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Although activities of smooth muscle myosin are regulated by phosphorylation, the
molecular mechanisms of regulation have not been fully established. Phosphoryla-
tion of both heads of myosin is known to activate ATPase and motor activities, but the
effects of phosphorylation of only one of the heads have not been established. Such
information on singly phosphorylated myosin can serve to elucidate the molecular
mechanism of the phosphorylation-dependent regulation. To understand the struc-
tural properties of the singly phosphorylated state, we prepared singly phosphoryl-
ated heavy meromyosin (HMM) containing a photoreactive benzophenone-labeled
RLC and examined its photocross-linking reactivity. The two heads in the singly
phosphorylated HMM showed different reactivities. The dephosphorylated RLC in
the singly phosphorylated HMM was cross-linked to a heavy chain, like that in the
dephosphorylated HMM, whereas the phosphorylated RLC did not react, like that in
the fully phosphorylated HMM. These results indicate that the two heads of the singly
phosphorylated HMM have an asymmetric structure, suggesting that phosphoryl-
ation of one head can to some extent activate smooth muscle HMM.

Key words: benzophenone, heavy meromyosin, photocross-linking, phosphorylation,
smooth muscle myosin.

Abbreviations: 1P-HMM, singly (thio)phosphorylated HMM; BPIA, benzophenone-4-iodoacetamide; BP-HMM,
HMM exchanged with BP-RLC; BP-RLC, benzophenone-labeled RLC; ELC, essential light chain; HC, myosin
heavy chain; HMM, heavy meromyosin; MOPS, 3-(N-morpholino)propanesulfonic acid; PMSF, phenylmethyl-

sulfonyl fluoride; RLC, regulatory light chain.

Smooth muscle myosin is a motor protein which moves
actin filaments. Smooth muscle myosin is composed of
two globular head domains and a rod-like tail domain.
Each head has a motor domain containing one actin-
binding and one nucleotide-binding site. The motor activ-
ity of smooth muscle myosin is regulated by phosphoryl-
ation of the regulatory light chain (RLC), which binds to
the C-terminus of the head (regulatory domain) with the
essential light chain (ELC) (I—4). Dephosphorylated
myosin has a low actin-activated MgATPase activity and
does not move actin filaments. Phosphorylation of Ser19
on the RLC dramatically increases the actin-activated
MgATPase activity and thereby initiates actin movement.

How is the phosphorylation event on the RLC trans-
mitted to the motor domain? Removal of the RLC results
in activation of the actin-activated MgATPase activity
compared to the dephosphorylated myosin (5, 6). In con-
trast, the activity of myosin lacking the ELC is substan-
tially inhibited in the dephosphorylated state, and acti-
vated by phosphorylation of the RLC (5, 6). These results
clearly indicate that the RLC is essential for the inhibi-
tion in the dephosphorylated state. A monomeric head
domain, myosin subfragment 1 (7-9), or a single-headed
myosin (10, 11) has a motor activity even in the dephos-
phorylated state. On the other hand, a double-headed
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myosin subfragment, heavy meromyosin (HMM), shows
complete regulation by phosphorylation (8, 9), suggesting
that the double-headed structure is required for the
phosphorylation-dependent regulation. Recent studies on
a series of single-headed HMMs (12-14) support this
notion and provide a new idea that two heads are
required for phosphorylation-dependent release from
inhibitory interactions between a head and the S2 region.

Whether phosphorylation of one head affects the inhib-
itory interaction is also an important question related to
the regulatory mechanism. The singly phosphorylated
myosin is in an intermediate state of phosphorylation,
with one head phosphorylated and the other dephos-
phorylated. Clarifying how the phosphorylated and the
dephosphorylated heads affect each other in the singly
phosphorylated state will elucidate the mechanisms of
activation by phosphorylation. However, properties of the
singly phosphorylated myosin have not been established
yet. Harris et al. (15) reported that the activation of the
phosphorylated head was independent of the dephos-
phorylated partner head in singly phosphorylated
myosin. In contrast, Ellison et al. (16) showed that both
heads were partially activated in singly phosphorylated
HMM (1P-HMM).

In this study, we examined structural properties of 1P-
HMM and discussed the effects of phosphorylation on the
interactions between the two head domains. It was
reported that chemical cross-linking reactivity of HMM
was affected by phosphorylation of both heads, suggest-
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ing that the spatial relationship of the two heads was
altered by phosphorylation (17). According to this report,
we prepared 1P-HMMs in which one of the two RLCs,
either the phosphorylated or the dephosphorylated one,
was labeled with a photoreactive benzophenone (BP) rea-
gent and examined their cross-linking reactivities. The
BP-label showed different reactivities in each 1P-HMM
depending on whether it is on the dephosphorylated or
phosphorylated RLC. This result demonstrated the
asymmetric nature of the two heads in the singly phos-
phorylated state.

MATERIALS AND METHODS

Protein Preparations—HMM was prepared by digest-
ing chicken gizzard smooth muscle myosin (I18) with
Staphylococcus aureus V8 protease (8). Actin was
obtained from rabbit skeletal muscle (19). Myosin light
chain kinase (20) and calmodulin (21) were obtained from
chicken gizzard smooth muscle. The concentrations of
HMDM, actin and calmodulin were determined from the
absorbance at 280 nm using the absorbance coefficients
of 0.65, 1.10 and 0.21 (mg/ml)! em1, respectively. The
concentrations of myosin light chain kinase and
recombinant RLC were determined by the biuret method
using bovine serum albumin as a standard (22).

Purification of Expressed RLC—His-tag fused RLC
(His-RLC) was expressed in Escherichia coli. The cDNA
for chicken smooth muscle myosin regulatory light chain
was inserted into the NspV and EcoRI sites of the expres-
sion vector pET-30b(+) generating pET-RLC. E. coli BL21
(DE3) was transformed with pET-RLC. The RLC expres-
sion was induced by adding 0.1 mM isopropyl-1-thio-B-D-
galactopyranoside when the absorbance at 600 nm
reached 1.0. The cells were grown overnight at 37°C and
harvested by centrifugation at 4,800 x g for 15 min. The
cells were suspended in lysis solution (8 M urea, 0.5 M
NaCl, 10 mM imidazole, 1 mM benzamidine, 1 mM
PMSF, 50 mM sodium phosphate, pH 7.0) and stirred at
room temperature for 1 h. After centrifugation at 36,000
x g for 30 min, the supernatant was loaded onto a Ni2*-
Chelating Sepharose Fast Flow (Amersham Biosciences)
column (2.2 x 5 cm) that had been equilibrated with bind-
ing solution (8 M urea, 0.5 M NaCl, 10 mM imidazole, 50
mM sodium phosphate, pH 7.0). The column was washed
with 5 volumes of 50 mM imidazole in the binding solu-
tion. His-RLC was eluted with 5 volumes of 300 mM
imidazole in the binding solution. The fractions contain-
ing His-RLC were dialyzed against 50 mM ammonium
bicarbonate, 1 mM DTT at 4°C to remove urea. The insol-

Table 1. Compositions of HMMs used in this study.
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uble fraction was removed by centrifugation at 36,000 x g
for 30 min. His-RLC was lyophilized and stored at —20°C.
The expressed RLC has a 27-amino acid extension MHH-
HHHHSSGLVPRGSGMKETAAAKFE at the N-terminus
of the native protein sequence (SSK...KDD).

Labeling of RLC with BPIA—His-RLC was labeled
with benzophenone-4-iodoacetamide (BPIA) (Molecular
Probes) at the single cysteine residue (Cys108) according
to previous reports (17, 23) with a few modifications. The
lyophilized RLC was dissolved in 50 mM ammonium
bicarbonate, 0.1 mM EGTA and 0.1 mM EDTA. DTT was
added to 10 mM, and the sample was incubated at 30°C
for 1 h to reduce RLC. The reduced RLC (2—-3 mg/ml) was
dialyzed against the same solution without DTT until the
DTT concentration decreased to approximately one-half
of the protein concentration. A 1.5-fold molar excess of
BPIA over total thiol groups was added, and the sample
was stirred at room temperature for 1 h in the dark. The
reaction was stopped by adding DTT to 0.5 mM. Unre-
acted BPIA was removed by gel filtration through a
Sephadex G-50 Superfine column. The extent of labeling
was estimated spectrophotometrically with the absorb-
ance at 302 nm using the molar extinction coefficient of
22,500 M1 cm! for the BP-RLC (17, 23). Under the
conditions described above, 87-95% of RLC was labeled
with BPIA.

Exchange of Endogenous RLC with Labeled RLC and
Photocross-Linking—BP-labeled RLC was introduced into
HMM by exchange with endogenous RLC as described
previously (16, 17). HMM was incubated with a 2- to 20-
fold molar excess of the labeled RLC in 20 mM sodium
phosphate (pH 7.5), 0.5 M NaCl, 10 mM EDTA, 2 mM
EGTA, 2 mM ATP and 5 mM DTT at 42°C for 30 min. The
sample was allowed to stand at room temperature for 10
min before adding MgCl, to 20 mM, then placed on ice.
Free RLC was removed by gel filtration through a
Sephacryl S-300 HR column (2.6 x 50 cm). Singly
exchanged HMM with a single exogenous and a single
endogenous RLC was prepared as described previously
(16) with a few modifications. Dephosphorylated BP-RLC
(BPdp-RLC) was introduced into thiophosphorylated
HMM (2P-HMM), yielding a mixture of three species:
unexchanged 2P-HMM, singly exchanged 1P-HMM with
BPdp-RLC [termed 1P-HMM (BPdp)l, and doubly
exchanged 0P-HMM with two BPdp-RLCs. In the same
way, introduction of thiophosphorylated BP-RLC (BPtp-
RLC) into dephosphorylated HMM (0P-HMM) generated
a mixture of unexchanged 0P-HMM, singly exchanged
1P-HMM with BPtp-RLC [termed 1P-HMM (BPtp)], and
doubly exchanged 2P-HMM with two BPtp-RLCs. After

No. HMM

Peak of Ni2*-affinity chromatography

RLC used for exchange
1st

2nd 3rd

1) 2P-HMM BPdp-RLC 2P-HMM (0 BPdp-RLC)
(2) 0P-HMM BPtp-RLC 0P-HMM (0 BPtp-RLC)
(3) 0P-HMM BPdp-RLC

1P-HMM* (1 BPdp-RLC) 0P-HMM* (2 BPdp-RLCs)
1P-HMM* (1 BPtp-RLC) 2P-HMM* (2 BPtp-RLCs)

without Ni%*-affinity chromatography OP-HMM* (mixture of 0, 1, and 2 BPdp-RLC)

A series of BP-HMMs in various phosphorylation states were prepared by partial exchange between HMM and BP-RLC. Unexchanged, and
singly and doubly exchanged HMMs were separated by Ni%+-affinity chromatography in (1) and (2). For comparison with the previous report
of photocross-linking (17) and assessment of the effects of exposure to non-reducing conditions and Ni2*, dephosphorylated BP-HMM (con-
taining 50-60% BPdp-RLC) was obtained without Ni%*-affinity chromatography in (3). HMM preparations marked with an asterisk and 2P-
HMM (2 BPtp-RLC) prepared by thiophosphorylation of 0OP-HMM* of (3) with MLCK were employed for experiments in this study. Unex-
changed RLC is unlabeled, so that the RLC is silent in the cross-linking experiments.
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gel filtration, the exchanged mixtures of HMM were
immediately applied to a 5-ml Ni2*-HiTrap chelating col-
umn (Amersham Biosciences) in 10 mM MOPS (pH 8.0),
0.3 M NaCl. Elution with a linear gradient of 0-0.3 M
imidazole (50 column volumes) separated the three HMM
species. Eluate was collected in fractions of 3 ml/tube,
and DTT was immediately added into each tube to 2 mM.
After SDS-PAGE analysis, fractions containing singly or
doubly exchanged HMM were combined and HMM was
precipitated by adding 2 volumes of saturated ammo-
nium sulfate solution (pH 7.0). The precipitated HMM
was dissolved in 10 mM MOPS (pH 7.5), 0.1 mM EGTA,
and 1 mM DTT, and dialyzed against the same solution
for 2 h. Thrombin (1 unit/mg HMM) was then added to
the sample, and dialysis was continued overnight.
Removal of His-tags was confirmed by SDS-PAGE. After
extensive dialysis, BP-labeled HMM was ultracentri-
fuged at 520,000 x g for 15 min, and the supernatant was
filtered through a 0.45-pm cellulose acetate filter (Toyo).
Photocross-linking was carried out as follows: immedi-
ately after addition of fresh DTT to 1 mM, BP-labeled
HMM solution (0.4-0.9 mg/ml, 100-200 pl) in a 1.5-ml
microtube was irradiated with a 100 W mercury lamp
(Eikosha, Japan) for 20 min on ice at a distance of about
10 cm through a Pyrex filter as described previously (17,
24). Irradiated samples were analyzed by SDS-PAGE and
Western blotting.

Thiophosphorylation—Labeled RLC and HMM were
thiophosphorylated with MLCK as described previously
(16, 17). Complete thiophosphorylation was verified by
urea/glycerol gel electrophoresis (25).

ATPase Assay—Actin-activated MgATPase activity was
measured under the following conditions: 0.1 mg/ml
HMM, 10 mM MOPS (pH 7.5), 1 mM MgCl,, 0.1 mM
EGTA, 1 mM DTT, 1 mM ATP, and 40 uM actin at 25°C.
The activity was measured by determining the released
inorganic phosphate colorimetrically (26).

Gel Electrophoresis and Western Blotting—SDS-PAGE
was carried out on a slab gel of 10% acrylamide (0.1%
bisacrylamide) according to Porzio and Pearson (27). Sep-
arated proteins were transferred to Immobilon-P mem-
brane with a semi-dry system at 0.8 mA/cm? for 1 h
according to the manufacturer’s instructions (Millipore).
To fix proteins on the membrane, the blot was rinsed in
water briefly and incubated in 0.05% glutaraldehyde in
PBS for 30 min before immunodetection. RLC was
detected with rabbit polyclonal anti-RLC antibody (Santa
Cruz Biotechnology) and goat anti-rabbit IgG antibody
labeled with alkaline phosphatase (Bio Rad) as the first
and the second antibodies, respectively.

Amino Acid Sequencing of Cross-Linked Protein—O0P-
HMM with BP-RLC was irradiated in the presence of 2
mM MgCl, and the sample was subjected to SDS-PAGE.
Separated protein bands on SDS gel were blotted onto
Immobilon-P membrane and stained with Coomassie
Brilliant Blue R250. The N-terminal amino acid
sequence of the cross-linked product was analyzed by
Edman sequencing with Procise 491 cL.C (Applied Bio-
systems).
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Fig. 1. Preparation of 1P-HMM. (A) Two forms of 1P-HMM used
in this study are shown schematically. 1P-HMM (BPdp) consists
of one native thiophosphorylated RLC and one BP-labeled
dephosphorylated RLC. 1P-HMM (BPtp) has one native
dephosphorylated RLC and one BP-labeled thiophosphorylated
RLC. ELC and RLC in the neck region are shown with open and
dark symbols, respectively. BP and P on the RLC indicate the benz-
ophenone label and thiophosphorylation, respectively. (B) Partially
exchanged HMM (HMM/thiophosphorylated BP-RLC) was sub-
jected to Ni%*-affinity chromatography, and HMM containing thio-
phosphorylated BP-RLC was eluted with a linear gradient of imida-
zole. A similar profile was obtained for HMM exchanged with the
dephosphorylated BP-RLC (data not shown). (C) Eluted fractions
were analyzed by SDS-PAGE. Proteins were stained with Coomas-
sie Brilliant Blue G250. The first peak fractions (24-27) contained
nonspecifically bound HMM without His-RLC. The second (31-46)
and third (47-63) peak fractions contained the singly and doubly
exchanged HMM, respectively.

RESULTS

Preparation of BP-Labeled HMM—To investigate the
structural properties of the 1P-HMM, a series of BP-
labeled HMMs in various phosphorylated states were
prepared (Table 1). The BP moiety was introduced into
Cys108 on RLC, which is the only endogenous cysteine in
chicken gizzard smooth muscle myosin RLC. Previous
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Fig. 2. Actin-activated MgATPase activity. Steady state ATPase
activities of native HMM and HMM containing BP-RLC were meas-
ured as described in “MATERIALS AND METHODS.” Thiophosphor-
ylated HMM (open bars) was prepared by thiophosphorylation of
dephosphorylated HMM (closed bars) with MLCK. The ATPase
activities were calculated using a molecular weight of 334,000 for
HMM. Averages of measurements for two independent prepara-
tions and their standard deviations are shown.

reports demonstrated that introduction of chemical
probes at Cys108 had little effect on regulatory proper-
ties of smooth muscle myosin (23, 28) and HMM (17, 29),
suggesting that the introduction of the BP moiety would
have little effect on the structural nature of HMM. Two
forms of BP-labeled 1P-HMM (Fig. 1A) were purified by
Ni2+-affinity chromatography with the aid of a His-tag on
the recombinant RLC. The trapped HMMs on Ni%*-resin
were separated in three peaks by elution with a gentle
gradient of imidazole (Fig. 1B). SDS-PAGE analysis (Fig.
1C) showed that nonspecifically bound HMM, without
any His-RLC, was eluted in the first peak. HMM contain-
ing one His-RLC (i.e., 1P-HMM) was in the second peak,
and HMM containing two His-RLCs was in the third
peak. To isolate each form of HMM, adequately separated
HMM fractions were pooled and concentrated. The His-
tag of RLC in the purified HMM was removed by
thrombin cleavage to avoid potential effects on the
kinetic properties of HMM. However, a 13-amino acid
extension (GSGMKETAAAKFE) still remained and
caused different migration from native RLC on SDS gel
(Figs. 3 and 4).

Dephosphorylated and fully thiophosphorylated HMM
with BP-labels were prepared in two ways to examine the
potential effects of preparation procedure: (i) endogenous
RLC in OP-HMM was exchanged with the BP-labeled
dephosphorylated RLC to yield dephosphorylated BP-
HMM, and this was thiophosphorylated with MLCK to
yield fully thiophosphorylated BP-HMM (Table 1). (ii)
In the affinity chromatography for purification of 1P-
HMMs, the third peak fraction was collected as doubly
exchanged OP- or 2P-HMM (Table 1, and Fig. 1, B and C).
In the latter procedure, HMM was exposed to non-reduc-
ing conditions throughout the series of chromatographies
to avoid reduction of Ni2+,

Regulation of Labeled HMM—Effects of the exchange
procedures and introduction of BP-labeled RLC into
HMM were evaluated by ATPase assay. HMM containing

K. Takeya et al.

BP-RLC was thiophosphorylated, and activation of the
steady-state actin-activated MgATPase activity was
examined (Fig. 2). The activity of the BP-HMM was
increased more than tenfold by thiophosphorylation, and
the results showed phosphorylation-dependent regula-
tion comparable to that of the native HMM. This sug-
gests that HMM containing BP-RLC retains the regula-
tory properties of the native HMM, consistent with a
previous report (17). Furthermore, the steady-state
actin-activated MgATPase activities of the BP-labeled
1P-HMMs were approximately half of those of the His-
tag purified 2P-HMM containing two BP-RLCs and the
native 2P-HMM (data not shown). These measurements
are also consistent with a previous report (16), suggest-
ing that the introduction of BP-RLC with the 13-amino
acid extension at the N-terminus and the use of non-
reducing conditions in the purification procedure have
little effect on the phosphorylation-dependent regulation.

Photocross-Linking—HMMs with the BP-RLC were
irradiated, and the cross-linked products were analyzed
by SDS-PAGE and Western blotting with anti-RLC anti-
body (Figs. 3 and 4). Irradiation of the OP- and the 2P-
HMM showed different cross-linking reactivities. OP-
HMM (Fig. 3A, lanes 3-5) showed two major cross-linked
products at approximately 40 and 90 kDa, whereas only
the 40-kDa product was detected in 2P-HMM (lanes 6-8).
The cross-linked 40-kDa product was generated under all
irradiation conditions and presumed to be an RLC-RLC
dimer from its size, as identified previously (17, 29). The
product of approximately 90 kDa is novel. It was gener-
ated under the low-salt conditions (lane 3) and supposed
to be a cross-linked product of the RLC and a heavy chain
fragment. The formation of this 90-kDa product was
blocked at higher salt concentration (lanes 4 and 5).

The effects of nucleotides and actin on the cross-
linkings were examined (Fig. 3B). With OP-HMM, the
amount of the 90-kDa product increased upon addition of
MgCl, (lane 2), whereas the 90-kDa band disappeared in
the presence of ATP (lane 3) and ADP (lane 4). With 2P-
HMM (lanes 8-14), the 90-kDa product was not detected
under any irradiation conditions. In contrast, little effect
was observed on the formation of the 40-kDa product.

In the presence of actin (lane 5), the 90-kDa product
was formed in OP-HMM, but in lower amount than in the
absence of actin (lane 2). As in the absence of actin, for-
mation of the 90-kDa product was blocked by addition of
nucleotides (lanes 6 and 7); and it was also blocked by
thiophosphorylation in the presence of actin (lanes 12—14).

The same cross-linkings and effects of salt concentra-
tion and nucleotides were observed with the doubly
exchanged OP- and 2P-HMM, which were purified by
Ni2*-affinity chromatography in the third peak fractions
(data not shown). These results further confirm that the
affinity purification procedure has little effect on the
structural properties of the BP-HMM, and that the proce-
dure can be applied to the preparation of 1P-HMMs.

The forms of 1IP-HMM showed different cross-linking
reactivities (Fig. 4). 1P-HMM with the dephosphorylated
BP-RLC yielded both the 90- and 40-kDa cross-linked
products (Fig. 4A, lane 1), as did 0P-HMM (Fig. 3), while
1P-HMM with the thiophosphorylated BP-RLC formed
only the 40-kDa cross-linked product (Fig. 4A, lanes 4-6),
like 2P-HMM (Fig. 3). These results clearly indicate that
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Fig. 3. Photocross-linking in OP- and 2P-HMM. Cross-linked
products were detected by Western blotting with anti-RLC antibody
for OP- and 2P-HMM. BP-HMM in irradiation buffer [10 mM MOPS
(pH 7.5), 0.1 mM EGTA, 2 mM MgCl, and 1 mM DTT] was irradi-
ated with additions indicated at the top of the panels. (A) BP-
labeled OP- (lanes 3-5) and 2P-HMM (lanes 6-8) were irradiated
under various salt conditions. Lane 1, control HMM stained with
Amido Black; lane 2, unirradiated control; lanes 3 and 6, HMM
without additions. NaCl concentration was 150 mM (lanes 4 and 7)
and 300 mM (lanes 5 and 8). A cross-linked product of approxi-
mately 40 kDa was detected under all conditions, whereas a product
of 90 kDa was detected only under the low salt conditions in OP-
HMM (lane 3). (B) Effects of nucleotides and actin on cross-linkings
were examined in OP- (lanes 1-7) and 2P-HMM (lanes 8-14). BP-
HMM was irradiated in the absence (lanes 1 and 8) and presence
(lanes 2-7, and 9-14) of MgCl,. Additions were as follows: 2 mM
MgATP (lanes 3, 6, 10 and 13), 2 mM MgADP (lanes 4, 7, 11 and 14)
and 10 pM actin (lanes 5—7 and 12-14). Although the cross-linked
products were detected after 5 min of irradiation (data not shown),
all samples were irradiated for 20 min to confirm the cross-linking
reactivities. The 40-kDa product was detected under all conditions,
whereas the 90-kDa product was detected only in the absence of
nucleotides in OP-HMM. Asterisks indicate nonspecific bands,
which were detected even in the controls (A, lane 2). Positions of
size markers are indicated in the left margin.
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Fig. 4. Photocross-linking in 1P-HMM. BP-HMM in irradiation
buffer [10 mM MOPS (pH 7.5), 0.1 mM EGTA, 2 mM MgCl, and 1
mM DTT] was irradiated with additions indicated at the top of the
panels. (A) 1P-HMM containing the dephosphorylated BP-RLC
(lanes 1-3) or the thiophosphorylated BP-RLC (lanes 4-6) was irra-
diated under various salt conditions. Lanes 1 and 4, HMM without
additions. NaCl concentration was 150 mM (lanes 2 and 5) and 300
mM (lanes 3 and 6). A cross-linked product of approximately 40 kDa
was detected under all conditions, whereas a product of 90 kDa was
detected only under the low salt conditions with 1P-HMM (BPdp)
(lane 1). (B) Effects of nucleotides and actin on cross-linkings were
examined with 1P-HMM (BPdp) (lanes 1-7) and 1P-HMM (BPtp)
(lanes 8-14). BP-HMM was irradiated in the absence (lanes 1 and 8)
and presence (lanes 2-7, and 9-14) of MgCl,. Additions were as fol-
lows: 2 mM MgATP (lanes 3, 6, 10 and 13), 2 mM MgADP (lanes 4,
7, 11 and 14) and 10 pM actin (lanes 5—7 and 12-14). The 40-kDa
product was detected under all conditions, whereas the 90-kDa
product was detected only in the absence of nucleotides with 1P-
HMM (BPdp). Asterisks indicate nonspecifically detected bands.
Positions of size markers are indicated in the left margin.
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Fig. 5. Amino acid sequencing of the 90-kDa cross-linked
product. (A) Unirradiated control (lanes 1 and 3) and irradiated
sample (lanes 2 and 4) were separated on SDS gel and transferred
to Immobilon-P membrane. The blot was stained with CBB (lanes 1
and 2) and the cross-linked products were detected with anti-RLC
antibody (lanes 3 and 4). (B) A single band at 90 kDa, generated by
irradiation, was subjected to Edman sequencing. Two major peaks
of PTH-amino acids were predominantly detected in each cycle. Sin-
gle letter codes for amino acid residues without and with parenthe-
ses indicate unambiguous and ambiguous assignment, respectively.

each head of 1P-HMM has a different cross-linking reac-
tivity and thus a different structural property. The for-
mation of the 90-kDa product from 1P-HMM was blocked
by addition of either salt (Fig. 4A) or nucleotides (Fig.
4B), as in the case of OP-HMM (Fig. 3).

Identification of the Cross-Linked Region—To identify
the possible cross-linked sites in the heavy chain, the

K. Takeya et al.

Table 2. Photocross-linking reactivity.
Phosphorylation states RLC-RLC (40 kDa) RLC-HC (90 kDa)

0P-HMM + +2
1P-HMM (BPdp) + +2
1P-HMM (BPtp) + -
2P-HMM + -

aCross-linking was detected only under the low salt conditions.

amino acid sequence of the 90-kDa cross-linked product
was analyzed (Fig. 5). Since the presence of MgCl,
increased the formation of the 90-kDa product (Fig. 3B),
the OP-HMM was irradiated in the presence of 2 mM
MgCl, and subjected to SDS-PAGE (Fig. 5A). The 90-kDa
product on SDS gel was transferred onto Immobilon-P
membrane for direct sequencing. Two major peaks were
obtained in each Edman degradation cycle and two inde-
pendent sequences were identified: GSGMKETAAAK-
FES!S? and KVYFLFVDKNFVNNPLA% (Fig. 5B). The
former is the N-terminal sequence of the recombinant
RLC containing a 13-amino acid extension, and the latter
corresponds to that of the N-terminal 68-kDa heavy
chain segment produced by the V8 protease digestion (8).

DISCUSSION

Photocross-Linking Reactivity—Examining biochemical
properties of the singly phosphorylated myosin is expected
to provide useful information about the phosphorylation-
dependent regulatory mechanism of smooth muscle
myosin. In this study, we investigated structural proper-
ties of the singly phosphorylated HMM using a photo-
cross-linking technique. We prepared a series of photore-
active HMMs containing BP-labeled RLC in various
phosphorylation states and examined their cross-linking
reactivities (Table 2). Two major cross-linked products
with apparent molecular mass of 90 and 40 kDa were
detected in the dephosphorylated sate, whereas only the
40-kDa product was detected in the fully phosphorylated
state. The 90-kDa product was a result of cross-linking
between the RLC and the N-terminal 68-kDa segment of
the heavy chain (Fig. 5). These results indicate that the
phosphorylation alters the spatial relationship between
the RLC and the heavy chain, and that the BP moiety at
Cys108 can be a sensor for this alteration, which allows
us to distinguish the structural properties of HMM in
various phosphorylation states.

In the singly phosphorylated state, the two heads had
different cross-linking reactivities (Table 2). This result
indicates that two heads in the singly phosphorylated
state can take an asymmetric orientation and that the
structure of 1P-HMM is different from those of OP- and
2P-HMM. Therefore, it is likely that phosphorylation of
one of the two heads can result in a functional alteration,
that is, the ATPase and motor activities that are charac-
teristic of 1P-HMM (discussed below).

Cross-Linking between the RLC and the Heavy Chain—
The 90-kDa product was a result of the cross-linking to
the 68-kDa segment of the motor domain, not to the light
chain-binding domain, where BP-RLC binds directly. The
crystal structure of nucleotide-free S1 shows that Cys108
on the RLC is positioned far from the 68-kDa segment
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(straight conformation) and out of range of the cross-
linking (30). Thus, cross-linking between the RLC and
the 68-kDa segment requires large motions in the head
domains, that is, a flexible motion around the head-rod
junction and/or a large rotation in a single head domain,
especially in the lever arm. A flexible motion around the
head-rod junction will allow cross-linking in the inter-
head domains, and a large rotaion in the lever arm will
allow cross-linking in an intra-head domain. It is, how-
ever, uncertain whether the cross-linking involves intra-
head or inter-head domains. The straight conformation
observed in the crystal structure of S1 (30) was also
found in the nucleotide-free smooth muscle S1 in solution
(31). These observations suggest that a large rotation in
the lever arm, which would allow Cys108 to approach the
68-kDa segment of its own head, is less likely to occur in
the absence of nucleotide.

The amount of the 90-kDa cross-linking increased in
the presence of Mg?* (Figs. 3B and 4B). Mg?* is bound to
the first EF-hand of the RLC (32, 33) and thereby stabi-
lizes the RLC binding to the heavy chain. This stabil-
ization of the RLC may increase the frequency with
which the RLC approaches within 1 nm of the 68-kDa
segment. At the same time, the cross-linking was
decreased by addition of salt, suggesting that the cross-
linkable conformation is stabilized by weak ionic interac-
tion under low salt conditions.

Addition of nucleotides substantially diminished the
formation of the 90-kDa product (Figs. 3 and 4). ATP sta-
bilizes the flexed conformation of both the dephosphoryl-
ated and the phosphorylated HMM under low salt condi-
tions, where the two heads bend back toward the tail
(34). If the flexed conformation was involved in the for-
mation of the 90-kDa product, the presence of ATP would
increase the amount of the 90-kDa product. In the
present study, however, the 90-kDa product disappeared
upon addition of ATP, suggesting that the flexed confor-
mation may not be involved in the cross-linking. In addi-
tion, the 10S myosin exchanged with BPdp-RLC formed
cross-links to a portion of LMM, but not to the 68-kDa
segment (23).

Phosphorylation-Dependent Cross-Linking—Cross-link-
ing between the RLC and the heavy chain was substan-
tially blocked by phosphorylation. Three possible expla-
nations were considered, as follows. (i) Phosphorylation
may limit the motion of the head domains, resulting in
inhibition of the cross-linking in the inter-head domains.
Considering that benzophenone can trap a target rapidly,
even though the target is a transient one (35), the
phosphorylation of one head may restrict approach of the
partner head to within 1 nm from Cys108 on the phos-
phorylated RLC. Sheng et al. showed that the two heads
in the dephosphorylated myosin were distributed equally
in separated and closely apposed conformations, whereas
the thiophosphorylated myosin favored the separated
conformation (36). This observation suggests that the
phosphorylated heads are somewhat restricted in their
motion, leading to separation of the two heads. (ii) Phos-
phorylation may limit rotation in the lever arm, resulting
in inhibition of the cross-linking in an intra-head
domain. If the phosphorylated RLC stabilizes the lever
arm and thereby limits rotation in the lever arm, Cys108
of the RLC will not be able to approach the 68-kDa seg-
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ment of its own head. However, the distance between
Cys108 and the 68-kDa segment in S1 was not affected
by phosphorylation (31), suggesting that the phosphoryl-
ation could not alter the cross-linking reactivity by stabi-
lizing the lever arm. (iii) The phosphorylation may
change the conformation of the RLC and thereby result
in shielding of the BP moiety from the 68-kDa segment.
Wu et al. demonstrated that the spatial relationship
between the N- and the C-termini of the RLC was altered
by phosphorylation (37). This alteration may result in the
shielding of the BP moiety and thereby inhibit the cross-
linking. In this interpretation, both the intra-head and
inter-head cross-linking between RLC and heavy chain
could be inhibited by phosphorylation. Further study is
required to elucidate whether the blocking of the cross-
linking is due to the alteration in the spatial relationship
of the two heads or to the conformational change of the
RLC.

Formation of the RLC-RLC dimer was detected regard-
less of the phosphorylation state in this study, but was
stated to be blocked by phosphorylation in an earlier
report (17), which led the authors to propose a phos-
phorylation-dependent regulatory mechanism. Consider-
ing that the cross-linked region was located in the flexi-
ble N-terminal region (R4-R16) (29), these conflicting
results can arise from the difference in the N-terminal
extra residues, that is, the 13-amino acid extension in our
recombinant RLC compared with 4-amino acid extension
in the previous study (17). Therefore, even though the
phosphorylation can remove the N-terminus of the RLC
from Cys108 on the partner RLC, the additional 9 more
residues may allow it to access the range of the RLC-RLC
cross-linking.

Our finding of the phosphorylation-dependent cross-
linking between RLC and heavy chain indicates that
Cys108 of the RLC is close to the 68-kDa segment, and
that phosphorylation induces a conformational change
that keeps Cys108 away from the segment as well as the
N-terminus of the partner RLC (29). Considering that the
phosphorylation-dependent release from the inhibitory
interactions of the dephosphorylated HMM should
involve structural change in the head domains, the
phosphorylation-dependent conformational change dem-
onstrated here can work as a part of structural basis for
the phosphorylation-dependent regulation.

Asymmetric Property of 1P-HMM—As demonstrated
in the present work, each head of 1P-HMM has asymmet-
ric cross-linking reactivities. These results clearly indi-
cate that the structural properties of the two heads in 1P-
HMM are different from those of the OP- and the 2P-
HMM, suggesting that the single phosphorylation can
alter the enzymatic properties of HMM. If the cross-link-
ing of the RLC and the heavy chain was formed in an
intra-head domain, the blockage by phosphorylation of
the cross-linking in 1P-HMM (BPtp) could be construed
as being the result of an independent structural altera-
tion of the head by phosphorylation. In this interpreta-
tion, structural alteration in the phosphorylated head
could result in an independent activation of the head, as
suggested by Harris et al. (15). On the other hand, if the
cross-linking was formed in the inter-head domains,
blocking by phosphorylation could be construed as being
the result of a cooperative alteration in the orientation of
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the two heads. Wendt et al. proposed an inhibitory inter-
action model, in which the motor domain of one head was
positioned in proximity to the partner regulatory domain
(38). Considering their inhibitory model and the coopera-
tive alteration presented above, one of the heads in 1P-
HMM could still approach the partner head’s regulatory
domain and thus be in an inhibitory conformation,
whereas the other head could not approach the partner
head. In this assumption, the probability of HMM being
in an inhibitory conformation could be decreased by sin-
gle phosphorylation and thus result in a partial and coop-
erative activation of both heads as demonstrated by Elli-
son et al. (16). However, the phosphorylation-dependent
cooperative change in the structural properties was not
established in the present study, since it is uncertain
whether the cross-linking between the RLC and the
heavy chain involved intra-head or inter-head domains.
Further study is required to establish the effects of single
phosphorylation on the activity of both heads. It also
remains to be solved whether each head of 1IP-HMM has an
asymmetric property under physiological ionic conditions.
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School of Science, Hokkaido University) for his help in the
cross-linking experiments. We are also grateful to Mr. T.
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