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ABSTRACT A one-dimensional kinetic Ising model is developed to describe the binding of myosin subfragment 1
(SF-1) to regulated actin. The model allows for cooperative interactions between individual actin sites with bound SF-1
ligands rather than assuming that groups of actin monomer sites change their state in a cooperative fashion. With the
triplet closure approximation, the model yields a set of 16 independent differential (master) equations which may be
solved numerically to yield the extent of binding as a function of time. The predictions of the model are compared with
experiments on the transient binding of SF-1 to regulated actin in the presence of Ca?* and in the absence of Ca* with
varying amounts of SF-1 prebound to the actin filament and on the equilibrium binding of SF-1 . ADP to regulated
actin in the absence of Ca®*. In all cases, the calculations fit the data to within the experimental errors. In the case of
SF-1 - ADP, the results suggest that a repulsive interaction exists between adjacently bound SF-1 at the ends of two

neighboring seven-site actin units.

INTRODUCTION

In a recent paper, Trybus and Taylor (1980) have pre-
sented experimental data on the transient-state kinetics of
the binding of myosin subfragment 1 (SF-1) to regulated
actin (the tropomyosin-troponin-actin complex, Tm-Tn-
actin) in the presence and absence of Ca*. As in earlier
equilibrium binding studies (Greene and Eisenberg, 1980),
their observations demonstrate that a cooperative interac-
tion arises when SF-1 binds to regulated actin. It is the
purpose of this paper to analyze these data through the use
of a one-dimensional kinetic Ising model, a model that
allows for the investigation of dynamic cooperative phe-
nomena. Though Hill et al. (1980) have formulated theo-
retical models for the equilibrium binding of SF-1 to
regulated actin, there have been no previous attempts to
model the transient-state binding.

In vertebrate striated muscle, the regulation of muscle
contraction involves the interaction of four proteins: actin,
myosin, troponin, and tropomyosin. The most widely
accepted mechanism of troponin-tropomyosin action is the
steric blocking model (Parry and Squire, 1973; Ebashi et
al., 1969; Huxley, 1972; Haselgrove, 1972), which suggests
that in the absence of calcium, the position of the tropo-
myosin molecule on the actin filament is such as to inhibit
binding between actin and myosin. However, when Ca?*
binds to troponin, tropomyosin moves toward the central
groove of the actin filament, making it possible for myosin
to bind to actin. Because there is one tropomyosin molecule
per seven actin monomer sites (McLachlan and Stewart,
1976), the action of the tropomyosin is thought to affect
the entire seven site unit. To incorporate the steric blocking
theory, Hill et al. (1980) have proposed a two-state binding
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model, where each tropomyosin-troponin unit (including
seven actin sites for SF-1 binding) can be either in a
“weak” or a “strong” binding state. In the weak binding
state (binding constant X,), SF-1 is sterically hindered
from effective binding with actin, while in the strong
binding state the interaction with actin is not blocked and
SF-1 binds with a “strong” binding constant, K,. Another
aspect of the Hill model is that bound SF-1 molecules do
not interact with one another. Rather, cooperative interac-
tion occurs between nearest neighbor units of the regulated
actin complex through the tropomyosins, and the strength
of that interaction depends upon both the state of the unit
and the number of Ca’* ions (0, 1, or 2) bound to the
troponin molecule in the unit. Thus, cooperativity results
from the requirement that all seven sites in a unit change
their state simultaneously and from the interaction
between units.

Several experimental results have proven difficult to
interpret with the above models. Those discrepancies have
highlighted the fact that the nature or source of the
cooperative response is still not well understood. Equilib-
rium binding studies by Chalovich et al. (1981) and
Chalovich and Eisenberg (1981) have shown that at low
[Ca’*] the binding constant of SF-1.ATP or SF-
1 - ADP . P;to regulated actin is virtually the same as the
binding constant at high [Ca’*] and the same as the
binding constant of these molecules to unregulated actin.
These results suggest that the troponin-tropomyosin com-
plex does not inhibit the binding of SF-1 and consequently
imply that the assumptions of the steric blocking model
may require revision.

Trybus and Taylor (1980) find that some predictions of
the Hill model do not agree with their kinetic data. They
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suggest that a more realistic model would allow the bound
tropomyosin molecule to exhibit flexibility, rather than
rigid rodlike behavior, and a variety of states, rather than
Jjust the two allowed by the Hill model.

Recently, this model has been modified (Hill, 1981) to
eliminate the dynamic equilibrium between empty (no
SF-1 bound) Tm-Tn units in states 1 and 2. In the revised
model, Tm-Tn is in state 1 if and only if no SF-1 is bound to
the unit; Tm-Tn is in state 2 if and only if one or more
SF-1’s are bound to the unit. Transitions occur between
states 1 and 2 only when the first SF-1 is bound to a unit or
the last SF-1 is released from a unit. Thus, after the first
SF-1 is bound to a unit with binding constant K,/L, where
the intrinsic equilibrium constant L = 1, subsequent SF-1’s
can bind more easily and have a binding constant K, =
K,/ L. This “umbrella effect” generates the cooperativity
observed in the equilibrium binding of SF-1 . ADP to
regulated actin (Greene and Eisenberg, 1980; Hill et al.,
1980). Hill (1981) concludes that there is a cooperative
effect that favors the clustering of bound molecules, but
that the molecules do not interact directly.

In the model we propose, it is the interactions between
neighboring actin sites having bound SF-1’s that contrib-
ute to the cooperativity of the system (rather than a
simultaneous transition of a group of sites on the actin
complex). Although our model is not based upon a specific
physical picture of how the cooperativity arises, it is
consistent with the experimental studies which suggest that
the initial binding of SF-1 induces a conformational
change (Loscalzo et al., 1975) or a cooperative activation
(Trybus and Taylor, 1980) of the regulated actin filament
which in turn affects how subsequent SF-1’s bind.

MODEL

Analogous to the Hill (Hill et al., 1980) model, our treatment also takes
the regulated actin unit to consist of seven binding sites, an assumption
supported by structural evidence (McLachlan and Stewart, 1976). The
features that characterize our model are (a) our assumption that the
bound SF-1 ligands cluster in a cooperative manner and () our elimina-
tion of the two-state binding scheme. Though no direct evidence exists to
support assumption g, it is consistent with the above view that the initial
binding of SF-1 induces a change of the regulated actin filament that
affects how subsequent SF-1’s bind. We propose the following scheme for
SF-1 ligand binding within a unit of seven sites. If a SF-1 ligand binds to a
site with no occupied first nearest neighbors, it has a binding constant of
k;. If, however, the site to be occupied is contiguous to one occupied site in
the same unit, the SF-1 ligand will bind with a binding constant of kwy,
where w; is the associative intraunit cooperativity factor. If the SF-1
ligand binds to a site with both contiguous neighbors in the same unit
occupied, the binding constant is now kw?. The dissociation rate
constants for the corresponding situations are k,, kw, and k,w’, respec-
tively.

We introduce interunit cooperativity through parameters wy, w; such
that a site at the end of a unit has its forward (reverse) rate constant
multiplied by the factor wi(w}) if its nearest neighbor in the adjacent unit
is occupied. Values of wf = w; = 1 correspond to totally independent units,
while values of wy{w]) greater than unity give rise to cooperative interunit
effects, and values less than unity give rise to anti-cooperation interunit
effects. If wf = w; and w] = w,, the filament behaves as if there were no
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FIGURE 1 Associative and dissociative rate constants arising from the

different types of processes. The numbers under the sites specify their
location: site 7 is at the end of one unit, while site 1 is the first site of the
adjoining unit. Each x represents a bound SF-1.

divisions between units. Fig. 1 illustrates some examples of the above
prescription.

Using the scheme above, we are no longer constrained to view the unit
as a rigid rod (seven sites changing state simultaneously) or constrained to
the two-state binding model. Instead, our model can be viewed as
displaying a variety of states; a state being defined by the number and
distribution of SF-1 ligands bound to the unit.

Calcium ions may affect either the association or dissociation rates, k;
or k., the intraunit cooperativities, or the interunit cooperativities. Conse-
quently, the effect of Ca®* can be taken into account in our model by
varying any one (or any number in combination) of these variables. The
results obtained by Trybus and Taylor may help isolate which of these
parameters is most affected by the calcium ions, or by any other relevant
factor, such as ionic strength.

In common with the other one-dimensional models cited above, we
neglect the interstrand actin interactions (each actin molecule in the thin
filament has four nearest neighbors, two in the same strand and two in the
neighbor strand). Though the effect of such interstrand interactions is not
well documented, a model including these features remains an interesting
topic for future research.

The model as summarized is analogous to an infinitely long Glauber
model (Glauber, 1963) with an impurity at every seventh site. However,
the fact that k; >> k, (Trybus and Taylor, 1980) makes the situation
comparable to a spin system in a magnetic field, where one cannot make
the simplifying assumptions that the applied field is weak or that the
system is near equilibrium. Without these conditions, the problem
becomes analytically intractable. However, if certain other approxima-
tions are made, the resulting equations can be solved numerically.

Our approach is based upon the multiplet closure method (Schwarz,
1965; Silberberg and Simha, 1968), an approximation that neglects
instantaneous correlations between lattice (actin) sites separated by more
than some critical distance. When only first nearest neighbor cooperativ-
ity is taken into account, triplet closure is highly accurate in describing
the kinetic behavior and is exact in describing the equilibrium character-
istics (Schneider and Rawlings, 1973).

A triplet is defined as one of the possible states of a set of three
adjacent sites on the (regulated actin) lattice. Each such set has eight (vX)
possible states (combinations of occupied and unoccupied sites), so that
for a lattice consisting of seven-site units there would appear to be 56
(7.2%) different triplets. However, symmetry considerations and sum rules
(e.g., the sum of the eight triplet probabilities for each three-site group
must be unity) reduce the number of independent triplet probabilities to
16. For an infinite undivided lattice (w; = wf, w, = }) in which all sites are
equivalent, the number of independent triplet probabilities is eight.
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A differential equation (master equation) can be written for each of
the independent triplet probabilities. This equation contains terms in
involving quartet concentrations as well as triplets. An example is given in
Eq. 1 for the triplet (0x x), (see Fig. 1), where the numerical subscript
denotes the location within the seven-site unit of the first site of the triplet.
0 and x denote vacant and occupied sites, respectively, and L is the free
SF-1 concentration at time :

d(O X X)4 = kr(l)fL(OOX)4 + kf(l)fL(OXOO)‘
T dt |+ kwlL(0x0x),
+ kw (0% x X); + kwl(xxXx);
— kwL(00x X)),
— ke L(x0x x); — kuw,(0x x),
— kw(0x x0),
— kw}(0x X x),. )]

The triplet closure approximation consists of the elimination of all
quartet terms in the differential equation by the substitution

(abe)(bed ), .
(abed), = (bc—),,“ (2)

where a, b, c,d = x or 0 and
(5E)ns1 = (beX )y + (b0)y,y = (xbC), + (Obc),.  (3)

Eq. 2 is equivalent to the statement that there are no correlations
extending beyond a range of three sites, while Eq. 3 is simply a statement
that site n (or 7 + 3) must be either occupied (x) or unoccupied (0).
The computation is carried out by specifying the rate and cooperativity
parameters kg, k,, w, w,, w;, «, the regulated actin concentration (in
binding sites per liter), the initial SF-1 concentration L,, and the initial
triplet probabilities (p,),. The sixteen coupled differential equations are
then integrated numerically, and the extent of binding 8 is calculated as

16
o(r) = Zl s;mpi(t)/28 4)

where s; is the number of triplets equivalent in symmetry to the jth
independent one, n; is the number of sites (0, 1, 2, or 3) occupied in the jth
triplet, and 28 is the normalization factor.

For binding to an initially bare lattice, all (p)), are zero, except those
for triplets (000),, which are unity. In some experiments, the actin is first
“preloaded” by allowing a prescribed amount of SF-1 to bind before
initiating the stopped-flow experiment. These experiments are simulated
in two stages: first, the appropriate quantity of SF-1 is allowed to bind to
the initially vacant actin filament; second, the resulting p, are used as the
initial values for the binding to the preloaded actin.

RESULTS

To test the model described above, we attempted to
simulate the results of three different experiments carried
out by Trybus and Taylor (1980). In experiment 1, the
binding kinetics of SF-1 to regulated actin in the absence
of Ca’* were followed without preloading and with pre-
loaded filaments initially containing 1, 2, 3, 4, 5, and 6
bound SF-1 molecules per seven actin monomer sites.
These data provide the most stringent test of our model.
Experiment 2 was a kinetic study of the binding of SF-1 to
regulated actin in the presence of Ca** with no preloading.
In experiment 3, the equilibrium binding of SF-1 . ADP to
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regulated actin in the absence of calcium was determined
as a function of the free ligand concentration.

For each experiment, the parameters were varied to
obtain the optimal fit between simulation and experiment.
In experiment 3, the equilibrium binding experiment, only
the ratios K = k¢/k,, w = o/w, and o' = wi/w; affect the
results, and the dissociative parameters k,, w, and w; were
set to 1.0. The parameter values obtained are summarized
in Table L. It should be noted that the large value of «w; in
experiment 1 and the small values of w, in experiments 1
and 2 are comparable to those observed in experiments on
the association (Lohman and Kowalczykowski, 1981) and
dissociation (Lohman, 1983) kinetics of T4 gene 32 helix-
destabilizing protein with nucleic acids.

In Fig. 2 we compare our calculated results for the cases
of 0, 1, 3, and 5 preloaded SF-1 per seven-site actin unit
with Trybus and Taylor’s data for experiment 1. (We
thank Drs. K. Trybus and E. W. Taylor for making
available the unpublished data for preloadings of 1, 3, 5,
and 6). We see that the set of parameters given in Table I
enables us to reproduce both the initial lag in the binding
rate for low degrees of preloading and the disappearance of
that lag as the preloading increases. In all seven cases our
calculated results agree with the observed values at all
times, to within the experimental error of +0.04 6. (Be-
cause the experimental data in Fig. 2 C and 2 D span a
narrower range of values in 8, the expanded scale in these
curves is different from the one used in Fig. 2 4 and 2 B.
Consequently, the error bars appear to be larger, but
comparison with the scale on the 8 axis reveals that these
bars have the same value in all the figures.)

A similar comparison is shown in Fig. 3 for SF-1
binding in the presence of calcium. Again agreement is
excellent. From a comparison of the parameter values in
experiments 1 and 2, it appears that the absence of Ca’*
has two major effects. It introduces a strong interunit
cooperativity that does not appear in the presence of
calcium and it increases the associative intraunit coopera-
tivity with a compensating decrease in the fundamental
association rate. Calcium seems to have little or no effect
on the dissociative parameters.

Experiment 3 probes the effect of attaching ADP to the
SF-1 before binding. Again the calculated and experimen-
tal values agree well. The fit shown in Fig. 4 is slightly
better than that obtained by Trybus and Taylor using the
Hill model, though the parameters for the latter calcu-

TABLE 1
OPTIMAL VALUES FOR PARAMETERS

Experiment k¢ k, wr w, wp w,
M- 5!
1 8,000 10 3,000 0.001 350 0.0095

2 160,000 10 75 0.001 1.0 1.0
3 1,500 1.0 405 1.0 0.1 1.0
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FIGURE 2 Transient binding kinetics of SF-1 to regulated actin in the absence of calcium. Experimental data are represented by the solid
points (), and error bars corresponding to + 0.04 8; solid curve represents calculated results with the parameters in Table I. 4, SF-1 +
regulated actin and no preloading; B, one SF-1 molecule per seven G-actin monomers is preloaded before mixing with an excess of SF-1; C,
three SF-1 molecules preloaded per unit; and D, preloading of five SF-1's. Experimental conditions are given in Trybus and Taylor (1980).
Due to the expanded scale in frames C and D, the error bars appear larger in these curves, however, their value remains the same throughout

this figure.

lation were chosen so as to give agreement with the
fluorescence curve as well as with the binding curve.

The model we have used contains six parameters, and it
would appear at first glance that a search for an optimal set
of parameters to fit a set of experimental data would be a
difficult task at best. Fortunately, however, the different
parameters exert their influence under quite different
conditions. The most favorable case is k;, which may be
determined directly from appropriate kinetic data. At
binding densities close to zero, essentially all molecules

148

bind noncooperatively and dissociation is negligible. Thus,
if one measures  in the early moments of a nonpreloaded
experiment, one has

1 lim dé
T Lyt—odt

(5)

The intraunit associative cooperativity w; controls the
time of onset and the extent of the sharp increase in the
binding rate that occurs once a sizeable number of SF-1
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FIGURE 3 Transient binding kinetics of SF-1 to regulated actin in the
presence of calcium. Experimental data are represented by the solid
points (), and error bars corresponding to + 0.04 6; curve is drawn
through the theoretical results. The experimental conditions are the same
as in Fig. 2.

molecules have become bound. When w; >> «f, as is
generally the case, the end sites of each unit tend to be
occupied last, and «f controls the rate at which these last
“holes” are filled in (8 — 1).

In general, there is no simple relation between reported
“equilibrium binding constants” and the parameters of this
model. The equilibrium binding constant is a function of 8,
given by k;/k,, where

_ 16 16
k= Z sipika/(1 — 8) ; S:Pi (6)

16 16
k, = ZI s;pik.if0 Z $;Di @)

where the s; are the symmetry factors and the p; are the
equilibrium values of the triplet probabilities in Eq. 4. The
quantities ky; and k,; are the rate constants appropriate to

0.61

[o] A i
6] 2 49 6 8

SF-1-ADP,,,, UM

FIGURE 4 Equilibrium binding of SF-1 - ADP to regulated actin in the
absence of Ca®*. Experimental data are represented by the solid points
(®), and error bars corresponding to + 0.04 8; curve is drawn through the
calculated values. Experimental conditions are given in Trybus and
Taylor (1980).
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association or dissociation respectively, for the central site
of the ith triplet. The p; may be calculated given 8 and the
rate and cooperativity parameters from the formulas given
by McGhee and von Hippel (1974).

Sample calculations show that k; ~ kww; for interme-
diate (0.1 < 8 < 0.8) occupancies and then rises sharply to
the value k;w?as § — 1. The average dissociation rate k, is
nearly constant and equal to k, until 8 = 0.5, after which k,
drops toward its limiting value of kw}.

The dissociative parameters k,, w, and «, have a
significant influence on the results only when 8 becomes
large enough that

ko= kL1 - 0). ®)

Because relation 8 is fulfilled only toward the very end of
experiments 1 and 2, little information is obtained about
these parameters, and they may be in error by an order of
magnitude or more. A more accurate assessment of their
values could be obtained in an experiment in which fully or
nearly fully preloaded actin (6, ~ 1) was mixed with a
medium containing no SF-1.

The calculated kinetics are much more sensitive to the
associative parameters, k;, w;, and o}, particularly the first
two. We estimate that k; and w; can be varied individually
by no more than 5% without significantly altering the fit
between theory and experiment. In cases where initial rate
data are not complete enough to fix k; accurately, compen-
sating changes in k; and w; may be possible; for example, a
20% decrease in w; might roughly cancel the effects of a
twofold increase in k;.

DISCUSSION

To explain the increase in the SF-1 binding rate during the
early part of the reaction, Trybus and Taylor (1981)
invoke a two-state model for regulated actin. The model
contains a strong-binding or open (active) state and a
weak-binding or blocked (relaxed) state. They reason that
because the rate is proportional to the concentration of
available actin sites, there must be a net increase in the
number of sites; therefore, SF-1 induces a cooperative
transition from the relaxed to the active state of the
filament.

In our model, the observed lag phase and subsequent
increase in the rate of binding are explained in a different
way. In our scheme, interactions between actin sites with
bound SF-1’s contribute to the cooperactivity of the sys-
tem. After one SF-1 binds to an initially vacant filament,
another SF-1 may bind to the neighboring site with greater
facility. To explain the lag, we note that when the filament
is preloaded with only 1 or 2 SF-1’s, there is a relatively
high probability that subsequent SF-1’s will not bind
adjacent to already occupied sites. However, as the pre-
loading increases to and above three (which corresponds to
approximately one SF-1 molecule per two actin monomer
sites), the probability of binding adjacent to an already
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bound site increases and thus binding to the lattice is
facilitated. Consequently, the lag disappears, not because
the number of available sites increases, but because a
higher fraction of unoccupied sites have their binding
constant enhanced by interaction with neighboring occu-
pied sites.

Our model is also consistent with the equilibrium
studies by Greene and Eisenberg (1980), who found that
binding of SF-1 . ADP to regulated actin in the presence
of absence of Ca’* is cooperative. Whether or not calcium
was present, the binding strength of SF-1 . ADP to regu-
lated actin was greater at high levels of occupancy of
regulated actin by SF-1. ADP than at low levels of
occupancy. In other words, when a filament is already
occupied to a high degree, further SF-1 . ADP binds to a
site with a stronger binding constant than when the
filament is sparsely occupied. As the regulated actin
becomes highly occupied, the probability of finding a
vacant site with two contiguous occupied neighbors
increases relative to the probability of finding a vacant site
with one or zero contiguous occupied neighbors. In our
model, the binding constant for the first case is k;w}
(considering, for the moment, only intraunit cooperativity,
the more frequently occurring interaction), and kww, and
k;, respectively, for the other cases. Because a good fit with
experimental data requires a value of w; >>1 , we have k;w}
>> kewr >> ki, where SF-1 - ADP binding to a sparsely
occupied lattice will typically have a binding constant
between kw;and k;.

Our result that the binding of SF-1 to regulated actin in
the presence of Ca’* is less cooperative than in the absence
of Ca’* is in agreement with the equilibrium observations
of Greene and Eisenberg (1980) on the binding of SF-
1 . ADP to regulated actin. Our calculated value of & for
SF-1 binding to regulated actin in the presence of Ca’* is
2 x 10' greater than that in the absence of Ca’* while &, is
the same in both cases. This result is consistent with the
observation of Trybus and Taylor (1980) that the differ-
ence in initial slopes in the presence and absence of Ca’* is
approximately one order of magnitude.

One surprising result emerges from our fit of the
equilibrium binding curve of SF-1 . ADP to regulated
actin (experiment 3, Fig. 4). For the curve to reach the
value of § ~ 0.8 at the observed free ligand concentrations,
the value of w; had to be set equal to 0.1. This value
indicates an anticooperative or repulsive interaction
between the adjacent SF-1 molecules bound in positions 7
and 1, i.e., at the point of overlap between two adjacent
Tm-Tn units. However, it is just at this point in the
filament where a head-to-tail overlap of about nine resi-
dues occurs in the tropomyosin molecules (Phillips et al.,
1979). Further, Phillips et al. (1979) suggest that the
tropomyosin does not maintain the a-helical conformation
at the ends, but rather the chains are joined by intermesh-
ing to form a small globular domain. Our results indicate
that two SF-1 . ADP, binding to adjacent head and tail
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positions, are sensitive to this structural change. We might
infer that this “defect,” prevents optimal binding between
SF-1 - ADP and the actin sites at positions 7 and 1. This
situation might then result in steric hindrance and a
consequent repulsive interaction between these adjacent
species. Recently, Nagashima and Asakura (1982) have
reported another example of an anticooperative interaction
arising from steric hinderance between two SF-1 species
bound to adjacent sites. The effect we describe above is not
propagated further down the filament since the head-
to-tail overlap is only about nine residues long and thus the
effect is fairly localized.

Though we have not tried to fit the specific data points
obtained by Greene and Eisenberg (1980) (performed
under different conditions than those used by Trybus and
Taylor), our results suggest that decreasing our value of k;
and increasing our value of w; would reproduce the salient
features of their equilibrium binding curve for SF-1 . ADP
to regulated actin in the absence of Ca’*. These features
are (in contrast with the points in Fig. 4) (a) a longer,
flatter lag phase at the beginning of the curve, indicating a
lower value of k;, and (b) a sharper rise in the extent of
binding, indicating a higher degree of cooperativity.

Finally, we point out that the method utilized here
yields the triplet probabilities at all times during the course
of the reaction, from which one could calculate cluster
distributions of open or occupied sites or similar quantities.
In several of the cases studied here, the triplet probabilities
for a given 0 during a transient experiment differ from the
corresponding quantities at the same 8 at equilibrium. This
observation suggests the possibility of hysteresis effects,
and will be investigated further.

In summary, our results suggest that a one-dimensional
Ising model with first nearest neighbor cooperativity,
provides a promising model for describing the kinetics of
SF-1-regulated actin interactions. We would emphasize
both that kinetic data like those analyzed here provide a far
more stringent test of a model than do equilibrium data,
and that there is a need for more extensive data of this type,
particularly for conditions in which the dissociative pro-
cesses play a significant role.

The authors are greatly indebted to Dr. K. Trybus for many, many
enlightening conversations.
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