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ABSTRACT We have proposed a four-state crossbridge model to explain contraction and the latch state in arterial smooth muscle.
Ca2+-dependent crossbridge phosphorylation was the only postulated regulatory mechanism and the latchbridge (a
dephosphorylated, attached crossbridge) was the only novel element in the model. In this study, we used the model to predict
rates of ATP consumption by crossbridge phosphorylation (JPh0,) and cycling (Jcycle) during isometric and isotonic contractions in
arterial smooth muscle; then we compared model predictions with experimental data. The model predicted that JPhos and JCycle were
similar in magnitude in isometric contractions, and both increased almost linearly with myosin phosphorylation. The predicted
relationship between isometric stress and ATP consumption was quasihyperbolic, but approximately linear when myosin
phosphorylation was below 35%, in agreement with most of the available data. Muscle shortening increased the predicted values
of Jccle up to 3.7-fold depending on shortening velocity and the level of myosin phosphorylation. The predicted maximum work
output per ATP was 7.4-7.8 kJ/mol ATP and was relatively insensitive to changes in myosin phosphorylation. The predicted
increase in Jcycle with shortening was in agreement with available data, but the model prediction that work output per ATP was

insensitive to changes in myosin phosphorylation was unexpected and remains to be tested in future experiments.

INTRODUCTION

Crossbridge cycling rates as well as the number of
attached crossbridges are regulated in smooth muscle
(1). Isometric stress (an index of crossbridge attach-
ment) and isotonic shortening velocity at low or zero

load (an index of crossbridge cycling rates) increase
together at the beginning of a contraction. However,
shortening velocity subsequently falls during steady-
state stress maintenance (the latch state: 2-4), which is
also associated with a decrease in the rate of ATP
consumption (5-9).
We have proposed a four-state crossbridge model

(Fig. 1) to explain contraction and the latch state in the
swine carotid media (10, 11). Ca2+-calmodulin-depen-
dent activation of myosin light chain kinase (12) was the
only postulated regulatory mechanism, and the latch-
bridge (a dephosphorylated, attached crossbridge) was

the only novel element in the model. The four-state
model can quantitatively predict the following data sets
in the swine carotid media: (a) time courses of myosin
phosphorylation and isometric stress during contraction
(10) and relaxation (13) and (b) quasihyperbolic depen-
dence of steady-state isometric stress on myosin phospho-
rylation (14). The four-state model coupled to Huxley's
model of strain-dependent cycling rates (coupled four-
state model) can also explain variable stress-velocity
relationships as a function of myosin phosphorylation

(15). However, the four-state model has been criticized
recently for an apparent failure to predict key energetic
properties of smooth muscle, including the linear depen-
dence of ATP consumption on isometric stress and the
efficiency of contraction (16). Our goal in this study was
to test the model further. To do so, we computed the
predicted rates of ATP consumption by crossbridge
phosphorylation (Jpho,) and cycling (Jc-Ycle) during isomet-
ric and isotonic contractions in the swine carotid media
by coupling the four-state model with Huxley's concept
of strain-dependent crossbridge cycling rates (17) and
then compared model predictions with experimental
data.

METHODS
The differential equations for solving the fraction of attached cross-
bridges (n) at a given crossbridge position (x) during isometric
contraction and isovelocity shortening were solved analytically. When
shortening velocity (dx/dt) was zero or constant, the system of time-
and space-dependent partial differential equations was reduced to a
system of space-dependent ordinary differential equations. The differ-
ential equations were then solved together with the algebraic equa-
tions for the strain-dependent crossbridge cycling rate constants.
Numerical solutions were calculated using- a FORTRAN program.
The program was linked to the IMSL Math/PC-Library and run on an
Intel 80286 microprocessor-based computer equipped with an Intel
80287 math co-processor. A variation of Newton's method was used to
find the zero root of a nonlinear algebraic equation (18). As expected,
the rate of crossbridges entering the crossbridge cycle should be the
same as the rate of crossbridges leaving the crossbridge cycle during
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FIGURE 1 The four-state model. A, actin (thin filament); myosin
crossbridge states are M, detached, dephosphorylated; Mp, detached,
phosphorylated;AMp, attached, phosphorylated;AM, attached, dephos-
phorylated (latchbridge). K1-K7 are first-order rate constants resolved
from experimental data obtained from the swine carotid media (10,
14). Kl and K6 represent Ca2", calmodulin (CaM)-dependent myosin
light chain kinase (MLCK) activity; K2 and K5 represent myosin light
chain phosphatase (MLCP) activity. K3 and K4 represent attachment
and detachment of phosphorylated crossbridges, and K7 represents
latchbridge detachment.

steady-state isometric contraction and isovelocity shortening. This
served as a check of accuracy for the computer program. We compared
fluxes of crossbridge attachment and detachment at different steady-
states, and they were identical to the fourth significant figure.

RESULTS

We (19) and Paul (16) have calculated kinetic fluxes
(content x rate constant) along the pathways in the
four-state model (Fig. 1) and considered kinetic fluxes as
rates of ATP consumption on the basis of the rationale
that one molecule of ATP was consumed for each
phosphorylation and crossbridge cycle during steady-
state isometric contractions. However, ATP consump-
tion by crossbridge cycling during isotonic contraction
cannot be calculated by kinetic flux analysis because the
kinetic model does not incorporate the strain and stress
dependence of crossbridge cycling. Kinetic flux analysis
may also be insufficient for calculating JCyde during
isometric contraction for the following reasons. First,
isometric stress is maintained by a population of cross-
bridges oriented in different positions relative to their
equilibrium position and cycling at different rates (17,
20). Therefore, the apparent cycling rate constants
derived from the time course of isometric stress develop-
ment represent only the average behavior of the cross-
bridge population in a smooth muscle. Second, a free
crossbridge can move randomly about ius equilibrium
position up to its maximum point of extension. The
range of crossbridge movement can cover more than one

crossbridge binding site on an actin filament. Therefore,
statistically a crossbridge can interact with more than
one binding site on an actin filament during its random
movement. Huxley (17) modeled the strain dependence
of crossbridge cycling rates and calculated JcIc,e during
isometric and isotonic contractions by integrating the
frequency of interaction between myosin crossbridges
and an actin filament at all crossbridge positions. In this
study we coupled Huxley's approach with the four-state
model to compute JCcle during isometric and isotonic
contractions.
We adapted Huxley's approach in modeling the strain

dependence of the attachment (f ) and detachment (g)
rate constants of a crossbridge. Accordingly, we defined
three regions ofx where crossbridges cycle with different
characteristics. When a crossbridge is located at the
negative force-bearing region (x < 0), it cannot attach
to an actin filament (f = 0) and detaches at a constant
rate (g = g2) independent of x within the boundary
conditionx < 0. However, when a crossbridge is located
at the positive force-bearing region within its maximum
extension (h) (O < x < h), it cycles with f and g

proportional tox (f = fix/h andg = g1x/h, where]f1 and
g, are constants). Finally, when a crossbridge is located
at the positive force-bearing region (x 2 0) but beyond
its maximum extension (x 2 h), it can only detach from
the actin filament, and g is proportional to x (f = 0 and
g = glx/h; g, is the same constant as defined before). A
linear dependence offandg onx was the simplest model
of strain-dependent crossbridge cycling rates. Since little
is known about the behavior of single crossbridges in
smooth muscle, we chose the simplest relationship to mini-
mize the number of adjustable parameters in the model.
The strain-dependent cycling rate constants, f and g,

are different from the apparent cycling rate constants
resolved from the time course of isometric stress devel-
opment. According to Huxley (17), the cycling rate
constantsfandg atx = h (f and g,) were faster than any
mechanical transients of a muscle, but f and g at x = 0
were 0. Fig. 2 shows the model's simulation of the time
courses of crossbridge attachment at different x. As
expected,f increased as x approached h. Since isometric
stress represents the total number of attached cross-

bridges at all crossbridge positions between x = 0 and
x = h, the apparent cycling rate constants derived from
the rate of isometric stress development must be lower
then f and g at x = h but higher than f and g at x = 0.
Since intracellular [Ca"2] did not increase in a step in
intact cells, and the presence of series elastic element
further delayed stress development, we (15) previously
estimated that the apparent attachment and detachment
rate constants, f (K) and g(K), equaled f,I4 and g,/4,
respectively.f (K) was defined as the ratio of total flux of
crossbridge attachment (as measured by isometric stress)
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bearing region, we assumed that g in the negative
force-bearing region was proportional to the sum of
cycling rate constants at x = h, as described by Huxley
(17). That is, g2 = c(f, + gj), where c is a constant. The
rationale for this assumption was that crossbridge cy-

cling rates at both positive and negative force-bearingx
were proportional to the enzymatic activity of the
myosin molecule. Using these equations to relate appar-

ent cycling rate constants to strain-dependent cross-

bridge cycling rate constants, the coupled four-state
model predicted the phosphorylation-dependent stress-
velocity relationships (15); and the proportionality con-

stant, c, was found to be 6.8 (15). In this study, we used
the same proportionality and rate constants to calculate
the model's prediction of ATP consumption during
isometric and isotonic contractions and compared model
predictions to experimental data.
The rate of actin-activated myosin ATP hydrolysis was

computed by calculating the rate of crossbridges enter-
ing the crossbridge cycle for a given shortening velocity
(v) and spacing (d) of crossbridge-binding sites along an

actin filament. This was done by integrating crossbridge
fluxes throughout the range ofx:

vx= Xff(l - n)dt,

where n represented the fraction of crossbridge attach-
ment at a givenx and time (t), which could be calculated
from the strain-dependent cycling rate constants (f and
g), h, and v. Since velocity equals dx/dt, this integral was
simplified to:

(1)d ( -n) dx

Crossbridge Position (X/h)

FIGURE 2 (A) Time courses of crossbridge attachment at different
crossbridge positions (xlh) as predicted by the strain-dependent
attachment (f) and detachment Og) rate constants. (B) Crossbridge
attachment at different crossbridge positions (x/h) in the steady-state
and at 0.1, 0.2, 0.4, 1, 2, 3, and 5 s after a step activation. In these
simulations,f = 1.6xIh andg = 0.4 x/h in s-', where h is the maximum
extension of a crossbridge. Note that all model predictions yield
smooth curves that are approximated by a series of straight lines in the
plotter outputs.

divided by the total number of free crossbridges: f (K) =
K3 * Mp/(M + Mp). g(K) was defined as the ratio of
total flux of crossbridge detachment divided by the total
number of attached crossbridges (as measured by isomet-
ric stress): g(K) = (K4 * AMp + K7 * AM)/(AMp +
AM).
To model crossbridge cycling in the negative force-

The average rate of crossbridges entering the cross-

bridge cycle (Eq. 1) also equals Jc!.cle because 1 mol of
ATP is consumed per crossbridge cycle. This integral
was used to compute all results in this study.

Isometric contraction
The integral given by Eq. 1 for calculating Jc:,, was

solved by first calculating n as a function of x. For
isometric contractions, n was constant and equaled
fi/(fi + gj) between x = 0 and x = h and equaled O at
other crossbridge positions (17). Therefore, Eq. 1 was

simplified to:

(2)

This integral was solved analytically to calculate Jc,ycle
during isometric contraction, which equaled hf1g, /
[2d(fi + g1)]. Since fi = 4f(K) and g1 = 4g(K), Jcycle
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also equaled 2hf (K)g(K)Id[f(K) + g(K)]. We (15)
previously assumed that h equaled 15.6 nm and d
equaled the spacing between two actin monomers in a

thin filament (5.9 nm; reference 22). The rationale for
choosing these values has been discussed previously
(15). Substituting the values ofh and d into the equation,
'cycle = 5.3f(K)g(K)I/f(K) + g(K)]. It is noteworthy that
f(K)g(K)I[f(K) + g(K)] is what the kinetic flux analysis
predicts for jcycle Therefore, Jcycle predicted by coupling
the four-state model with Huxley's approach was higher
than that predicted by kinetic flux analysis (16, 19) by a

factor of 5.3. As described by Eq. 2, the factor 5.3 was a

product of the ratios f,/f(K), glIg(K), and the relative
dimension of h and d. These parameters were not
considered previously in kinetic flux analysis (16, 19).
The factor 5.3 corrects 'ccle but does not necessarily

invalidate the original four-state model prediction (19)
and the assumption used for the coupled model that
crossbridge phosphorylation was faster than crossbridge
cycling. This is because isometric stress produced by a

muscle is supported by a population of crossbridges
differing in position, force, and cycling rates, and the
effective cycling rate of an average crossbridge is still
described by the apparent cycling rate constants. The
rate of myosin phosphorylation is faster than the rate of
cycling of an average crossbridge in the swine carotid
media because the rate constants for myosin phosphory-
lation are higher than the rate constants for isometric
stress development (Fig. 1). Statistically, at a given time
period, the probability for a unit of myosin to change its
state of phosphorylation is higher than the probability
for a unit of isometric force to change its state of force.

Therefore, according to Huxley's model of cross-

bridge cycling (17), the rate of isometric force develop-
ment may underestimate the overall rate of actin-
activated myosin ATP hydrolysis. Using Huxley's
approach and estimates of h, d, and maximum v of swine
carotid media, we calculated that the overall rate ofATP
consumption by actin-activated myosin ATP hydrolysis
was underestimated by a factor of 5.3. These calcula-
tions illustrate that crossbridge flux defined by rate of
isometric stress development does not necessarily equal
the overall rate of actin-activated myosin ATP hydroly-
sis. The assumption that crossbridge phosphorylation is
faster than crossbridge cycling is less critical for calculat-
ing steady-state rates of ATP consumption described in
this study. However, this assumption may be critical for
calculating transient changes in ATP consumption rates
when there are rapid changes in the number of attached
crossbridges, such as during the early phase of an

isometric contraction. If crossbridge phosphorylation is
not faster than crossbridge cycling, then the four cross-

bridge states should be modeled separately as having

individual phosphorylation- and strain-dependent cross-

bridge cycling rates.
The integral given by Eq. 2 was used to compute Jcycle

as a function of myosin phosphorylation. The increase in
myosin phosphorylation was simulated by increasing the
two rate constants (KJ and K6) representing Ca2+-
dependent myosin light chain kinase activity. ATP con-

sumption by myosin phosphorylation (JPh,) was calcu-
lated from crossbridge fluxes along the pathways labeled
by KJ and K6. The model predicted that JOc,e and Jpho,
both had an almost linear dependence on myosin phos-
phorylation (Fig. 3). Furthermore, Jcycle and JPhos are

comparable in magnitude for a given level of myosin
phosphorylation.
The results shown in Fig. 3 could be used together

with our earlier results on the dependence of isometric
stress on myosin phosphorylation (10, 14) to compute
the relationship between isometric stress and the total
rate of ATP consumption (JTot,l = Jcycle + JphOS) for
comparison with experimental data. Previously the four-
state model predicted the experimental observation that
steady-state isometric stress had a quasi-hyperbolic
dependence on myosin phosphorylation (14). Since JTOX,,
had an almost linear dependence on myosin phosphory-
lation (Fig. 3, -), the model predicted that steady-state
isometric stress had a quasihyperbolic dependence on

'Total'

This finding appeared to be inconsistent with the
experimental observation that the relationship between
isometric stress and suprabasal rate of ATP consump-

tion was linear (5, 7, 21, 23). However, it is important to
note that available steady-state data on smooth muscle
energetics do not cover the full range of myosin phospho-
rylation. Typically, myosin phosphorylation was not
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FIGURE 3 Predicted rates of ATP consumption during isometric
contraction by crossbridge phosphorylation (- - -), crossbridge cycling
(.... ), and phosphorylation + cycling ( ) at myosin phosphoryla-
tion levels ranging from 0 to 96%.
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measured in most studies of smooth muscle energetics,
and was estimated to be only 30% during steady-state
contraction in one study (24). Data on myosin phospho-
rylation are important because the predicted relation-
ship between isometric stress and JTotal is approximately
linear when myosin phosphorylation is < 35%. To deter-
mine whether the model predicted experimental data,
we compared the model prediction directly with experi-
mental data.
We chose the data sets published by Peterson and

Gluck (23) and Krisanda and Paul (24) for comparison
with the model prediction, because the swine carotid
media were used in these two studies for the measure-

ment of ATP consumption, and by Singer and Murphy
(25) for the measurement of isometric force and myosin
phosphorylation during fast contractions induced by
electrical stimulation. This was important because rate
constants for the four-state model (Fig. 1) were derived
primarily from the data set reported by Singer and
Murphy (10, 25).

Isometric stress was expressed in gwt/cm2 by Peterson
and Gluck (23) and in mN/mm2 by Krisanda and Paul
(24). For simplicity, the unit of Peterson and Gluck's
isometric stress data was converted to mN/mm2 (1
gwt/cm2 = 9.807 x 10-2 mN/mm2). Next, it was neces-

sary to convert the isometric stress unit in the model
prediction (fraction of total crossbridges) to mN/mm2
for quantitative comparison with these two data sets.
Ratz et al. (14) measured the steady-state relationship
between isometric stress myosin phosphorylation in the
swine carotid media and estimated that maximum isomet-
ric stress generated by the swine carotid media at
optimal length was 1.8 x 105 N/M2 (or 180 mN/mm2).
Since we assumed a ratio of 4:1 (K3/K4) for the
phosphorylated crossbridge cycle (Fig. 1), the maximum
number of attached crossbridges would be 80% of the
total number of crossbridges. Therefore, a 1% cross-

bridge attachment in the model prediction was equiva-
lent to 2.25 mN/mm2. It is important to emphasize that
these values of 80% for maximum crossbridge attach-
ment and 1.8 x 105 N/M2 for maximum active stress were
not chosen to fit the energetics data. These values were
used previously to fit the kinetics of isometric stress
development and the steady-state relationship between
isometric stress and myosin phosphorylation. They were

retained here for consistency.
Rates of ATP consumption were expressed as mole

ATP/mole crossbridge per second in the model predic-
tion and as micromole ATP/gram wet weight per minute
in the experimental data by Peterson and Gluck (23) and
Krisanda and Paul (24). The unit conversion for ATP
consumption required data on the total crossbridge
content in the swine carotid media (in moles crossbridge/
gram wet weight). Murphy et al. (26) reported an

average myosin content of 13 mg/g wet wt in the swine
carotid media, which was equivalent to 0.0277 ,umol
myosin/g wet wt, assuming a mol wt of 470 kD for the
smooth muscle myosin (26). We (10) previously assumed
that the two heads of myosin cycle independently. With
this assumption, the total crossbridge content would be
two times the total myosin content, or 0.0553 pumol
crossbridge/g wet wt. The final conversion factor was

that 1 mol ATP/mol crossbridge per s in the model
prediction was equivalent to 3.32 ,umol ATP/g wet wt
per min. All of the values used in generating predictions
were taken from the literature without adjustment to
best fit the data.
Data from Peterson and Gluck's graded [Ca2+]0 and

[K+]o experiments and the model prediction are illus-
trated in Fig. 4 A. The model predicts the data when
isometric stress is < 125 mN/mm2 but does not fit the
data at higher isometric stress. However, an unknown
variable is the level of myosin phosphorylation in Peter-
son and Gluck's (23) tissues at a given level of isometric
stress. As discussed before, the model assumed a maxi-
mum isometric stress of 180 mN/mm2 if all the cross-

bridges were phosphorylated. The level of steady-state
myosin phosphorylation in K+-depolarized arterial
smooth muscle at physiological [Ca2+]0 has been mea-

sured in many laboratories. Murphy and co-workers (11,
14, 27-29) reported steady-state myosin phosphoryla-
tion value induced by K+ depolarization in the swine
carotid media of 0.20-0.25 mole inorganic phosphate/
mole light chain (mol Pi/mol LC). This was consistent
with Jiang and Morgan's (30) value of 0.20 mol Pi/mol
LC in the ferret aorta, and Ishikawa et al.'s (31) report
of 0.25 mole Pi/mole LC in the bovine aorta. An
exception is Barron et al.'s (32) estimates of 0.70 mol
Pi/mol LC for steady-state myosin phosphorylation in-
duced by K+ depolarization in the swine carotid media.
The basal myosin phosphorylation in their experiments
was also high (0.37 mol P1/mol LC). The reason(s) for
the difference is unknown, but an assumed value of 0.22
mol Pi/mol LC for steady-state myosin phosphorylation
induced by K+ depolarization is consistent with most
data in the literature. Clearly, the predicted stress at
0.22 mol P1/mol LC ( 120 mN/mm2, Fig. 4 A) is much

lower than that measured by Peterson and Gluck.
Reported estimates of maximum stress for the swine
carotid media vary from -150 to 300 mN/mm2 in
different studies (3, 14, 27, 29), depending on tissue
preparation (viability factors), stimulation conditions
(steady-state phosphorylation levels), values used for
the wet/dry weight ratio used to calculate cross-

sectional areas, and perhaps differences in cell fraction
or other factors associated with obtaining arteries from
animals of different ages, sexes, or strains (48).
A reasonably good fit to the data (Fig. 4A, A) could
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FIGURE 4 Comparison between model predictions A- -A and
A-A) and experimental data (0, 0) from (A) Peterson and Gluck
(O and * represent data from graded [Ca2`]0 and [K+]0 experiments,
respectively, as published in reference 23), and (B) Krisanda and Paul
(0; mean SE from reference 24) on the relationship between
isometric stress and the rate of ATP consumption. In A, two model
predictions are shown: assuming a maximum stress of 180 mN/mm2
and myosin content of 13 mg/g wet wt (A- -A) and assuming a

maximum stress of 234 mN/mm2 and a myosin content of 17 mg/g wet
wt (A A). In B, the model prediction is shown with (A A) and
without (A- -A) adjustment for basal rate of ATP consumption (see
text). Numerical values shown next to triangles represent the predicted
levels of myosin phosphorylation (in mol Pi/mol LC) in the tissues.

be obtained if the maximum stress at 100% phosphoryla-
tion was assumed to be 234 (instead of 180) mN/mm2,
and the average myosin content was assumed to be 17
(instead of 13) mg/g wet wt in Peterson and Gluck's

tissues. The results indicate that the model can predict
Peterson and Gliick's data with adjusted parameters
that are certainly well within the errors of experimental
measurements. Clearly, a data set consisting of only the
rates ofATP consumption and isometric stress is insuffi-
cient for definitive testing of the coupled four-state
model. Additional data on myosin phosphorylation and
myosin content in the same experimental study are

needed for quantitative comparison with the model
prediction.
The data reported by Krisanda and Paul (24) and the

model prediction (converted to the same units) were

plotted together in Fig. 4 B (0). The model prediction
does not include the basal rate of ATP consumption at
zero stress. Krisanda and Paul (24) measured the basal
rate of ATP consumption at zero isometric stress by
slacking the tissue and lowering [Ca21]0 to 0.15 mM; they
reported a value of 0.42 + 0.06 ,umol ATP/min per g wet
wt. The model prediction, even with an assumed maxi-
mal stress of 180 mN/mm2, fitted all data points within 1
SE, assuming 0.35 ,umol/min per g wet wt as the basal
rate of ATP consumption (Fig. 4B).
The model fitted Krisanda and Paul's oxygen consump-

tion data and predicted a myosin phosphorylation level
of 0.22 mol P1/mol LC at 7.5 mM [Ca2+]. Krisanda and
Paul followed the protocol described by Aksoy et al. (27)
but did not measure myosin phosphorylation. At 7.5 mM
Ca2 , the level of myosin phosphorylation reported by
Aksoy et al. (27) was 0.4 mol P1/mol LC, which exceeds
the model's prediction of 0.22 mol P1/mol LC. This
difference, if real, would again be minimized if the
maximal stress generation is higher than the estimated
180 mN/mm2. This uncertainty again highlights the
importance of having a complete data set consisting of
myosin phosphorylation, isometric stress, and ATP con-

sumption rates for definitive testing.

Isotonic contraction
The integral given in Eq. 1 could also be used for
computing Jcde during isotonic contractions. A major

difference between computing model predictions for
isometric and isotonic contractions was the distribution
of attached crossbridges as a function of crossbridge
position. During isometric contraction, crossbridges were
distributed uniformly between x = 0 and x = h, as

discussed before. During isotonic contractions, cross-

bridges were distributed unevenly throughout the nega-

tive (x < 0) and positive (x > 0) force-bearing positions.
We first calculated n as a function of x for a given
shortening velocity (V in optimal muscle lengths/
second), contractile unit length (s), and h. We then
solved Eq. 1 using n, f (K), and g(K) to compute JCcle
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during isotonic contraction:

2hf(K) V

Jcycl= d [f(K) + g(K)] +f(K)-0 -e

where 0 = 4h[f(K) +g(K)]/s.
s was assumed to be 2.2 pum and the values of h and d

were the same as defined before (15). The model
predicted an increase in JC:de with muscle shortening
(Fig. SA). Since f (K) and g(K) were functions of
individual rate constants (KJ-K7), the model also pre-

dicted an increase in JCqde with myosin phosphorylation
as a result of increases in Kl, K6 (Ca2+-dependent
myosin light chain kinase activity). We computed Jc,r,1e as
a function of shortening velocity for three different
levels of myosin phosphorylation (Fig. 5 A) correspond-
ing to the three stress-velocity relationships we analyzed
previously (15). The result at zero shortening velocity
(VIV. = 0 in Fig. 5 A) represented the predicted rate
of ATP consumption during isometric contraction (Fig.
3). Model predictions were computed for isotonic short-
ening velocities only up to 50% of the maximum shorten-
ing velocity (Vm..) because it was generally recognized
that Huxley's model could not account for energetics
data beyond this range of shortening velocity (33). New
models have been proposed to account for the decrease
in the rate of ATP consumption at higher shortening
velocities (33-35) by including additional crossbridge
states. However, the contractile unit structure and
crossbridge states in smooth muscle are poorly under-
stood, and only limited data are available on smooth
muscle energetics. Therefore, we chose not to expand
the number of crossbridge states and limited the compar-
ison of model predictions to data obtained at shortening
velocities < 0.5 Vma. for any level of phosphorylation.
The model predicted that Jc,,cle during an isotonic

contraction at 5.S V.. would be higher than that during
an isometric concentration (VI Vmu = 0) by 2.9-fold when
myosin phosphorylation was 26%. The corresponding
values at 37 and 50% phosphorylation were 3.4- and
3.9-fold, respectively. There were no quantitative data
on shortening-induced increases in the rate of ATP
consumption in arterial smooth muscle for comparison.
However, some data were available on the rate of ATP
consumption during muscle shortening in rabbit taenia
coli. Butler et al. (36) observed shortening-induced
increases in the rate of ATP consumption in rabbit
taenia coli during the later steady-state phase of a

contraction. The observed increase was 2.5-fold at 24-
28% myosin phosphorylation, a value similar to the
model prediction of a 2.8-fold increase at 26% myosin
phosphorylation for the swine carotid media.
A major energetic difference between isometric and

isotonic contractions is mechanical work output, which
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FIGURE 5 Model predictions of (A) rate of ATP consumption by
crossbridge cycling and (B) rate of mechanical work output (or power)
as functions of shortening velocity at 26, 37, and 50% myosin
phosphorylation in the swine carotid media. The corresponding
maximum shortening velocities were 0.026, 0.037, and 0.05 optimal
length/s, respectively (4, 15). Shortening velocities (V) are normalized
by the maximum shortening velocity (V.) at a given level of myosin
phosphorylation. Only results at shortening velocities between 0 and
50% Vm. are shown (see text).

is zero in isometric contraction. A useful index of muscle
efficiency is work output/mole ATP consumption during
shortening. We first computed the mechanical work
output predicted by the model and then calculated the
ratio of work output/mol ATP using values of JCck and
JPhos as calculated before. The product of stress (force/
area) and normalized shortening velocity (in optimal
muscle lengths/time) equaled mechanical work output/
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tissue volume-s or power, as shown in the following
analysis. Consider a muscle with cross-sectional area =

A m2 and optimal muscle length = L m, that generates a

stress of S N/m2 at a normalized shortening velocity of V
muscle lengths/s. The total force generated by the
muscle is therefore SA N, and the rate of movement is
VL m/s. The total mechanical work done by the muscle
per time is then SAVL J/s. Since AL equals tissue
volume, mechanical work done per time (SAVL) also
equals SV x tissue volume (AL). In other words, the
product SV (stress x normalized shortening velocity)
equals mechanical work done per time per tissue vol-
ume.

We used the same conversion factor (2.25 mN/M2 per

1% crossbridge attachment) described above to com-

pute work output/time per tissue volume (in J/s per m3)
as a function of shortening velocity (Fig. 5 B). As
expected from the hyperbolic stress-velocity relation-
ship (3), work output was zero at zero shortening
velocity (isometric contraction) and reached a maximum
at - 30% of Vm.. The predicted work output also
increased with myosin phosphorylation (Fig. 5 B) as

expected from the phosphorylation dependence of the
stress-velocity relationship in smooth muscle (2, 4).
A relevant question was then whether the predicted

increases in rates of work output and ATP consumption
were proportional. That is, was the predicted work
output/molATP phosphorylation dependent? This ques-
tion was addressed by computing work output/mol ATP
consumption by dividing work output/time per tissue
volume (Fig. 5 B) by the sum of JPhos (Fig. 3) and JcycIe
(Fig. 5 A) for a given shortening velocity. The same

conversion factors (0.0277 pmol myosin/g wet wt and 2
crossbridges/myosin molecule) were used to convert the
units ofJccle andJ,,. to mol ATP/s per g wet wt. A tissue
density of 1.05 kg/liter for the swine carotid media (37)
was used to convert the unit of J/s per m3 to J/s per g wet
wt. The final ratio therefore had the unit of J/mol ATP
(Fig. 6). The model predicted that phosphorylation-
dependent increases in the rates of work output and
ATP consumption were almost proportional such that
work output/mol ATP consumption (index of efficiency)
was only slightly dependent on myosin phosphorylation
(Fig. 6). For example, predicted maximum work output/
mol ATP increased by only 5.4% (from 7.4 to 7.8 kJ/mol
ATP) when myosin phosphorylation increased from 26
to 50%. The predicted work output/mol ATP consump-
tion had a biphasic dependence on shortening velocity
(Fig. 6). Maximum work output per ATP occurred at
20% of Vm,u which was lower than the shortening

velocity associated with maximum work output (Fig. 5
B). Butler et al. (36) measured work output/mol ATP in
the rabbit taenia coli and reported a value of 7.1 kJ/mol
ATP, which was slightly lower than the predicted value
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FIGURE 6 Predicted work output per mole ATP as a function of
shortening velocity and myosin phosphorylation. Shortening velocity
(V) is normalized by maximum shortening velocity (V.,,). Relation-
ships in this figure were calculated from results illustrated in Figs. 3
and 5 (see text). Crossbridge phosphorylation and cycling were
assumed to be the only ATP-consuming processes in the calculation.

of 7.4-7.8 kJ/mol ATP for the swine carotid media. This
was expected because crossbridge phosphorylation and
cycling are the only ATP-consuming processes in the
model calculation.

Overview of the four-state model
Since the publication of the four-state model (10), the
following two questions have been raised.

Selection of the rate constants
Computer simulations were performed to show the
effects of 10-fold increases or decreases in a given rate
constant on model predictions of myosin phosphoryla-
tion and isometric stress during a 60-s contraction (Fig.
7). The original assumptions, that KJ = K6, K2 = K5,
and K3 = 4K4, were retained. In each panel of Fig. 7, the
solid line represents the original model prediction that
fitted Singer and Murphy's data (25). Actual values of
rate constants that were changed are shown in all panels
of Fig. 7.
As expected, an increase in Kl, K6 (myosin light chain

kinase activity) resulted in a higher level of myosin
phosphorylation at any time greater than zero (Fig. 7A).
An increase in Kl, K6 also resulted in a higher level of
isometric stress at any time greater than zero (Fig. 7 B)
because crossbridges must be phosphorylated before
they could attach to the actin filament in the four-state
model. Conversely, an increase in K2, KS (myosin light
chain phosphatase activity) resulted in lower levels of
myosin phosphorylation (Fig. 7 C) and isometric stress
at any time greater than zero (Fig. 7 D). A 10-fold
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Irreversible latchbridge detachment
In the four-state model, K7described latchbridge detach-
ment (AM -* A + M), but there was no rate constant

describing the reverse reaction (A + M -- AM). Two

questions were raised concerning this assumption: (a)
whether this assumption was a violation of the principle
of microscopic reversibility in chemical kinetics and (b)
whether this assumption was inconsistent with the find-
ings of Greene and Sellers (38) that myosin phosphoryla-
tion had no effect on the binding of heavy meromyo-
sin.ADP to actin in vitro.

It is important to emphasize that this assumption is
not meant to violate the principle of microscopic revers-
ibility. It is meant to imply that the rate constant for
attachment of free crossbridges to form force-generating
units (K8 for A -+ M to AM) was very small compared
with K7 (<0.01 K7) in smooth muscle cells. This
assumption was analogous to the assumption that myo-
sin phosphorylation catalyzed by myosin light chain
kinase in vivo was essentially irreversible, although it was
known that ATP could be synthesized by the reverse

reaction catalyzed by myosin light chain kinase under
appropriate experimental conditions (39). Mathemati-
cally, predictions of myosin phosphorylation and isomet-
ric stress by the four-state model with a very small K8 or

without K8 were not significantly different. Table 1 lists
the model predictions of myosin phosphorylation and
isometric stress at 5 and 60 s after the beginning of a

simulated smooth muscle contraction for different ratios
of K81K7 ranging from 0 to 0.1. The rate constants
K1-K7 were the same as those fitted to Singer and
Murphy's data. Inclusion ofK8 up to 10% ofK7 had no

effect on the model prediction of myosin phosphoryla-
tion and affected the model prediction of stress at 5 and
60 s by < 0.7 and 0.4%, respectively (Table 1).
Greene and Sellers (38) reported that myosin phospho-

rylation had no effect on the binding of heavy meromyo-

increase inK3 andK4 (cycling rate constants of phospho-
rylated crossbridges) had no significant effect on myosin
phosphorylation (Fig. 7 E) but resulted in higher isomet-
ric stress at any time greater than zero (Fig. 7 F).
Similarly, a 10-fold increase in K7 (rate constant for
latchbridge detachment) had no effect on myosin phos-
phorylation (Fig. 7 G) but resulted in a lower isometric
stress at times > 5 s (Fig. 7 H). The model predictions of
myosin phosphorylation and isometric stress at different
times of a contraction were selectively more sensitive to
certain rate constants. This made it possible to resolve a

self-consistent set of rate constants with the three stated
assumptions that gave predictions within the SEs of the
data points.

TABLE 1 Effect of K8/K7 ratio on model predictions of myosin
phosphorylation and Isometric stress during a smooth
muscle contraction

Myosin phosphorylation Isometric stress

K81K7 S s 60 s 5 s 60 s

mol P!lmol LC fraction of total crossbridges
0 0.5211 0.3750 0.4544 0.7234
0.0001 0.5211 0.3750 0.4544 0.7234
0.001 0.5211 0.3750 0.4544 0.7235
0.01 0.5211 0.3750 0.4547 0.7237
0.1 0.5211 0.3750 0.4575 0.7262

Rate constants for these simulations were (in s-'): Kl, K6 = 0.55 (0-5
s), 0.30 (5-60 s); K2, K5 = 0.5; K3 = 0.4; K4 = 0.1; K7 = 0.02. K8
describes a possibleA + M -oAM reaction.
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sin. ADP to actin. However, their results could not be
extrapolated directly to crossbridge attachment in intact
cells because changes in conformation induced by myo-

sin phosphorylation could be more important than
changes in binding affinity in intact cells. Trybus and
Lowey (40) found that myosin light chain phosphoryla-
tion induced a conformational change of the smooth
muscle myosin molecule from a folded form to an

extended form. It is uncertain how this relates to the
myofilament lattice where the tail of the myosin mole-
cule is locked into the thick filament and the spacing
between actin and myosin filaments is constrained. It is
certainly reasonable to assume that unphosphorylated
free crossbridges have very low probability of attach-
ment in cells because both stiffness and isometric stress
were low in resting tissues (41). These indexes of
crossbridge attachment were even lower in Ca2+-
depleted tissues (41).

It is important to emphasize that attached cross-

bridges were defined functionally as strongly bound
force-bearing and force-generating crossbridges. Weakly
bound crossbridges such as A.M.ATP and A.M.ADP. Pi
were equivalent to free crossbridges in a model con-

structed to predict the mechanical output of an intact
smooth muscle. The possibility that some crossbridges
could be strongly bound but non-force bearing was not
supported by the findings of Singer et al. (41).

DISCUSSION

We proposed the four-state model as the simplest
hypothesis that could explain many observations associ-
ated with contraction and the latch state in the swine
carotid media (10, 13-15). However, the model's predic-
tions of smooth muscle energetics have only recently
been tested quantitatively against experimental data
(16). In this study, we computed JPhos and J.c¼, during
isometric and isotonic contraction by coupling the four-
state model with Huxley's concept (15, 17) of strain-
dependent crossbridge cycling rates and compared model
predictions with experimental data available for the
swine carotid media.
A consistent finding in smooth muscle was a linear

dependence of the rate of ATP consumption on isomet-
ric stress (5, 7, 21, 23). Paul (16) characterized this linear
dependence as ". . . a hallmark of energetics in smooth
muscle." Since the coupled four-state model did not
predict a linear dependence of ATP consumption on
isometric stress (Fig. 4), Paul (16) concluded that a
"latch" model was inadequate and favored a model with
a high ratio of K31K4 to explain the special energetics
characteristics of smooth muscle. However, the appar-
ently linear dependence of ATP consumption on stress

might simply reflect the fact that steady-state phosphory-
lation levels in the swine carotid media rarely exceed
35% (a value that supports near maximal isometric
stress) unless Ca2" sequestering or extrusion mecha-
nisms are inhibited experimentally (14). At the levels of
phosphorylation elicited by most stimuli, the coupled
four-state model predicts a virtually linear dependence
of ATP consumption on steady-state stress. There are

uncertainties in matching data sets from different labora-
tories, but the coupled four-state model can predict the
energetics data obtained by Peterson and Gluck (23) if
the assumed stress generating capacity exceeds 220
mN/mm2 and the results of Krisanda and Paul (24) on

the swine carotid media (Fig. 4). These results lead to a

testable hypothesis that the "hallmark of energetics of
smooth muscle" is only an approximation, although it is
valid in a statistical sense under physiological condi-
tions. ATP consumption at high values of steady-state
crossbridge phosphorylation must be measured to distin-
guish a linear from a nonlinear dependence of ATP
consumption on stress.

JCdcle as calculated by the approach used in this study,
was higher than our previous estimate using kinetic flux
analysis (19) by a factor of 5.3. The factor 5.3 was a

product of: (a) the relative dimensions ofh and d and (b)
the ratio of crossbridge cycling rate constants at h and
the apparent cycling rate constants resolved from isomet-
ric force transients. These parameters were not consid-
ered in the kinetic flux analysis. The new .approach used
in this study is superior to the kinetic flux analysis (16,
19) because crossbridge cycling rates are generally
considered to be strain dependent (20). Using the new
approach, the predicted jPhos and Jcycle are comparable in
magnitude, and both increase almost linearly with myo-

sin phosphorylation in isometric contractions (Fig. 3).
Therefore, the predicted ATP consumption by cycles of
myosin phosphorylation and dephosphorylation was

50% of total rate of ATP consumption under isometric
conditions where the economy of force maintenance is
very high (1). The predicted efficiency during shortening
will also be much higher than the kinetic flux analysis
suggested. Thus, this analysis removes or appreciably
reduces objections to the coupled four-state model
based on efficiency considerations (16).

Stress-independent ATP consumption has been mea-

sured by releasing a tissue until isometric stress was zero

(slack length) and was found to be 20-30% of the total
ATP consumption during steady-state contraction at
optimal length (42, 43). This observation, with the
implication that some 70-80% of the suprabasal ATP
consumption was associated with crossbridge cycling,
was interpreted as evidence that the coupled four-state
model could not explain smooth muscle energetics (16).
However, the assumption in these studies was that the
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level of myosin phosphorylation was similar in tissues at
slack and optimal length. Recently, Hai (28) measured
myosin phosphorylation in swine carotid media at slack
and optimal length under steady-state stimulation and
found substantially lower levels of myosin phosphoryla-
tion in tissues at slack length. Furthermore, there was no
significant difference in Ca2+-activated phosphorylation
levels in skinned tissues held at optimal and slack length
(28). This was consistent with the findings of Moreland
et al. (44) that Ca2+-activated myosin phosphorylation
was length insensitive in skinned swine carotid media.
Therefore, the lower myosin phosphorylation in intact
carotid media at slack length appeared to be due to
reduced cytosolic [Ca2+]. This was supported by the
findings of Rembold and Murphy (29) that agonist-
induced cytosolic [Ca2+] was reduced at 0.7 Lo in the
swine carotid media.
The predicted phosphorylation-dependent increases

in the rates of work output and ATP consumption (Figs.
3 and 5) were expected because the apparent cycling
rate constants were phosphorylation dependent and
Huxley's model was known to predict a shortening-
induced increase in ATP consumption. However, it was
not intuitively obvious that the increase in work output
was necessarily proportional to the increase in ATP
consumption at a given shortening velocity. Therefore, it
was unexpected that the predicted work output/mol
ATP was relatively insensitive to myosin phosphoryla-
tion (Fig. 6). This is a specific model prediction that can
be tested in future experiments.
The prediction of a phosphorylation-independent work

output/mol ATP consumption was consistent with the
findings of Butler et al. (45) on the taenia coli. Since
shortening velocity was phosphorylation dependent, but
efficiency ofwork production was relatively phosphoryla-
tion independent, Butler et al. (45) suggested that
internal load was not important in the regulation of
shortening velocity in smooth muscle. However, recent
mechanical data from single smooth muscle cells re-
ported by Harris and Warshaw (46) suggested that
internal load was important in the regulation of shorten-
ing velocity in smooth muscle. The apparent contradic-
tion between the energetics data and mechanics data
might be reconciled by consideration of the dynamic
exchange between latchbridges (AM) and cycling cross-
bridges (AMp) via myosin phosphorylation and dephos-
phorylation. Comparison of the detachment rates of
latchbridges (K7 = 0.02) and phosphorylated cross-
bridges (K4 = 0.1) suggests that latchbridges (AM)
could impose an internal load on the cycling cross-
bridges (AMp). However, two factors could reduce the
effectiveness of a latchbridge (AM) as an internal load.
First, a latchbridge (AM) could be converted to a cycling
crossbridge (AMp) by phosphorylation. Second, cross-

bridge detachment rate at negative force-bearing posi-
tions may be very high [g2(f1 + g1) = 6.8] in the swine
carotid media (15), exceeding the value of 3.9 calculated
for skeletal muscle (17).

Ca2+-dependent activation of myosin light chain ki-
nase and the coupled four-state model is one of many
putative Ca2+-dependent mechanisms proposed for the
regulation of smooth muscle contraction and the latch
state (10, 22, 47). However, this hypothesis is useful in its
ability to provide specific predictions for experimental
testing. The biophysical and energetics predictions are
consistent with most of the available data in vascular
smooth muscle. Still to be tested are the model's critical
assumptions at the molecular level, such as whether
attached crossbridges are substrates for myosin light
chain kinase and myosin light chain phosphatase (10).
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