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The myosin-bound form of protein phosphatase 1 (PP-1,,) is the enzyme
that dephosphorylates native myosin in skeletal and cardiac muscles
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The myosin-bound form of protein phosphatase 1 (PP-1,;) and the glycogen-bound form (PP-1;;) together
account for virtually all the phosphatase activity in rabbit skeletal muscle extracts towards native myosin.
PP-1,; has a 3-fold higher activity towards native myosin than does PP-1 and accounts for at least 60% of
the myosin phosphatase activity in rabbit skeletal muscle. PP-1,, accounts for 90% of the myosin
phosphatase activity in bovine cardiac muscle, where PP-1; is essentially absent. The high activity of PP-1,,
towards native myosin appears to arise from interaction of the catalytic subunit with the putative
myosin-binding subunit, since chymotryptic digestion liberates a catalytic subunit having the same character-
istics as that released by limited proteolysis of PP-1;. Protein phosphatase 2A in skeletal and cardiac
muscles is very active towards the isolated myosin P-light chain, but ineffective in dephosphorylating native
myosin. The results suggest that PP-1,, is the enzyme that dephosphorylates myosin in skeletal and cardiac

muscle.

Introduction

Four serine/threonine-specific protein phos-
phatase catalytic subunits have been identified in
eukaryotic cells and divided into two groups (type
1 and type 2) on the basis of their sensitivity to
the heat-stable proteins, inhibitor-1 (I-1) and in-
hibitor-2 (I-2) (type-) and specificity for the «
(type 2) or 8 (type 1) subunits of phosphorylase
kinase [1,2]. These enzymes have broad and over-
lapping substrate specificities in vitro and identifi-
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cation of their in vivo substrates has become a
major current problem in protein phosphatase re-
search.

The active forms of the type-1 phosphatases are
largely particulate, and the type-2 phosphatases
cytosolic, providing an important clue to the likely
functions of type-1 enzymes [3]. Evidence is accu-
mulating that type-1 phosphatases are directed to
particular subcellular locations through interac-
tion of the catalytic subunit (PP-1.) with specific
‘targetting’ subunits. In low ionic strength EDTA
extracts of skeletal muscle, most of the directly
measurable type-1 phosphatase activity is associ-
ated with glycogen, because PP-1. is complexed
to a glycogen-binding G subunit [4,5]. This species,
PP-1g, is also present in the myofibrillar fraction
from which it can be extracted with Triton [6].
This suggests that PP-15 may also be associated
with membrane, or with glycogen-particles that
are associated with membranes.
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A further form of PP-1 is present in the
myofibrillar fraction which is tightly bound to
myosin [6]. This species, PP-1,,, is equally sensi-
tive to I-1 and I-2, but in contrast to PP-15 does
not bind to glycogen and is not immunoprecipi-
tated by antibody directed against the G subunit,
PP-1. (37 kDa) derived from either PP-1,, (110
kDa) or PP-1 does not bind to either myosin or
glycogen [6]. These observations suggest that PP-
1,4 is composed of PP-1o complexed to a
myosin-binding ‘M subunit’. Here we show that
PP-1,, is the principal enzyme that dephosphory-
lates the P-light chain of native myosin in striated
muscles. This conclusion is in disagreement with
the work of Mumby and co-workers [7].

Materials and Methods

Preparation of native myosin and isolated myosin
light chains. Native myosin was purified from rab-
bit skeletal muscle and bovine cardiac muscle and
freed from its accessory proteins (C, F, H and X)
as described in Ref. 8, except that DEAE-Sep-
harose was used instead of DEAE-cellulose. Iso-
lated mixed myosin light chains were purified
from rabbit skeletal muscle and bovine cardiac
muscle as described in Ref. [9], and myosin light
chain kinase from rabbit skeletal muscle as de-
scribed in Ref. 10.

Preparation of 3’P-labelled myosin and myosin
P-light chains (10° cpm /nmol). Myosin (30
mg/ml) or myosin light chains (2 mg/ml) were
dephosphorylated by incubation for 30 min at
30°C with PP-1,; (10 mU /ml) in S0 mM Tris-HCI
(pH 7.0), 01 mM EGTA, 01% (v/v) 2-
mercaptoethanol (solution A) containing 0.1 M
NaCl-in a total volume of 0.5 ml. Both incuba-
tions were terminated by addition of 0.05 ml of
0.5 M NaF.

100% (w/v) trichloroacetic acid (TCA, 0.05 ml)
was added to the solution containing isolated
myosin light chains and, after 15 min at 0°C, the
suspension was centrifuged for 2 min at 13000 X g
and the supernatant was discarded. The pellet was
washed three times with 10% (w/v) TCA, dis-
solved in 0.1 M NaHCO, and dialysed against
solution A.

The solution containing native myosin was di-
luted 5-fold with 2 ml of solution A and, after 60

min at 0 ° C, the myosin was collected by centrifu-
gation for 30 min at 80000 X g. The supernatant
was discarded, the pellet was redissolved in 0.5 ml
of solution A /0.15 M NaCl and reprecipitated by
dilution with 2.0 ml of solution A. After centrifu-
gation, the myosin was redissolved in solution
A/0.1 M NaClL

Phosphatase-treated native myosin (7.5 mg/ml)
or isolated myosin light chains (0.5 mg/ml) were
incubated in 50 mM Hepes (pH 7.4), 0.1% 2-
mercaptoethanol, 0.1 mM CaCl,, 5 mM mag-
nesium acetate, 0.1 pM calmodulin, 2.5 pg/ml
myosin light chain kinase and 0.1 mM [y-**P]ATP.
After 30 min at 30°C, phosphorylation of the
isolated light chains was stopped by addition of
0.1 vol. of 100% TCA and the protein was col-
lected by centrifugation as described above. The
pellet was washed several times with 10% TCA,
redissolved in 0.1 ml of NaHCO,, dialysed against
solution A and stored at —20°C.

Phosphorylation of native myosin was stopped
by addition of 0.1 vol. of 0.1 M EDTA, 0.5 M
NaF, 0.1 M sodium pyrophosphate and the pro-
tein was precipitated by addition of 5 vol. of
solution A containing unlabelled ATP (1 mM).
The protein was collected by centrifugation as
described above, redissolved in 0.5 ml of solution
A/0.15 M NaCl/1 mM ATP and reprecipitated
by addition of 2.0 ml of solution A. This cycle was
repeated twice more, but omitting unlabelled ATP
in the final cycle. The *’P-labelled native myosin
was redissolved in solution A /150 mM NacCl di-
alysed against solution A/100 mM NaCl and
stored at 0-4°C.

SDS-polyacrylamide gel electrophoresis fol-
lowed by autoradiography showed that the P-light
chain was the only protein phosphorylated, using
either isolated light chains or native myosin (data
not shown). Incorporation of phosphate into the
isolated 17 kDa P-light chain was 0.57 mol/mol
(skeletal muscle) and 0.51 mol/mol (cardiac
muscle), assuming that the P-light chain com-
prised 50% of the protein by weight of the mixed
light chain preparations. The amounts of phos-
phate incorporated into native skeletal and cardiac
myosin (250 kDa) were 0.49 mol/mol and 0.42
mol/mol, respectively. Protein was measured
according to Bradford [11] using bovine serum
albumin as standard.



Preparation of muscle extracts. These were pre-
pared essentially as described in Ref. 6. Briefly,
muscle was homogenised in 2.5 vol. of 20 mM
Tris-HCI (pH 7.0), 0.1% mercaptoethanol, 0.1 mM
phenylmethylsulphonyl fluoride (PMSF), 1 mM
benzamidine (solution B) containing 4 mM EDTA,
centrifuged at 5000 X g and the supernatant,
termed ‘EDTA extract’, was decanted. The
myofibrillar pellet was extracted twice by rehomo-
genisation with solution B containing 2 mM EGTA
and 0.5% Triton X-100 and, following centrifuga-
tion, the combined supernatants, termed ‘Triton
extract’, were collected. The Triton-extracted
myofibrils were resuspended in solution B con-
taining 2 mM EGTA and 0.6 M NaCl and are
termed the ‘myofibrillar suspension’. The myo-
fibrillar suspension was freed from actomyosin by
fractionation with 3-12% poly(ethylene glycol) [6].
The ‘EDTA extract’ was centrifuged for 90 min at
100000 X g to pellet the glycogen-protein particles
and this fraction was resuspended in solution B at
a concentration of 0.5 U/ml and used as a source
of PP-1; where specified.

Protein phosphatase assays. The dephosphoryla-
tion of phosphorylase @ was carried out at 30°C
in 50 mM Tris-HCl (pH 7.0), 0.1 mM EGTA,
0.1% 2-mercaptoethanol, 0.01% (w/v) Brij 35in a
total volume of 0.03 ml as described in Ref. 12.
Dephosphorylation of native myosin or isolated
myosin P-light chains was performed in an identi-
cal manner, except that 50 mM NaCl was included
to solubilise native myosin. This concentration of
Na(Cl inhibited the dephosphorylation of isolated
P-light chains by less than 10%. Assays were per-
formed with skeletal muscle myosin, and not
cardiac myosin, unless stated otherwise. All sub-
strates were used at a final concentration of 10
M. 1 unit of phosphatase activity was that amount
which catalysed the release of 1.0 pmol of phos-
phate from each substrate in 1 min. The release of
phosphate from each substrate was restricted to
less than 20%, and no phosphate was released in
the absence of added phosphatase. When I-1 or
I-2 were present, diluted phosphatase was prein-
cubated with the inhibitors for 15 min before
initiating the reaction with substrate [13).

Other materials and methods. Chymotrypsin was

“purchased from Worthington, PMSF was from
Sigma, heparin-Sepharose and Sephadex G-100
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were from Pharmacia. 1-1, I-2 and PP-15 were
purified from rabbit skeletal muscle by Dr.
Michael Hubbard and Dr. Carol MacKintosh in
this laboratory [13]. Affinity-purified antibody to
the G subunit was prepared and used as in Ref. 6.
Other procedures are also described in Ref. 6.

Results

Myosin phosphatase activity in different fractions
prepared from rabbit skeletal muscle

We have previously shown that large amounts
of phosphorylase phosphatase activity are present
in the EDTA extract, Triton extract and
myofibrillar suspension [6]. Activity can be
inhibited by I-2 by 85% (EDTA extract) or by
more than 90% (Triton extract and myofibrillar
fraction) indicating that dephosphorylation is pre-
dominantly catalysed by type-1 protein phos-
phatases. About 75% of the protein phosphatase 1
activity in the EDTA and Triton extracts can be
immunoprecipitated by antibody to the G subunit,
since PP-15 is the major active type-1 phos-
phatase in these fractions. Less than 10% of the
phosphorylase phosphatase activity in the
myofibrillar suspension is immunoprecipitated by
this antibody, as PP-1,, is the predominant type-1
phosphatase [6].

In the present work, very similar observations
were made using native myosin as substrate. Most
of the myosin phosphatase activity in the EDTA
and Triton extracts could be inhibited by I-2 and
immunoprecipitated by antibody to the G subunit
(Fig. 1), whereas myosin phosphatase activity in
the myofibrillar suspension was blocked by I-2,
but not immunoprecipitated by antibody to the G
subunit (Fig. 1). Tt should also be noted that the
activity ratio myosin phosphatase/ phosphorylase
phosphatase was nearly 3-fold higher in the
myofibrillar fraction than in either the EDTA or
Triton extracts. As a consequence, about 60% of
the myosin phosphatase activity, but only 40% of
the phosphorylase phosphatase activity was pre-
sent in the myofibrillar fraction (Fig. 1).

The myosin phosphatase activity in the
myofibrillar suspension had exactly the same
sensitivity to I-1 and I1-2 as the phosphorylase
phosphatase activity (Fig. 2) and copurified with
phosphorylase phosphatase through chromatog-
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Fig. 1. Phosphorylase phosphatase (P) and native myosin phos-
phatase (M) activities in different fractions from rabbit skeletal
muscle. Values are given+S.E. for three different preparations.
The hatched bars show activity remaining after immunopreci-
pitation with antibody to the G subunit of PP-1¢, after correc-
tion for the observation that only 88% of purified PP-15 was
immunoprecipitated in parallel experiments. The filled bars
show activity measured in the presence of 0.25 uM I-2 and
the open bars show activity measured in the absence of anti-
body or I-2.

raphy on heparin-Sepharose (Fig. 3) and gel-filtra-
tion on Sephadex G-100 (Fig. 4). These results
indicate that the myosin phosphatase activity is
catalysed by PP-1,,.

The other enzyme with significant phosphory-
lase phosphatase activity in mammalian tissues is
protein phosphatase 2A (PP-2A). PP-2A in skeletal
muscle is largely present in the EDTA extract [6]
and can be resolved from PP-1 by chromatogra-
phy on heparin-Sepharose [14-16]. PP-1, but not
PP-2A, is retained by the column and can be
eluted with 0.5 M NaCl. Chromatography of the
EDTA extract on heparin-Sepharose revealed that
PP-2A" was 30-fold more effective in dephos-
phorylating isolated myosin P-light chains than
native myosin and 10-fold more active towards the
isolated P-light chains than phosphorylase a (Fig.
3). By contrast, PP-15 dephosphorylated all three
substrates at comparable rates in the EDTA and
Triton extracts (Fig. 3), while PP-1,; was more
active towards native myosin than isolated P-light
chains or phosphorylase a (Fig. 3) as expected.

Myosin phosphatase activity in bovine cardiac muscle
Bovine cardiac muscle was fractionated in an
identical manner to that used for rabbit skeletal

muscle, and the EDTA extract, Triton extract and
myofibrillar suspension were assayed for phos-
phatase activities in the presence and absence of
I-2. The EDTA extract had a relatively high activ-
ity towards isolated skeletal muscle myosin P-light
chains, but its activity towards native skeletal
muscle myosin and phosphorylase a was 30-fold
and 10-fold lower, respectively (Fig. 5). This re-
sult, and the minimal effect of I-2 on the dephos-
phorylation of any substrate (Fig. 5), showed that
the cardiac EDTA extract contained almost no
active PP-1, and that PP-2A accounted for virtu-
ally all the phosphatase activity in this fraction.
The Triton extract contained very little activity
compared to the corresponding fraction in rabbit
skeletal muscle, but that which was present was
mostly I-2 sensitive (Fig. 5). By contrast, the
myofibrillar suspension was very active towards
all three substrates, native skeletal muscle myosin

PPy PPy
100 skeletal [ skeletal

'.é
= 75F -
8
2
£ sot -
=
©

25+ L

0 1 11 )
PPy PPy
100, cardiac > cardiac

3
€ 15t -
ae
=
Z 50 L L
]

25¢ -

0 1 1
0 00101 1 10 100 0 GO 01 1 10 100
H{(nM)- log scale F2{nM)-log scale

Fig. 2. Effect of inhibitors 1 and 2 on phosphatase activities in

the myofibrillar suspensions of skeletal and cardiac muscle.

The myofibrillar fraction was fractionated by poly(ethylene

glycol) precipitation and assayed with phosphorylase (0) or -
native myosin (®) as substrate.
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Fig. 3. Separation of protein phosphatases 1 and 2A on
heparin-Sepharose. Aliquots (2 ml) of the skeletal muscle EDTA
extract, Triton extract and myofibrillar suspension that had
been fractionated with poly(ethylene glycol) were diluted to 10
ml in solution B containing 1.0 mM EGTA, 5% (v/v) glycerol
and 0.1 M NaCl and applied to the column (5 ml) equilibrated
in the same buffer. Arrows indicate the points at which the
columns were eluted with 0.5 M NaCl. Fractions (7 ml) were
assayed in the presence (closed symbols) and absence (open
symbols) of 0.25 pM I-2 using native myosin (W, 0), isolated
myosin P-light chains (@, ©) and phosphorylase a (v v). The
yield of activity from each column was at least 90:

being dephosphorylated at a rate 3-fold higher
than that of the isolated P-light chain from skeletal
muscle or phosphorylase a. The dephosphoryla-
tion of each substrate was inhibited almost com-
pletely by I-2 (Figs. 2 and 5). These results are
very similar to those observed in the myofibrillar
fraction from rabbit skeletal muscle (Fig. 1). It
should be noted that the cardiac myofibrillar sus-
pension contained about 90% of the activity to-
wards native skeletal muscle myosin, whereas the
EDTA extract contained about 70% of the activity
towards the isolated myosin P-light chains (Fig. 5).
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Fig. 4. Gel-filtration of skeletal muscle protein phosphatase 1,
on Sephadex G-100 Superfine. The myofibrillar suspension
that had been fractionated by poly(ethylene glycol) precipita-
tion (42 mU, 2 ml) was applied to the column (55X2.5 cm)
equilibrated in 0.05 M Tris-HCl (pH 7.0, 25°C), 1.0 mM
EGTA, 5% (v/v) glycerol, 0.1% 2-mercaptoethanol, 0.05 M
NaCl, 0.1 mM PMSF and 1.0 mM benzamidine. The flow rate
was 4 ml/h and fractions of 3 ml were collected. The arrows
show the elution positions of the void volume, ¥V, and the
marker proteins liver alcohol dehydrogenase (140 kDa), bovine
serum albumin (66 kDa) and ovalbumin (43 kDa). Symbols:
phosphorylase phosphatase, @------ ®; native myosin phos-

phatase, O 0. About 10% of the PP-1y in this prepara-
tion had converted to PP-1..
100 |-
2
5 5
=
=
= 50
T
S
Lliall inh
PMLL PML PMILC
EDTA Triton  myofibrillar
extract  extract suspension

Fig. 5. Phosphatase activity in different fractions from bovine

cardiac muscle towards phosphorylase (P), native myosin (M)

and the isolated P-light chain (LC). Values are given as +S.E.

for five different preparations. The filled bars show activity

measured in the presence of 0.25 pM I—2 and the open bars
show activity in the absence of 1-2.
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Fig. 6. Effect of chymotrypsin on the activities of protein
phosphatases 1 and 1y towards phosphorylase (P) and native
myosin (M). Glycogen-protein particles were used as the source
of PP-1, and PP-1y was partially purified from the myofibril-
lar suspensions of skeletal and cardiac muscle by fractionation
with poly(ethylene glycol). The preparations were incubated
for 10 min at 30°C in the presence (+) and absence (—) of
0.3 mg/ml chymotrypsin as describeéd in Ref. 17. Very similar
results were obtained with four different preparations of PP-1¢

and four of PP-1,,.

Identical results to those shown in Fig. 5 were
obtained when native cardiac myosin and isolated
cardiac P-light chains isolated from bovine cardiac
muscle were substituted for the rabbit skeletal
muscle proteins (data not shown). The rates of
dephosphorylation of native myosin or isolated
P-light chain by either PP-1 or PP-2A were very
similar whether the substrates were isolated from
skeletal muscle or cardiac muscle.

Effect of chymotrypsin on the glycogen and myosin-
bound forms of protein phosphatase 1

Incubation of PP-1; from skeletal muscle with
either trypsin or chymotrypsin degrades the G
subunit, releasing the catalytic subunit (PP-1;)
and enhancing phosphorylase phosphatase activity
by 80% [17]. In the present work, chymotryptic
digestion of PP-1; increased activity towards na-
tive myosin in a similar manner to that of the
phosphorylase phosphatase activity (Fig. 6). By
contrast, chymotryptic digestion of PP-1,, de-
creased activity towards native myosin by 50%,
whereas phosphorylase phosphatase activity in-
creased by 50% (Fig. 6). The myosin phosphatase/
phosphorylase phosphatase activities of PP-15 and
PP-1,, became very similar after chymotryptic di-

gestion (Fig. 6), as would be expected if they
contained the same catalytic subunit. Proteolysis
of PP-1,,, like PP-15, liberated PP-1, as judged
by a decrease in molecular mass from 110 kDa
(Fig. 4) to 35 kDa (data not shown).

Discussion

The finding that PP-1,, is the only phosphatase
that is bound to myosin [6] and that it accounts
for about 60% and 90% of the phosphatase activity
towards native myosin in rabbit skeletal muscle
and bovine cardiac muscle, respectively, strongly
suggests that this enzyme dephosphorylates the
myosin P-light chain in vivo. However, Mumby
and co-workers [7] reported that PP-2A accounted
for virtually all the measurable phosphatase activ-
ity in bovine cardiac muscle towards either the
isolated myosin P-light chain or native myosin.
Their finding that PP-2A is the dominant activity
in bovine cardiac cytosol and that this enzyme
dephosphorylates isolated myosin P-light chains
much more rapidly than native myosin has been
confirmed in the present work (Fig. 5). The reason
why these investigators did not detect the large
amount of PP-1 activity associated with the
myofibrillar fraction is unclear.

The present work is more consistent with
observations made in avian smooth muscle. Pato
and co-workers [18,19] reported that two enzymes
termed smooth muscle phosphatases 1 and II
(classified in Ref. 20 as protein phosphatases 2A
and 2C, respectively) were very active towards
isolated myosin P-light chains, but dephosphory-
lated native myosin very poorly. Two further
enzymes termed smooth muscle phosphatases 111
and IV were effective in dephosphorylating native
myosin as well as the isolated P-light chains [18).
Smooth muscle phosphatase IV could bind to
myosin in vitro and dephosphorylated the B-sub-
unit of phosphorylase kinase specifically, sugges-
tive of a type-1 phosphatase. However, its activity
was reported to be unaffected by I-2 [21]. Further-
more, smooth muscle phosphatases Il and IV
were isolated from turkey gizzard cytosol, whereas
PP-1,, is tightly associated with the myofibrils in
skeletal and cardiac muscle and not present in
cytosol. It is possible that smooth muscle phos-
phatase IV is related to PP-1,,, while smooth



muscle phosphatase III may represent another
type-1 phosphatase, since even PP-15 and PP-1.
(Figs. 1, 3, 4 and 6) are capable of dephosphory-
lating native myosin at a comparable rate to that
of the isolated P-light chain.

The much higher activity of PP-2A towards the
isolated P-light chain relative to native myosin
(Figs. 3 and 6) emphasizes the importance of using
the native substrate when trying to identify the
relevant phosphatase in vivo. A similar problem
has been encountered in the liver, where PP-1 and
PP-2A are both effective in dephosphorylating
muscle glycogen synthase that has been phos-
phorylated by A-kinase, while only PP-1 is able to
reactivate at a significant rate the highly phos-
phorylated preparations of liver glycogen synthase
that are extracted from this tissue (reviewed in
Ref. 22).

Chymotryptic digestion of glycogen-protein
particles enhances PP-15 activity towards phos-
phorylase a and native myosin, while proteolysis
of PP-1,, enhances activity towards phosphorylase
a, yet decreases activity towards native myosin
(Fig. 6). Since chymotryptic attack releases PP-1,
and the catalytic subunits liberated from PP-1;
and PP-1,; have identical phosphorylase phos-
phatase/ myosin phosphatase activity ratios (Fig.
6), it would appear that interaction with the
myosin-binding subunit enhances PP-1. activity
towards native myosin several-fold. This is also
supported by gel-filtration experiments shown in
Fig. 4. Analogous observations have been made
with hepatic PP-1;, where proteolysis of the puta-
tive glycogen-binding subunit stimulates phos-
phorylase phosphatase activity, while suppressing
glycogen synthase phosphatase activity [17]. Thus,
the subunits which target PP-1 to particular sub-
cellular locations may also ‘stimulate activity to-
wards certain substrates present in these same
locations.

PP-1,,; dephosphorylates native 10 puM myosin
several-fold more rapidly than 10 pM phosphory-
lase a, previously recognised to be the best sub-
strate for PP-1. Furthermore, the K, for myosin
of PP-1,, and PP-15 is much higher than 10 pM,
whereas the K, for phosphorylase « is approx. 5
M (unpublished experiments). These observa-
tions indicate that the V_,, for myosin is higher
than for phosphorylase a. The very high activity
of PP-1 for myosin and phosphorylase @ may be
related to the intracellular concentrations of these
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enzymes, which are two of the most abundant
phosphoproteins in mammalian cells, their
intracellular concentrations in skeletal muscle
being 200 1M and 80 pM, respectively.
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