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Smooth muscle contraction is regulated by the phosphoryla-
tion of myosin. It is well known that tonic smooth muscles can
maintain force with low energy consumption (latch state); how-
ever, the molecular mechanism underlying this phenomenon is
unresolved. Here we show that single-head phosphorylated
smooth myosin (SHPMII) exhibits fast (�24 s�1) and slow pro-
longed (�1 s�1) actin interactions, whereas double-head phos-
phorylated myosin (DHPMII) predominantly exhibits the fast
(�29 s�1) interaction, suggesting that the phosphorylated head
of SHPMII ismechanically as active as that ofDHPMII. Both the
fast and the slow actin interactions of SHPMII support the pos-
itive netmechanical displacement of actin. The actin translocat-
ing velocity of SHPMII was much slower than that of DHPMII,
which is consistent with the slow actin interaction of SHPMII.
We propose that the “latch state” can be explained by themotor
characteristics of SHPMII that is present during the sustained
phase of contraction.

Smooth muscle is distributed in a variety of tissues such as
airways, vasculature, digestive tract, bladder, and uterus. Some
smooth muscle cells, such as found in digestive tract, ileum,
bladder, and uterus, are mainly relaxed and show phasic con-
tractions upon stimulations. These smooth muscles (often
referred to as “phasic smoothmuscles”) contract and relax rap-
idly, and their phasic responses are advantageous to the physi-
ological functions such as peristalsis. On the other hand,
other smooth muscle cells, such as the smooth muscle cells
in airways and vasculature, show sustained contractions, and
thus they are often referred to as “tonic smooth muscles.”
Tonic smooth muscles contract slowly, and very impor-
tantly, they can maintain force with very low energy con-
sumption (1, 2). This state of tonic contraction is referred to
as the “latch state,” and the tone of the contraction plays

critical roles in the change in dimension of the hollow organs
for regulating airflow, blood flow, organ perfusion, filtration
rate of glomeruli, and so forth. Dysregulation of these
smooth muscles causes a variety of pathophysiological states
such as asthma and hypertension.
Contractions of both phasic and tonic smooth muscles are

regulated by the phosphorylation of the regulatory light chain
(RLC)3 of smooth muscle myosin (3–8), and the muscle short-
ening velocity is closely correlated with the extent of the phos-
phorylation. Upon agonist stimulations, both phasic and
tonic smooth muscles show a transient increase in force that
is closely correlated with the transient increment of myo-
plasmic Ca2� concentration and the concomitant RLC phos-
phorylation. In a phasic contraction, the force returns
quickly to the basal level because of the reduction of the
myoplasmic Ca2� concentration (thus the phosphorylation
level of RLC) to the basal level. In a tonic contraction, how-
ever, although the level of myosin phosphorylation declines
after the transient increment of the myoplasmic Ca2� con-
centration, it does not completely return to the basal level,
and the force is maintained with low ATP consumption (1,
2). Because smooth muscle myosin has two heads that inter-
act with actin, it is possible that three different phosphoryl-
ation forms of smooth muscle myosin are present in situ, i.e.
unphosphorylated (UPMII), phosphorylated at both heads
(DHPMII), and phosphorylated at one head (SHPMII).
Because phosphorylation and dephosphorylation of RLC of
smooth muscle myosin occur randomly (9, 10) and because
the total phosphorylation level of smooth muscle myosin
during the latch state is just 20–30% (11), the fraction of
SHPMII is predicted to be significant and greater than that of
the DHPMII during the latch state. Therefore, it is important
to know the motor characteristics of SHPMII for under-
standing the molecular mechanism of the latch state. In this
study, we characterized the mechanical properties of
SHPMII for the first time and found that the latch state is
well explained by the motor property of SHPMII.
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MATERIALS AND METHODS

Protein Preparation—Smooth muscle myosin was prepared
from turkey gizzards as described (12). Heavy meromyosin
(HMM) and S1 were prepared from the gizzard smoothmuscle
myosin as described (12). Actin was prepared from rabbit skel-
etal muscle (13). RLC (from chicken gizzard) with C-terminal
hexahistidine tag or FLAG tag was expressed in BL21 (DE3)
Escherichia coli and purified as described (14). C-terminally
tagged RLC has been successfully used in in vivo experiments
(15, 16).
Thiophosphorylation of the recombinant RLC and HMM

were performed in buffer containing 150 mM KCl, 30 mM

Tris-HCl, pH 7.5, 2 mM MgCl2, 0.2 mM CaCl2, 2 mM ATP�S,
5 mM dithiothreitol, 5 �g/ml myosin light chain kinase
(MLCK), and 10 �g/ml calmodulin for 1 h at 25 °C. The
phosphorylation was confirmed by alkali-urea gel electro-
phoresis (not shown).
Preparation of Single-head Phosphorylated (SHP) Myosin—

The inherent RLC was removed from myosin or HMM as pre-
viously described (14). Phosphorylated RLC-FLAG and
dephosphorylated RLC-hexahistidine (1.5 mol of excess over
heavy chain each) were mixed with the RLC-deficient heavy
chain. The mixture was then applied to a nickel-nitrilotriacetic
acid column (Qiagen). Unphosphorylated, SHP, and DHPwere
eluted separately by imidazole HCl gradient as described (17),
and the fraction containing SHP was further purified by FLAG
affinity column.
In Vitro Motility Assay—The in vitromotility assay was per-

formed as described previously (18). The movement speed of
actin filaments was analyzed by collecting 100–150 data points
obtained from 10–15 different actin filaments. The error bars
indicate the standard deviations.
Single Molecule Assay—Myosin rod cofilaments were pre-

pared as described previously (19) and raised from the glass
surface to a level higher than the bead radius. To achieve this,
pedestals (�5–10 �m in width and �5 �m in height) were
made on the glass surface by chemically etching the glass slides.
A solution containing myosin rod cofilaments was applied to a
flow chamber with pedestals on a glass slide surface, which was
coated with bovine serum albumin (0.5 mg/ml; Sigma) to pre-
vent nonspecific binding of avidin-coated beads. Unbound
cofilaments were washed out with assay buffer. Partially
(�10%) biotinylated actin filaments were mixed with avidin-
coated beads and introduced to the chamber in the assay
buffer. Actin filaments labeled with phalloidin-TRITC
(Sigma), myosin rod cofilaments including TRITC-labeled
rod, and beads were visualized under an epifluorescence
microscope. An actin filament, with both ends attached to
separate beads captured by dual optical traps, was then
brought into contact with a myosin rod cofilament on the
surface of a pedestal at an angle of 5–10 degrees between the
actin filament and the cofilament. The displacement of one
of the beads was determined using a quadrant photodetector
with nanometer accuracy. The displacements were meas-
ured in an assay buffer containing 25 mM KCl, 5 mM MgCl2,
2 mM ATP, 20 mM HEPES-KOH, pH 7.6, at 20–25 °C. To

reduce photobleaching, an oxygen scavenger system was
added as described (19).
Computer Simulation—Fractions of UPMII, SHPMII, and

DHPMII were estimated by computer simulation using
STELLA v8.1.1 software (Isee Systems, Lebanon, NH). The rate
constants of phosphorylation fromUPMII to SHPMII and from
SHPMII to DHPMII were assumed to be the same. Likewise,
rate constants of dephosphorylation from DHPMII to SHPMII
and from SHPMII to UPMII were assumed to be the same.
The activities of MLCK and myosin light chain phosphatase
(MLCP) were shown arbitrarily in Fig. 4A to show their rel-
ative rates of phosphorylation (kMLCK) and dephosphoryla-
tion (kMLCP). The rate of [UPMII] formation was simply
described as kMLCP [SHPMII] � kMLCK [UPMII]. Likewise,
the rates of [SHPMII] formation and [DHPMII] formation
were described as kMLCK [UPMII] � kMLCP [DHPMII] �
(kMLCK � kMLCP) [SHPMII] and kMLCK [SHPMII] � kMLCP
[DHPMII], respectively. The initial values of [UPMII],
[SHPMII], and [DHPMII] at time 0 were 100, 0, and 0,
respectively. The simultaneous differential equation was
solved by Runge-Kutta fourth approximation with calcula-
tion time interval of 0.3 s. Halving and doubling the time
interval did not affect the result.

RESULTS

To examine the motor characteristics of smooth muscle
myosin phosphorylated at one head, we prepared smoothmus-
cle myosin species phosphorylated at both heads (DHPMII),
phosphorylated at one head (SHPMII), or unphosphorylated
(UPMII) (Fig. 1A). To obtain these smooth muscle myosin
species, the inherent RLCs were specifically removed from
smooth muscle myosin and replaced with the recombinant
RLCs, which were either phosphorylated or unphosphoryla-
ted. These recombinant RLCs contained hexahistidine tag or
FLAG epitope tag to facilitate the purification. Fig. 1B shows
a typical example of the purification of SHPMII. A HMM
version of the smooth muscle myosin species (DHPHMM,
SHPHMM, and UHPHMM) was also prepared for the solu-
tion kinetics assays, because the filament formation of myo-
sin makes an accurate analysis of the enzymatic activity dif-
ficult. The smooth muscle myosin species used in this study
are summarized in Table 1.
In Vitro Actin Translocating Activities—We first examined

the actin translocating activities of the smooth muscle myo-
sin species (Fig. 1C). The DHPMII species having the
exchanged RLC with epitope tags (ppex, pFpF, and pHpH)
showed comparable actin translocating velocities to that of
the control DHPMII (pp), whereas all of the UPMII species
(dd, dHdH, and dFdF) did not show actin translocating activ-
ity. These results strongly indicate that the RLC exchange pro-
cedure itself and the epitope tags of RLC do not impair the
regulation and the motor activity of smooth muscle myosin. In
contrast to DHPMII, the translocation of the actin filaments by
the SHPMII species (pFdH and pdH) were not uniform. The
actin filament movement was frequently intermitted, and thus
the apparent overall movements were slower than the DHPMII
species (Fig. 1C and supplementalMovies S1 and S2). To assure
that this apparently slow actin translocation is not due to the
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nonfunctional myosin molecules generated during the prepa-
ration, we tested whether this characteristic nonuniform actin
translocating activity of SHPMII was rescued by treating the

flow chamber used for the motility assay with Ca2�-calmodu-
lin-activated MLCK. As shown in Fig. 1C and in supplemental
Movie S3, the Ca2�-calmodulin-activated MLCK treatment
completely rescued the slow and uneven actin translocating
activity of SHPMII to the same level as that of DHPMII. It
should be noted that the smooth actin translocation by
DHPMIIwas hardly affected bymixingUPMII toDHPMIIwith
1:1 ratio (supplemental Movie S4). These results suggest that
the slow intermittent movement of SHPMII is due to the pres-
ence of the dephosphorylated head within the same molecules
and that SHPMII retains a unique actomyosin interaction that
is not present in DHPMII.
Dwell Time Distributions of Actin Interaction—To examine

the mechanical property of SHPMII in detail, we performed a
single molecule mechanical nanometry assay using optical trap
(Fig. 2A). We used the “cofilament” method in which smooth
muscle myosin molecules are incorporated into the headless
myosin rod filaments to avoid damage to the molecules during
the interaction with the glass (19, 20). To produce cofilaments,
we incubated the myosin rods at large molar excess compared
with DHPMII, SHPMII, or UPMII to ensure that only one or
two smooth muscle myosins are incorporated into each cofila-
ment. Cofilaments were sparsely adsorbed onto the surface of a
pedestal made on a glass surface. The number of myosins in a
cofilament was determined by observing single fluorescent
nucleotide analogues bound tomyosin (19–21). The number of
the fluorescence spots in a cofilament caused by the bound
nucleotides (Cy3-ATP/ADP) was mostly one and occasionally
two, indicating that only one or two smooth muscle myosin
molecules were incorporated into a cofilament. An actin fila-
ment with both ends attached to optically trapped beads was
brought into contact with a single smooth muscle myosin in a
cofilament, and the individual mechanical events were deter-
mined bymeasuring bead displacements with nanometer accu-
racy (21–23).
Typical recordings of displacements of actin by DHPMII,

SHPMII, and UPMII are shown in Fig. 2B. To precisely analyze
the dwell time distributions, the integrated frequency was plot-
ted against the dwell time and analyzed by both single exponen-
tial and double exponential functions (Fig. 2C). The dwell time
distribution of DHPMII was fairly explained by a single expo-
nential kinetics with an apparent rate of 29.0� 0.2 s�1, and the
double exponential fitting did not significantly improve the
fitting. SHPMII showed a significant frequency of prolonged
dwell times compared with DHPMII. The frequency of dwell
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FIGURE 1. Smooth muscle myosin species used in this study. A, schematic
drawing of smooth muscle myosin species with different phosphorylation states.
The heavy meromyosin versions of the smooth muscle myosin species were also
used for solution kinetics experiments. B, preparation of the single-head phos-
phorylated smooth muscle myosin. The sample of each preparation step was
examined by SDS-PAGE and stained by Coomassie Brilliant Blue. Lane 1, smooth
muscle myosin; lane 2, RLC depleted smooth muscle myosin; lane 3, SHPMII con-
taining a phosphorylated RLC-FLAG and a dephosphorylated RLC-hexahistidine.
C, in vitro actin translocating activities of smooth myosin species. Actin filament
movement was observed in 25 mM KCl, 25 mM HEPES-KOH, pH 7.5, 5 mM MgCl2, 1
mM EGTA, 0.5% methylcellulose, 4.5 mg/ml glucose, 216 �g/ml glucose oxidase,
36 �g/ml catalase, and 2 mM ATP at 25 °C. All of the values of velocity are the
means�S.D. (n�100–150). The movement of actin was observed for more than
30 s, and the average velocities were calculated.

TABLE 1
Smooth muscle myosin species used in this study

RLC exchanged? RLC
Double-head phosphorylated
pp No p-RLC/p-RLC (native RLC)
ppex Yes p-RLC/p-RLC (recombinant RLC)
pFpF Yes p-FLAG-RLC/p-FLAG-RLC (recombinant RLC)
pHpH Yes p-His6-RLC/p-His6-RLC (recombinant RLC)

Single-head phosphorylated
pFdH Yes p-FLAG-RLC/His6-RLC (recombinant RLC)
pdH Yes p-RLC/His6-RLC (recombinant RLC)

Unphosphorylated
dd No RLC/RLC (native RLC)
dHdH Yes His6-RLC/His6-RLC (recombinant RLC)
dFdF Yes FLAG-RLC/FLAG-RLC (recombinant RLC)
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time longer than 1 s was �6% of the observed total events for
SHPMII, whereas that of DHPMII was only �0.3%. The
dwell time distribution of SHPMII was best explained by a
double exponential kinetics with apparent rate constants of
24.2 � 0.6 s�1 (92%) and 1.0 � 0.3 s�1 (8%). The fast rate
(24.2 � 0.6 s�1) was similar to the rate observed for DHPMII
(29.0� 0.2 s�1), suggesting that the two heads of SHPMII are
distinct: one head is as active as the heads in DHPMII,
whereas the other head is partially active with a slow acto-
myosin interaction. The dwell time distribution of UPMII
was also satisfactorily explained by a double exponential
kinetics with apparent rate constants of 12.3 � 0.7 s�1 (41%)
and 1.1 � 0.1 s�1 (59%).

The ADP release rate determines the dwell times of amyosin
molecule on actin under the physiological concentration of
ATP, and thus it is closely related to the actin translocating
activities of myosins. Because the single molecule experiment
was performed under a saturating ATP condition (2 mM), the
apparent rates represent the ADP release rates from actomyo-
sin. We measured the ADP release rates of the smooth myosin
species by measuring the actomyosin dissociation rate in the
presence of ADP induced by saturating ATP using HMM con-
structs: DHPHMM, SHPHMM, and UPHMM (supplemental
text). As expected, the ADP release rate of DHPHMM (28.6 �
1.6 s�1) was consistent with the rate obtained from the dwell
time distribution of DHPMII (29.0 � 0.2 s�1). Likewise, the
ADP release rates of SHPHMM (27.4 � 1.5 s�1) and UPMII
(12.1� 0.8 s�1) were consistent with the faster rates of SHPMII
(24.2 � 0.6 s�1) and UPMII (12.3 � 0.7 s�1) obtained from the
dwell time distributions (Fig. 2C). The ADP release rates of the
RLC exchanged HMMs of DHPHMM (pFpF) and UPHMM
(dHdH) were almost identical to those of RLC unexchanged
controls (pp anddd, respectively) (supplemental Table S2), sug-
gesting that the RLC exchange procedure and the FLAG or the
hexahistidine tag of RLC do not impair the motor activity of
smooth muscle myosin. The ADP release rate of S1 was �25
s�1. A similar rate has been reported previously (24). The rate is
comparable with the faster ADP release rates of DHP and SHP.
The results are consistent with the notion that S1 is as active as
the phosphorylated head of the double-headed form (DHP). A
slow ADP release rate of SHPHMM and UPHMM that was
expected from the slow dwell time distribution (Fig. 2C) was
not evident. If both heads of single molecule SHPHMM or
single molecule UPHMM simultaneously bind to actin in the
presence of ADP, we should be able to observe the slow rate
predominantly because the acto-HMM dissociation should

be limited by the slow interaction. However, we could not
observe the slow ADP release rate for SHPHMM and
UPHMM clearly. It is possible that the phosphorylated head
of SHPMII is fully active, whereas the unphosphorylated
head is partially active, and that only the fully active head of
SHPMII preferentially binds to actin in the presence of ADP,
and thus we observed that the ADP release rate originated
only from the phosphorylated head. In the case of UPHMM,
it is reported that the two heads interact asymmetrically with
each other (25). Thus it is possible that the motor property of
the two heads is distinct because of the asymmetric interac-
tion and that only one of the two heads with faster ADP
release rate predominantly binds to actin in the presence of
ADP. To verify this possibility, we examined whether two
heads of DHPHMM, SHPHMM, and UPHMM bind to actin
in the presence of ADP using pyrene-labeled actin. It has
been known that the fluorescence intensity of pyrene-actin
decreases upon binding of myosin. Pyrene-labeled actin was
mixed with substoichiometric concentration of DHPHMM
(pp), SHPMII (pdH and pFdH), or UPHMM (dd) in the pres-
ence of 0.2 mMADP, and the decrease in pyrene fluorescence
intensity was monitored. The degree of the fluorescence
change was compared under the same condition (supple-
mental Fig. S3). S1 was used as control for the fluorescence
change upon complete binding of the myosin head. The
binding of DHPHMM (pp) to actin decreased the fluores-
cence intensity of pyrene-actin to a similar extent as S1, sug-
gesting that both heads of DHPHMM bind to actin in the
presence of ADP. The result is consistent with previous stud-
ies (26, 27). The decrement of pyrene fluorescence intensity
induced by the binding of SHPHMM (pdH and pFdH) was
approximately half of that induced by DHPHMM (pp), sug-
gesting that only one of the two heads of SHPHMM prefer-
entially binds to actin in the presence of ADP. The actin
binding affinity of the unphosphorylated head may be lower
than that of the phosphorylated head, and therefore, the
binding of the unphosphorylated headmay be interfered eas-
ily by an intramolecular strain induced when both heads
bind to actin. The decrement of pyrene fluorescence inten-
sity induced by the binding of UPHMM (dd) was also
approximately half of that induced by DHPHMM (pp), sug-
gesting that only one of the two heads of UPHMM preferen-
tially binds to actin in the presence of ADP in our experi-
mental condition. Therefore, we think that the slow ADP
release rates of SHPHMM and UPHMM, which we expected
to observe in our kinetics experiment, were simply unmea-

FIGURE 2. Single molecule mechanical measurement of smooth muscle myosin with optical trap nanometry. A, the nanometry setup for measuring actin
displacements by a single smooth muscle myosin molecule. B, typical recordings of actin displacements by DHPMII, SHPMII, and UPMII. The white dots
represent raw data. The data passed through a low pass filter of 30-Hz bandwidth is shown by black lines. Note the differences in the time scale among the
recordings. C, dwell time distribution of the actomyosin interaction. The integrated frequencies of DHPMII (pp) (n � 2051), SHPMII (pFdH) (n � 704), and UPMII
(dd) (n � 237) were plotted against the observed dwell times. Both single exponential and double exponential fitting were tested, and the residuals are shown
in the inset graphs. Note that the differences in the amplitude of the residuals among the smooth muscle myosin species came from their different sampling
sizes (n � 2051, 704, and 237 for DHPMII, SHPMII, and UPMII, respectively). The single exponential fitting gave apparent rates of 29.0 � 0.2, 21.1 � 0.4, and 2.5 �
0.1 s�1 for DHPMII, SHPMII, and UPMII, respectively, whereas the double exponential fittings gave 28.8 � 1.3 s�1 (97%) and 1.3 � 1.6 s�1 (3%) for DHPMII, 24.2 �
0.6 s�1 (92%) and 1.0 � 0.3 s�1 (8%) for SHPMII, and 12.3 � 0.7 s�1 (41%) and 1.1 � 0.1 s�1 (59%) for UPMII. The percentage values are the amplitude
contributions of the different rate components. The amplitudes of the fitting curves were greater than the total integrated frequencies because displacements
with very short dwell times were not detected because of the 30-Hz low pass filtering of the raw data. (The shortest possible events we can detect with the 30-Hz
low pass filter can be calculated as 1/2 Pi/30 � �5 ms. Thus the dead time of our measurement is �5 ms.) Note that the dwell time distribution of DHPMII is fairly
explained by a single exponential kinetics, whereas those of SHPMII and UPMII are well explained by double exponential.

Singly Phosphorylated Smooth Muscle Myosin

JUNE 6, 2008 • VOLUME 283 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 15615

http://www.jbc.org/cgi/content/full/M710597200/DC1
http://www.jbc.org/cgi/content/full/M710597200/DC1
http://www.jbc.org/cgi/content/full/M710597200/DC1
http://www.jbc.org/cgi/content/full/M710597200/DC1


surable under our experimental condition. The lower fre-
quency of the slow actin interaction of SHPMII (8%; Fig. 2C)
may indicate the lower affinity of the unphosphorylated head
of SHPMII to actin. Note that the property of the unphos-
phorylated head of UPHMM is probably different from that
of SHPHMM, because the faster actomyosin interaction rate
of UPMII (12 s�1) did not match the rates observed for
SHPMII (Fig. 2C), although we do not know the molecular
mechanism causing this difference at this point.
Displacements of Actin Filament—To further examine the

mechanical interplays of the smooth muscle myosin species
and actin, we analyzed the step size distributions (Fig. 3). Both
DHPMII and SHPMII showed positive net displacements,
whereas UPMII showed almost zero net displacement, which is
consistent with the fact that UPMII did not translocate actin in
the in vitromotility assay (Fig. 1C). The large average step sizes
of DHPMII and SHPMII are explained by multiples of the uni-
tary step size of �5.3 nm as reported previously for skeletal
muscle myosin (28). Because two distinct dwell time distribu-

tions were evident in SHPMII and
UPMII, the step size distributions
were further analyzed separately for
the shorter dwell times and for the
longer (prolonged) dwell times (Fig.
3, B and C). We separated the dwell
time distributions at 0.1 s for
SHPMII and 0.2 s for UPMII,
because over 90% of their shorter
dwell time phases were estimated to
complete in 0.1 s (SHPMII) and 0.2 s
(UPMII) based on their apparent
rates of 24.2 s�1 (SHPMII) and
12.3 s�1 (UPMII), respectively. An
important finding is that both the
shorter and the longer actin interac-
tions of SHPMII had a positive net
mechanical displacement, whereas
those of UPMII did not, suggesting
that the apparently slow actomyosin
interaction of SHPMII is the active
mechanical one that is qualitatively
different from those of UPMII.
Fraction of SHPMII during the

Latch State—Although it is not
readily feasible to experimentally
distinguish SHPMII from UPMII or
DHPMII in smooth muscle tissues
during the latch state, it is possible
to estimate the fractions of these
smooth muscle myosin species
based on currently available data.
Because phosphorylation and
dephosphorylation of smooth mus-
cle myosin by MLCK and MLCP
have been reported to occur ran-
domly (9, 10), the reaction scheme
of phosphorylation and dephospho-
rylation of smooth muscle myosin

in smooth muscles can be simply described as follows,

UPMII -|0
kMLCK

kMLCP

SHPMII -|0
kMLCK

kMLCP

DHPMII

REACTION 1

where kMLCK and kMLCP are the reaction rate constants of phos-
phorylation by MLCK and dephosphorylation by MLCP,
respectively. Based on this reaction scheme, the fractions of
UPMII, SHPMII, and DHPMII during the latch state where the
total phosphorylation level is 20–30% (11) are estimated to be
56–68, 24–29, and 8–15%, respectively. Because UPMII does
not have actin translocating activity, the motor activity of
SHPMII is expected to predominantly determine the contract-
ile state of smooth muscles during the latch state.
It is known that in tonic smoothmuscles agonist stimulation

transiently increases the myoplasmic Ca2� concentration to
300–500 nM at the peak contraction. After the initial spike, the

FIGURE 3. Histogram of bead displacement induced by DHPMII, SHPMII, and UPMII. A, the average dis-
placements of DHPMII (pp), SHPMII (pFdH), and UPMII (dd) were 24.8 � 36.4, 26.4 � 26.2, and 3.6 � 20.5 nm,
respectively. For SHPMII (B) and UPMII (C), the displacement distributions were analyzed for faster and slower
actomyosin interactions. The average displacements of the shorter dwell time component (�0.1 s) and the
longer dwell time component (�0.1 s) of SHPMII were 27.6 � 25.1 and 22.6 � 29.2 nm, respectively. The
average displacement of the shorter dwell time component (�0.2 s) and the longer dwell time component
(�0.2 s) of UPMII were 3.6 � 18.8 and 2.8 � 20.2 nm, respectively. The trapping force of the bead was 0.02
pN/nm. Thus the force required for displacing the bead, e.g. �10 nm is just �0.2 pN (0.02 pN/nm � 10 nm) that
is much smaller than the force exerted by actomyosin strong binding (�10 pN). Therefore, almost all actomy-
osin interactions observed in our nanometry experiment should be the results of forward stepping, although
we cannot distinguish forward steps from backward steps. The apparently negative displacements are due to
the thermal fluctuation of actin filament loosely trapped by the optical beads (0.02 pN/nm). Depending on the
position of the first weak association of myosin on the actin filament, the apparent position of the bead after
the forward stepping becomes sometimes negative. However, this does not necessarily mean it is due to
backward displacement.
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myoplasmic Ca2� concentration plummets, but it is main-
tained at a level higher than the resting state during the latch
state (29, 30).MLCP activity is regulated by the Rho/Rho kinase
pathway (31, 32), and the activity is down-regulated to 1⁄2 to 1⁄3
after the agonist stimulation (33, 34). By taking this evidence
into account, the relative activities of MLCK andMLCP during
the smooth muscle contraction were defined as shown in Fig.
4A. Based on this, we performed computer simulation to follow
the fractional changes of UPMII, SHPMII, and DHPMII during
the tonic smoothmuscle contraction (Fig. 4B). As expected, the
fraction of DHPMII transiently increased accompanied by the
down-regulation of MLCP activity and the transient activation
of MLCK caused by the transient increase of the myoplasmic
Ca2� concentration (3–8). During this phase, the fractions of
UPMII and SHPMII were kept at a very low level. Shortening of
smooth muscles with fast cross-bridge cycling is expected to
take place during this phase. The DHPMII level then decreased
accompanied by the inactivation of MLCK activity caused by
the decrement of the myoplasmic Ca2� concentration. It is
important to note that the fraction of SHPMII increased after
the peak [Ca2�]in accompanied by the decrement of the frac-
tion of DHPMII. During the later phase (latch state), the frac-
tion of SHPMII reached �26%, whereas that of DHPMII
decreased to �11%. This gave an overall phosphorylation level
of �24%, which is consistent with the apparent overall phos-
phorylation level of 20–30% during the latch state (11). Our
result suggests that the population of SHPMII dominates over
the population of DHPMII �2–3 times during the latch state.

DISCUSSION

Motor Property of SHPMII—Our result implies that the
motor activities of the two heads of SHPMII are distinct from
each other; the phosphorylated head is as active as the phos-
phorylated heads of DHPMII, whereas the unphosphorylated
head is partially active in terms of actin translocating activity
and the ADP release rate. It should be emphasized that the
motor property of the unphosphorylated head of SHPMII is
completely different from the unphosphorylated head of
UPMII, because both the fast and the slow actomyosin interac-
tions of SHPMII showed positive net displacement in contrast
to those of UPMII (Fig. 3, B and C). The unique mechanical
property of SHPMII is also manifested in its nonuniform actin
translocation activity (see supplementalmovies).We think that
the frequently intermitted actin filament movement is due to
the slow sustained actin binding of the unphosphorylated head
of SHPMII. This intermitted actinmovement was not observed
for the mixture of DHPMII and UPMII, suggesting the unique
mechanical activity of the dephosphorylated head of SHPMII.
Because it has been shown that the interaction between the two
heads is critical to stabilize the inhibitory conformation of
smooth muscle and nonmuscle type myosin (25, 35), it is pos-
sible that the activation of one head partially releases the inhib-
itory effect on the other head.
The overall ATPase cycle rate of smoothmuscle myosin rep-

resents the phosphate release rate, which limits the actin-acti-
vated ATP hydrolysis cycle. Phosphate release is thought to
occur either concomitant with or immediately after the forma-
tion of the strongly actin-bound state, and thus this rate deter-
mines the rate of formation of the strong actin-bound state
(actomyosin-ADP). On the other hand, the ADP release rate,
together with the step size, determines the actin translocating
velocity under saturating ATP condition. Therefore, if ADP
release rate is much faster than the overall ATPase turnover
rate, the ATP turnover rate and the actin translocating rate
should be separately discussed. In the present study, we also
measured the single ATPase turnover rates of DHPHMM,
SHPHMM, and UPHMM. The result was very similar to that
reported previously by Ellison et al. (17); the ATPase turnover
rate of SHPHMMwasmuch less than 50%of that of DHPHMM
(data not shown). The result suggests that the actin binding
rates of both heads of SHPMII in the myosin-ADP-Pi state are
significantly reduced compared with DHPMII. Thus it is antic-
ipated that the slow phosphate release rates contribute to
reduce the number of myosin molecule being involved in the
actin translocation. This low ATPase turnover rate of SHPMII
can explain the low ATP consumption of smooth muscles dur-
ing the latch state.
Physiological Relevance of the Motor Property of SHPMII to

the Latch State—Smooth muscle myosin molecules form side
polar filaments and interact with actin to generate large force as
a whole. In such a circumstance, if some myosin molecules in
the myosin filament interact with actin for prolonged period of
time, such slow interactions would interfere with cross-bridge
cycling of other myosin molecules (thus reduce the overall
cycling rate) while maintaining the force. We propose that the
unique mechanical activity of SHPMII explains well the sus-

FIGURE 4. Simulation of the production of smooth muscle myosins with
different phosphorylation states (UPMII, SHPMII, and DHPMII) in the
smooth muscle fiber after agonist stimulation. A, time-dependent relative
activities of MLCK and MLCP during the contraction of tonic smooth muscle.
B, fractions of UPMII, SHPMII, and DHPMII during a tonic contraction of
smooth muscle.
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tained force with low energy consumption of tonic smooth
muscle during the latch state.
Consistency with Other Studies—Two independent studies

mainly focusing on the ATP turnover rate of SHP have been
reported (17, 36). Ellison et al. (17) concluded that the ATP
turnover rate of SHP is less than 20% of that of DHP, whereas
Rovner et al. (36) concluded that the ATP turnover rate of SHP
is more than 50% of that of DHP. The ATP turnover rate of
SHPHMM obtained in our single turnover experiment was
�30% of that of DHPHMM (not shown), which is similar to
the results of Ellison et al. The discrepancy may arise from
the regulatory light chain used in these studies. Ellison et al.
and the present study used the regulatory light chainwith intact
phosphorylation sites (Thr18 and Ser19), whereas Rovner et al.
used amutant regulatory light chain (T18A/S19A). It is possible
that the T18A/S19A mutant does not properly mimic the
unphosphorylated state of the regulatory light chain, although
apparently it does not show the actin-activated ATPase activity
and the motility activity when it is incorporated into the both
heads. Another inconsistency among these studies is found in
the actin translocating velocity. Although all of the groups
found reduction of actin translocating velocity in SHP com-
pared with DHP, the degrees of the reduction are very different
from one another: 50–60%(17), 10–20%(36), and 70–80%
(this study). It is possible that the variation in the degree of the
reduction (20� 80%) arises from the nonuniformmovement of
actin filaments by SHP as observed in the present study (sup-
plemental Movie S2).
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