultured myoblasts.

Involvement of MARCKS translocation in
myoblast fusion

To determine whether translocation of MARCK:
indeed involved in membrane fusion of cultu
myoblasts, the cells were transfected with
cDNAs for the Myc-tagged, wild-type MARCK
N/S and AG; as above, cultured for 48 hours,
subjected to immunostaining using an anti-!
antibody. They were then observed under a con
microscope. The cells expressing the wild-1
MARCKS (Wt) (Fig. 6A) and N/S (Fig. 6D) read
fused to form multinucleated myotubes with inte
staining of the protein along the plasma membi
In contrast, the cells expressing2@» had ar
unfused, bipolar shape with diffuse staining
MARCKS in the cytosol (Fig. 6G). Thus, it appe
that translocation of MARKS from the cytosol
the plasma membrane is associated with
requisite step for membrane fusion of cultL
myoblasts.

To determine whether the MARCE
translocation during myogenesis is correlated
its capability of crosslinking filamentous actin,

MARCKS F-actin

Fig. 6. Effect of overexpression of N/S and@p on myoblast fusion and
colocalization of MARCKS with filamentous actin. Myoblasts cultured for 24
hours were transfected with the pcDNAs for Myc-tagged, wild-type MARCKS
(A-C), N/S (D-F) and AG2 (G-1). These cells were further cultured for the next
48 hours, followed by immunostaining with anti-Myc antibody and then with
FITC-conjugated anti-lgG antibody, as described in Materials and Methods. They
were also subjected to rhodamine-phalloidin staining (C,F,l). The middle panels
(B,E,H) show the overlapped views of the left and right panels for colocalization
of MARCKS and F-actin. The extents of membrane fusion were 82%, 93% and
27% for the cells transfected with the pcDNAs for Myc-tagged wild-type
MARCKS, N/S and AGy, respectively. Magnification, 48QA-F); 500x (G-I).
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as well as phosphorylation of MARCKS is involved in the
regulation of its subcellular localization in the embryonic
muscle cells.

In a cell-free system, PP-1, PP-2A and PP-2C could
dephosphorylate recombinant MARCKS or a synthetic peptide
containing the phosphorylation domain of MARCKS. In intact
Swiss 3T3 cells, okadaic acid, added at concentrations for
inhibiting PP-1 and PP-2A but not PP-2C, exerts little effect
on MARCKS phosphorylation on its own, but largely prevents
the dephosphorylation of MARCKS that occurred following
the activation of PKC by bombesin with subsequent receptor
blockade (Clarke et al., 1993). Therefore, it has been suggested
C W NS AG, that, although dephosphorylation of MARCKS can be

Fig. 7. Effects of the N/S and &5, mutations on accumulation of medr:atedh b?/t I;Pt;ZC K '3 . V'trc.)a MAECKISDP rlnlgh(tj/ bePP
creatine kinase. Myoblasts that had been cultured for 24 hours werdléphosphorylated by okadaic-acid-sensitive -4 anajor )

transfected with recombinant pcDNAs for Myc-tagged wild-type ~ 2A In Swiss 3T3. o _
MARCKS, N/S and AGy. After incubation for 48 hours, the cells A number of results obtained in the present studies suggest
were stained with anti-Myc antibody (FITC) and anti-creatine kinasethat PP-1 is the major protein phosphatase that is responsible
antibody (PE) followed by FACS analysis, as described in Materialsfor the dephosphorylating activity against MARCKS in
and Methods. The level of creatine kinase (CK) in the cells cultured myoblasts. First, both tautomycin and okadaic acid
transfected with pcDNA for the wild-type MARCKS was expressed plocked the dephosphorylating activity against MARCKS at
as 100% and the others were expressed as relative values. Each of db@,centrations that can inhibit PP-1 but not PP-2A. Second,
data represent the meanzs.e. of triplicate determinations. immunoprecipitation by an antibody raised against the
catalytic subunit of PP-1 (PP-1C), but not by preimmune IgG,
muscle-specific proteins, the cells were transfected with thgrevented the MARCKS dephosphorylating activity. Third, the
cDNAs for the Myc-tagged wild-type MARCKS, N/S and phosphatase activity was strongly inhibited by the protein
A2Gp, as above. After culturing the cells for 48 hours, theyphosphatase inhibitor-2, a specific protein inhibitor of PP-1,
were stained with both anti-Myc and anti-creatine kinaséut not by the inhibitor protein specific to the protein
antibodies, followed by FACS analysis to measure thehosphatase-2A. Thus, it appears clear that PP-1 participates
expression levels of creatine kinase in the transfected celils dephosphorylation of MARCKS during myogenesis.
only. Fig. 7 shows that accumulation of creatine kinase could However, it is noteworthy that the concentration of okadaic
be detected not only in cells expressing the wild-typeacid used to inhibit dephosphorylation effectively in vivo (Fig.
MARCKS and N/S but also in cells expressingza (although 1, 25 nM) was much lower than the micromolar concentrations
its level in cells expressing2&; is significantly less than that generally accepted to inhibit PP-1 in other cells (Bialojan and
seen in those expressing the wild-type MARCKS and N/S)Takai, 1988; Haystead et al., 1989; Cohen et al., 1990), which
despite the fact that the latter cannot fuse to form myotubesuggests that PP-2A may also participate in MARCKS
unlike the others. Similar results were obtained for thelephosphorylation in cultured myoblasts. Furthermore, the
expression of myosin heavy chain (data not shown). Thes®ncentration of tautomycin required for prevention of the
results strongly suggest that the expression of muscle-specifitARCKS dephosphorylation in vivo was much higher than
proteins is independent of the membrane translocation dhfat needed in vitro (Figs 1, 3). Favre et al. have systematically
MARCKS as well as myoblast fusion. demonstrated using MCF7 cells that the phosphatase
inhibitors, including okadaic acid and tautomycin, have distinct
) ) cell permeability properties (Favre et al.,, 1997). Thus, it
Discussion appears possible that okadaic acid shows much higher
We have previously shown that MARCKS translocates fronpermeability to myoblasts than to other cells, whereas
the cytosol to the plasma membrane during the course tdutomycin has the opposite property.
myogenic differentiation of cultured myoblasts and this Also noteworthy is the observation that the protein level of
translocation is mediated in part by the decrease in theP-1C remained nearly constant during the entire time course
expression of PK@ which is the major enzyme responsible of myogenesis, despite the fact that the dephosphorylating
for the phosphorylaion of MARCKS (Kim et al., 2000). In the activity against MARCKS markedly increased during the same
studies described here, we demonstrated that the shuttling périod. In vivo, PP-1C exists as a complex with other proteins
MARCKS between the cytosol and the plasma membrane dfiat target it to particular subcellular localizations, modify its
cultured myoblasts could also be controlled by the proteisubstrate specificity, and regulates its enzyme activity
phosphatase-mediated dephosphorylation of MARCKS(Lavoinne et al., 1991). In the rabbit skeletal muscle, PP-1C
Treatment of the cultured myoblasts with okadaic acid ohas been shown to interact with glycogen particle (PP-1G),
tautomycin was found to reversibly block MARCKS sarcoplasmic reticulum (PP-1SR), myofibrils (PP-1M), and the
translocation, similar to its effect on the membrane fusion ofytoplasmic inhibitor-2 protein (PP-11) (Dent et al., 1990). In
the cells (Kim et al., 1991; Kim et al., 1992b). Moreover, thensulin-stimulated L6 rat myoblasts, the protein level of PP-1G
dephosphorylating activity against MARCKS was found todramatically increases in response to the agonist, while that of
markedly increase in the cells that are competent or committdeP-1C remains constant (Srinivasan and Begum, 1994). Thus,
for membrane fusion. Thus, it is clear that dephosphorylatioit appears possible that the increase in the dephosphorylation
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activity against MARCKS in cultured chick myoblasts may becalcium medium or treatment with cytochalasin B, does not
regulated by the other subunits of PP-1, such as the targetimgerfere with the synthesis of muscle-specific proteins and the
or regulatory subunits. Further studies are required to identifgther differentiative processes, including transport and release
the subunit(s), whose expression may change and hence albéicalcium (Holtzer et al., 1975; Constantin et al., 1995). Thus,
the activity of PP-1C during differentiation of chick myoblasts.the synthesis of muscle-specific proteins occurring
The membrane translocation of MARCKS appears to bidependently of the blockade of membrane fusion bgA
essential or a requisite event in the membrane fusion @xpression could be an additional example of the uncoupling
cultured myoblasts. Distribution of MARCKS changes fromof  biochemical differentiation from  morphological
the cytosol to the plasma membrane of the cells and thdifferentiation, despite the fact that both processes normally
translocation appears to be regulated by both the increasedncur simultaneously during the myogenic differentiation of
the PP-1-mediated MARCKS dephosphorylation and thembryonic skeletal muscle cells.
decrease in the PKEomediated MARCKS phosphorylation
during the course of myogenic differentiation (Kim et al., We are grateful to P. J. Blackshear and D. J. Stumpo, (NIH) for

targeted to the plasma membrane because it lacks Go. We also thank J. W. Lee (Korea Basic Science Institute) and Y.
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mynstoylation site, impaired the cell fusion. By contrast, thea sistance in confocal microscopy and FACS analysis, respectively.
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