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ABSTRACT Cooperativity in contractile behavior of myofilament systems almost assuredly arises because of interactions
between neighboring sites. These interactions may be of different kinds. Tropomyosin thin-filament regulatory units may have
neighbors in steric blocking positions (off) or steric permissive positions (on). The position of these neighbors influence the
tendency for the regulatory unit to assume the on or off state. Likewise, the tendency of a myosin cross-bridge to achieve a
force-bearing state may be influenced by whether neighboring cross-bridges are in force-bearing states. Also, a cross-bridge
in the force-bearing state may influence the tendency of a regulatory unit to enter the on state. We used a mathematical model
to examine the influence of each of these three kinds of neighbor interactions on the steady-state force-pCa relation and on
the dynamic force redevelopment process. Each neighbor interaction was unique in its effects on maximal Ca21-activated
force, position, and symmetry of the force-pCa curve and on the Hill coefficient. Also, each neighbor interaction had a
distinctive effect on the time course of force development as assessed by its rate coefficient, kdev. These diverse effects
suggest that variations in all three kinds of nearest-neighbor interactions may be responsible for a wide variety of currently
unexplained observations of myofilament contractile behavior.

INTRODUCTION

It is widely held that there is cooperativity among the
contractile processes of the myofilament system (Weber and
Bremel, 1972; Murray and Weber, 1980; Hill, 1985; Tobac-
cman 1996; Squire and Morris, 1998; Lehrer, 1994; Mc-
Killop and Geeves, 1993; Moss, 1992; Solaro and Rarick,
1998). Usually, cooperativity is understood operationally
and is said to exist when the Hill coefficient in the fit to a
binding isotherm is greater than 1. We prefer to consider
cooperativity in conceptual terms where, by cooperativity,
we mean that some event in the sequence of steps leading
eventually to force production nonlinearly favors the occur-
rence of that same or other events in the sequence. There are
many possibilities for cooperativity including (but not lim-
ited to) Ca21 binding to Troponin C (TnC) enhancing the
binding of more Ca21 to TnC; the switchingon of a thin
filament regulatory complex favoring the switchingon of
other regulatory complexes; the formation of a force-bear-
ing cross-bridge favoring the formation of more force-
bearing cross-bridges; and any combination by which one of
these (i.e., Ca21 binding, switching on, and formation of
force-bearing cross-bridges) nonlinearly favors another. In
the highly structured myofilament system, cooperativity
almost certainly implies some kind of interaction between
neighboring locations along the length of the filaments. Of
the various options, we chose to study three kinds of neigh-

bor interactions that seemed likely contributors to cooper-
ativity and that could yield insights from further investiga-
tion of their specific consequences.

The first of these was interaction between adjacent tro-
pomyosin-troponin regulatory units,RU, on the thin fila-
ment:RU-RU interaction.In this, the tendency for an RU to
transition from anoff to anon state, or vice versa, depended
on whether neighboring RUs were in theon or off states.
The possibility for such interactions have been recognized
for years, because RU tropomyosin backbones are stacked
end-to-end along the length of the thin filament with an
overlap of 5 to 10 residues (Tobaccman, 1996, Solaro and
Rarick, 1998). In addition, the troponin T subunit of the RU
extends over this overlap region, possibly to generate addi-
tional interactions between adjacent RUs. Interactions be-
tween adjacent RUs have been treated quantitatively in
basic equilibrium theory (Hill, 1995), have been used in
models to predict contractile behavior (Dobrunz et al., 1995;
Rice et al., 1999), and have been used to explain seemingly
grouped turning on of all activation sites along the thin
filament (Brandt et al., 1984, 1987). Thus, RU-RU interac-
tions are well recognized and studied, but quantitative stud-
ies of these effects relative to those of other types of
neighbor interactions have not been performed.

The second neighbor interaction chosen was between
adjacent cycling cross-bridges:XB-XB interaction.In this,
the likelihood that a myosin XB will form an attachment to
the thin filament and proceed to a force-bearing state is
influenced by whether neighboring XBs are in force-bearing
states. While direct experimental evidence for this kind of
cooperativity cannot be cited, this mechanism is implicit in
the thinking of many who have modeled cooperative inter-
action within the contractile system. Several of these pre-
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vious modeling efforts have considered XB-XB interactions
only within the span of the 7 actin of a single RU as a result
of steric relief secondary to tropomyosin displacement due
to the first XB attachment within the RU span (Tobacman,
1996; Zou and Phillips, 1994; Rice et al., 1999). Other
authors have implied that XB force causes filament stretch
to bring about favorable alignment between the actin bind-
ing sites and the myosin XB to enhance the formation of
more force-bearing XBs (Daniels et al., 1998; Mijailovich et
al., 1996). Here, we do not specify a mechanism but con-
sider only the potential phenomenon that one XB in a
force-bearing state may enhance attachment and eventual
force-bearing in an eligible neighboring XB (eligibility re-
quires that the neighboring site must already be switched
on). Our results will have qualitative relevance to what may
be expected from any mechanism that operates to effec-
tively bring about XB-XB cooperativity.

The third neighbor interaction studied was one in which
an attached (force-bearing) cross-bridge facilitated the tran-
sition to theon state by a neighboring RU:XB-RU interac-
tion. Again, this is a well appreciated cooperative interac-
tion that has been implicated as the mechanism responsible
for the activating actions of rigor bridges, of loose S1
myosin added to myofilament systems, and of apparent
Ca21-independent activation at low ATP concentrations
(Godt, 1974; Fitzsimons and Moss, 1998; Moss, 1992;
Swartz et al., 1999; Swartz et al., 1996). Thus, although the
evidence for this kind neighbor interaction is great, the
peculiar contractile responses of XB-RU interaction that
would distinguish it from, say, RU-RU or XB-XB interac-
tions have never been documented.

The objective of this work was to contrast the effects on
contraction of RU-RU, XB-XB, and XB-RU neighbor in-
teractions. We used a mathematical model. Because our
long term goal is to incorporate these neighbor interaction
effects into a model for predicting nonequilibrium behav-
iors, such as will occur during a muscle twitch or a brief
tetanus, we followed a kinetic approach to model develop-
ment and did not adhere strictly to the constraints of equi-
librium thermodynamics. This was necessary in order to
separate the effects of individual neighbor interactions and
to achieve mathematical tractability. The result is a model
that captures the most relevant features of contractile pro-
cesses and one that gives believable predictions of the
essential consequences of these separate neighbor interac-
tion effects.

Model Description

The model consisted of a kinetic core of RU withonandoff
states and XB with attached and detached states. Rate co-
efficients regulated steps in this kinetic core and were
subject to change with neighbor interactions. The kinetic
core and the neighbor interactions are discussed in turn.

Kinetic Core of Model

Consider the 8-state myofilament activation and cross-
bridge cycling model in Fig 1. A portion of the thin filament
is represented by the chain of three circles with the bar
spanning the length of the chain. The myosin binding site on

FIGURE 1 (Left) Eight-state cross-bridge activation and cycling model. A segment of the thin filament is represented by the chain of three circles. The
thin-filament regulatory unit is represented by the bar associated with the 3-circle chain. The regulatory unit is in theon state when the bar is above the
3-circle chain and in theoff state when the bar is below the chain. The myosin cross-bridge is represented by the shaded ellipse with the coiled tail. The
cross-bridge may be detached (D) or attached (A1, A2) to the thin filament. In isometric conditions, force bearing is by the post-power strokeA2 state.
Calcium is bound to the regulatory unit by all states on the left half of theleft paneland not bound to all states on the right half of theleft panel.Superscripts
indicate calcium-binding status. See text for definitions and detailed explanations. (Right) Reduced 4-state representation of 8-state model. Calcium binding
and dissociation is now contained within the calcium dependence of thekon(Ca) andkoff(Ca) rate coefficients.
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actin is represented by the three circles (no stoichiometric
relations are implied by the number three) and the regula-
tory tropomyosin-troponin unit (RU) controlling myosin
access to the actin binding site is represented by the bar. The
RU corresponds to a single tropomyosin-troponin complex.
The myosin cross-bridge, XB, is represented by the shaded
ellipse with the coiled tail. For the sake of simplicity, we
assume a stoichiometry of 1 RU for every XB attachment site.

Ca21 binds and dissociates from the low-affinity TnC site
on the RU with rate constants of association,k1, and dis-
sociation, k2. For simplicity, we consider just a single
low-affinity Ca21 binding site, as in cardiac muscle. Addi-
tionally, the RU may be in one of two steric configurations:
the off position (statesRoff

0 and Roff
Ca) or the on position

(statesD0, DCa, A1
0, A1

Ca, A2
0, andA2

Ca). Switching betweenoff
andon positions is governed by theon rate constants,kon

Ca

and kon
0 , and theoff constants,koff

Ca and koff
0 , where the

superscript indicates whether Ca21 is bound to the RU.
Ca21 binding results in great differences between the two
on constants,kon

Ca .. kon
0 , and also between the twooff

constants,koff
Ca ,, koff

0 . When Ca21 is not bound to TnC and
the RU isoff (stateRoff

0 ), there is little probability that it will
turn on (koff

0 .. kon
0 ). When Ca21 is bound to TnC, theoff

RU (stateRoff
Ca) has an increasing probability of turningon

(kon
Ca .. koff

Ca).
The myosin binding site with the RU in theon state can

be in one or more additional states depending on whether
cross-bridges are attached or not. These include detached
(D0, DCa) and attached pre-power stroke (A1

0, A1
Ca) and

attached post-power stroke (A2
Ca, A2

0). Cross-bridges can
attach to the thin filament only when the RU is in theon
configuration. Attachment, power stroke, and detachment
occur cyclically according to rate constantsf, f9, h, h9, and
g, where f is the forward rate constant of cross-bridge
attachment,h is the forward rate constant of the power
stroke andg is the rate constant of cross-bridge detachment.
Force is generated as cross-bridges go through the power
stroke, i.e., transition from stateA1

Ca to stateA2
Ca and tran-

sition from stateA1
0 to stateA2

0. Ca21 may bind and disso-
ciate from TnC regardless of whether the RU isonor off and
whether cross-bridges are attached or detached. When my-
osin heads are attached (A1

0, A1
Ca, A2

0, andA2
Ca), the RU has

no probability to turnoff and must await cross-bridge de-
tachment before turningoff.

By assuming thatk1 and k2 are large with respect to
other rate coefficients, that these Ca21-binding constants
are unaffected by whether the RU are on or off, and, further,
that they are also independent of all events within the
cross-bridge cycle, it is possible to reduce the 8-state model
on the left-hand side of Fig. 1 to a 4-state model on the
right-hand side of Fig. 1, where the states have been col-
lapsed as follows:

Roff 5 Roff
0 1 Roff

Ca (1)

D 5 D0 1 DCa (2)

A1 5 A1
0 1 A1

Ca (3)

A2 5 A2
0 1 A2

Ca (4)

In the reduced 4-state model, the rate constants for tran-
sitions between RUon andoff states have a dependence on
calcium, given by

kon 5 kon
0 1 @kon

Ca 2 kon
0 #

Ca

Ca50 1 Ca
(5)

koff 5 koff
0 1 @koff

Ca 2 koff
0 #

Ca

Ca50 1 Ca
(6)

where Ca50 (5 k2/k1) is the calcium concentration of half
Ca21 saturation of thin filament binding sites.

By applying conservation to a fixed total number of
actin-myosin sites,RT, RT 5 Roff 1 D 1 A1 1 A2, three
differential equations are all that are needed to describe the
rate of change of states in the reduced, 4-state model.

Ḋ~t! 5 konRoff~t! 1 f 9A1~t! 1 gA2~t! 2 @koff 1 f#D~t! (7)

Ȧ1~t! 5 f D~t! 1 h9A2~t! 2 @f 9 1 h#A1~t! (8)

Ȧ2~t! 5 hA1~t! 2 @h9 1 g#A2~t! (9)

States may be grouped into subpopulations. For instance,
statesD, A1, andA2 collectively represent a population of
cycling XBs; stateRoff represents a noncycling population.
StateA2 is the only state that bears force during isometric
conditions and, thus, isometric muscle force is proportional
to the number of XBs in theA2 state. For this reason, we use
A2 as a measure of force.

States and combinations of states may be expressed as
fractions ofRT:

loff 5
Roff

RT
2 fraction of sites that are turnedoff. (10)

lon 5
D 1 A1 1 A2

RT
2 fraction of sites that are turnedon,

which also equalslcyc, the fraction of sites participating

in XB cycling. (11)

lD 5
D

RT
2 fraction of sites inD state. (12)

lA1 5
A1

RT
2 fraction of sites inA1 state. (13)

lA2 5
A2

RT
2 fraction of sites inA2 state. (14)

Now, states are distributed along the length of the thick
filament. If that distribution is random, fractions given by
Eqs. 10–14 represent the probability of finding a given
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actin-myosin site in any particular state. In addition, it is
useful to consider the fraction of cycling XBs that are
generating force,

lcyc
A2 5

A2

D 1 A1 1 A2
(15)

The goal of this work was to determine the effect of
nearest neighbor RU and XB onkon, koff, f, andf 9 and the
consequence of these effects on muscle contraction be-
havior. We consider only conditions of constant Ca21

activation.

Nearest neighbor interactions

RU-RU interactions: interactions between neighboring
regulatory units

Regulatory units are aligned head-to-tail along a thin
filament. Any unit, whether in the off or on position, may
have 4 possible nearest neighbor configurations, as in Fig 2:
1) both neighbors off, (5 11); 2) left neighbor off and right
neighbor on, (5 12); 3) left neighbor on and right neighbor
off, (5 21); and 4) both neighbors on (5 22).

Transitions betweenon andoff are governed bykon and
koff, which obey Boltzmann statistics,

k*on 5 kae
2

B12
#

kT (16)

k*off 5 kbe
2

B21
#

kT (17)

whereka and kb are attempt frequencies;B12
# and B21

# are
activation energies that need to be overcome to make the
transition from state 1 (off) to 2 (on) and from state 2 to 1,
respectively; # stands for any nearest-neighbor configura-
tion; k is the Boltzmann constant; andT is the absolute
temperature. The exponential term,e2(Bij/kT), expresses the
probability that an attempt to make a transition will be
successful. The higher the activation energy, i.e.,Bij , the
smaller the probability of success.

Turning on

End-to-end interactions between adjacent RU (perhaps
through some mechanical coupling due to overlapping ends
of tropomyosin and/or overlapping Tn-T) result in the state
of the neighboring unit influencing the propensity of anoff

unit to make a transition to theon state (Fig. 3A). Let this
influence be exerted through the activation energy. Thus,
for an RU in theoff state, the activation energies associated
with a state transition to theon state may be ordered:

B12
11 . B12

12 < B12
21 . B12

22 (18)

where the superscripts refer to the states of the left and right
neighbors and the ordering is the result of the influence of
the left and right neighbor states on the activation energy
required to make the transition. Thus, the success frequency
(i.e., the rate constant for transition) from anoff to an on

FIGURE 2 All possible thin filament regulatory unit nearest neighbor
combinations: both neighbors are inoff position (11), one neighbor inon
and one inoff (12 and 21), and both neighbors inon position (22).

FIGURE 3 Three kinds of neighbor interactions. (A) Tethering between
adjacent regulatory units results in the state of a neighboring unit influ-
encing the propensity of anoff unit to make a transition to theon state and
anonunit to make a transition tooff state. (B) Force-bearing XB facilitates
the attachment of neighboring XB to the actin-binding site. (C) Force-
bearing XB influences the on-off transition of neighboring thin filament
regulatory unit.

Nearest-Neighbor Interaction and Contraction 3123

Biophysical Journal 78(6) 3120–3137



state is greater as more neighbors assume theon state,
because the activation energy that must be overcome for this
transition declines as more neighbors turnon.

We may address this quantitatively by considering, for
the whole population,

kon 5 kaHFcontribution by sites with
both neighbors “off” G
1 Fcontribution by sites with

one neighbor “off” and one “on”G
1 Fcontribution by sites with

both neighbors “on” GJ (19)

where ka is an attempt frequency and the term in pointy
brackets is the average probability over the whole popula-
tion that an attempt will be successful. We estimated this
average probability by taking the sum of weighted proba-
bilities as follows. Weights were assigned using the assump-
tion that events were randomly distributed along the length
of the myofilament. (This is a far-reaching assumption with
important consequences that are examined in detail in the
Discussion.) With random distribution, the likelihood that a
neighboring site will be in theoff state isloff and the
likelihood that it will be in theon state islon. Joint likeli-
hoods are given by the appropriate products as, for example,
the likelihood that both neighboring sites will beoff is
loffloff, or that the right one will beon and the left oneoff
is lonloff. Therefore, Eq. 19 may be written in quantitative
terms as follows:

kon 5 kaHloffloffe2
B12

11

kT 1 lofflone2
B12

12

kT 1 lonloffe2
B12

21

kT

1 lonlone2
B12

22

kTJ (20)

Extracting e2(B12
11/kT out of the expression in brackets

gives

kon 5 kae
2

B12
11

kTS~loff!2 1 2lonloffe2
B12

122B12
11

kT 1 ~lon!2e2
B12

222B12
11

kT D
(21)

Interaction between adjacent RUs impact the activation
energy differencesB12

12 2 B12
11 and B12

22 2 B12
11. Let this

interaction be such that it reduces the activation energy
required for anoff-to-on transition by an amountU. Then,

B12
12 2 B12

11 5 2U

B12
12 2 B12

22 5 U
(22)

Substituting these into Eq. 21 yields

kon 5 kae
2

B12
11

kTS~loff!2 1 2lonloffe
U
kT 1 ~lon!2e

2U
kTD (23)

or

kon 5 kon
u Sloff 1 lone

U
kTD2

(24)

wherekon
u 5 kae

2(B12
11/kT) is a referencekon coefficient for the

condition where both neighbors areoff. Note, because the
effects of Ca21 onkon were taken independent of the effects
of neighbor interactions,kon

u incorporates the Ca21 effect as
given by Eq. 5.

Becausee(U/kT) is simply a number, it may be given the
value u 5 e(U/kT) such that if there is no effect from
neighbor interaction, thenU 5 0 andu 5 1. Furthermore,
becauselon 1 loff 5 1, Eq. 24 can be rewritten as

kon 5 kon
u @1 1 lon~u 2 1!#2 (25)

The term in square brackets on the right-hand side indi-
cates that if there are neighbor interactions (i.e.,u . 1), then
the value ofkon increases with increasing number of regu-
latory units in theon position.

Turning off

A similar analysis may be done to determine the average
rate constant for theon-to-off transition. The relations are
slightly reordered for the reverse transition such that

B21
12 2 B21

11 5 U

B21
12 2 B21

22 5 2U
(26)

and, finally,

koff 5 koff
u @u 2 lon~u 2 1!#2 (27)

wherekoff
u 5 kbe

2(B21
11/kT) is the referencekoff coefficient for

the condition where both neighbors areoff. Note, because
the effects of Ca21 on koff were taken independent of the
effects of neighbor interactions,koff

u incorporates the Ca21

effect as given by Eq. 6.
The effects of interaction between neighbors on theon-

to-off transition are slightly more complicated than on the
off-to-on transition. If most RU areoff (i.e.,lon is small) the
effect ofu is to increasekoff. On the other hand, if most RU
areon (i.e., lon is large) the effect ofu is to decreasekoff.

Net Effect

The net effect ofu on the transitions betweenoff and on
states can be appreciated from examining the ratio

kon

koff
5

kon
u

koff
u F1 1 lon~u 2 1!

u 2 lon~u 2 1!G
2

(28)

If lon is small (i.e.,loff is large) as during low Ca21,
increasingu decreases thekon/koff ratio and RU tend to be
held in theoff position as Ca21 increases. However, iflon
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is large, as during high Ca21, increasingu increases the
kon/koff ratio and RU tend to be held in theon position as
Ca21 decreases.

XB-XB interactions: interactions between
neighboring cross-bridges

A second interaction is the interaction between neighboring
XB attachment sites. Neighboring actin-myosin attachment
sites along the length of a thin filament will have a XB
either attached or unattached. Transitions between unat-
tached and attached states are governed byf and f 9 which,
like kon andkoff, obey Boltzmann statistics. As a beginning
point, we consider that force-bearing in an attached state,
whetherA1 or A2, reduces the activation energy for aD-
to-A1 transition and thus, increases the rate coefficientf
while decreasing the reverse rate coefficient,f 9 (Fig. 3 B).
In the isometric conditions we study here, force generation
occurs only in theA2 state. Thus in the way we have set up
this problem, whether force from theA2 state is used as the
variable that reduces the activation energy or strong binding
is used as that variable, there will be no difference in the
resulting formulation off andf 9. Equivalence between force
and strong binding would not be the case during either
shortening or stretching when force in theA2 state would
depend on both its strong binding and its altered distortion
(Razumova et al., 1999) and XBs in theA1 state would also
generate force. Shortening and stretching are not investi-
gated here; therefore, whether force generation or strong
binding is the important variable in these interaction effects
remains an issue for a future study.

In a manner similar to that followed forkon andkoff, we
can write

f 5 faHFcontribution by sites with
neighbors neither of which has a
force-bearing XB

G
1 Fcontribution by sites with

neighbors one of which has a
force-bearing XB

G
1 Fcontribution by sites with

neighbors both of which have a
force-bearing XB

GJ (29)

where fa is an attempt frequency and the term inside the
pointy brackets represents the population average of the
probability of a successful transition. The likelihood that a
neighboring site will be: i) unattached isloff 1 lD, ii)
attached and in theA1 state islA1, and iii) attached and in
the A2 state is lA2. Joint likelihoods are given by the
appropriate product; for example, the likelihood that both
neighboring sites will be unattached is (loff 1 lD) (loff 1
lD). Therefore, Eq. 29 may be written in quantitative terms

as follows:

f 5 faH~loff 1 lD! ~loff 1 lD!e2
BDA1

00

kT

1 2~loff 1 lD! SlA1e2
BDA1

0A1

kT 1 lA2e2
BDA1

0A2

kT D
1 SlA1lA1e2

BDA1

A1A1

kT 1 2lA1lA2e2
BDA1

A1A2

kT 1 lA2lA2e2
BDA1

A2A2

kT DJ (30)

where theBDA1

xy are the respective activation energies asso-
ciated with aD-to-A1 transition for the respectivexy neigh-
bor conditions. The superscript “0” refers to the non-force-
bearing state, be itD or Roff. Taking theBDA1

00 as a reference
value and factoring it outside the pointy brackets yields

f 5 fae
2

BDA1

00

kT F~loff 1 lD! ~loff 1 lD!

1 2~loff 1 lD! SlA1e2
BDA1

0A1 2BDA1

00

kT 1 lA2e2
BDA1

0A2 2BDA1

00

kT D
1 SlA1lA1e2

BDA1

A1A12BDA1

00

kT 1 2lA1lA2e2
BDA1

A1A22BDA1

00

kT

1 lA2lA2e2
BDA1

A2A22BDA1

00

kT DG (31)

Assuming a mechanical mechanism, it is reasonable that
the reduction in activation energy is proportional to the
force in the cross-bridge at the neighboring site, and we can
write

BDA1

0A1 2 BDA1

00 5 2V z FA1 (32)

BDA1

0A2 2 BDA1

00 52V z FA2 (33)

BDA1

A1A1 2 BDA1

00 5 2V z ~FA1 1 FA1! (34)

BDA1

A1A2 2 BDA1

00 5 2V z ~FA1 1 FA2! (35)

BDA1

A2A2 2 BDA1

00 5 2V z ~FA2 1 FA2! (36)

whereV is the constant of proportionality and theFA1
and

FA2
are the forces associated with the respective attached

XBs at neighboring sites. Rearrangement gives

f 5 fae
2

BDA1

00

kT F~loff 1 lD! ~loff 1 lD! 1 2~loff 1 lD!

SlA1e
VFA1

kT 1 lA2e
VFA2

kT D
1 SlA1lA1e

2VFA1

kT 1 2lA1lA2e
V(FA11FA2)

kT 1 lA2lA2e
2VFA2

kT DG (37)
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We make the assignmentf0 5 fae
2(B00

DA1
/kT) wheref0 is a

reference value that refers to the condition when no neigh-
bors are in the force-bearing state. Applying the identity
loff 1 lD 1 lA1 1 lA2 5 1 and substituting gives

f 5 f0F~1 2 lA1 2 lA2!2 1 2~1 2 lA1 2 lA2!

z SlA1e
VFA1

kT 1 lA2e
VFA2

kT D 1 SlA1e
VFA1

kT 1 lA2e
VFA2

kT D2G (38)

According to elastic cross-bridge theory and arguments
we have made previously (Razumova et al., 1999),FA1

5
jx1 and FA2

5 jx2 where j is the stiffness of a single
cross-bridge andx1 andx2 are the average distortions among
the respectiveA1 and A2 cross-bridge states. Under the
isometric conditions being considered here,x1 5 0 andx2 5
x0 wherex0 is the average distortion amongA2 XBs. This
distortion may be visualized as being induced during the
power stroke by head rotation. Terms in the exponent may
be collected into a number,j(V/kT)x0, that varies only with
the magnitude of neighboring XB-XB interactions. We
choose to give this number the valuev 2 1, wherev now
represents an arbitrary parameter that weights the strength
of neighboring XB-XB interaction. Whenv 5 1, there is no
interaction; whenv . 1 there is interaction. Thus, we may
write, in general,

f 5 f0F1 1 lA1Se(v21)
x1

x0 2 1D 1 lA2Se(v21)
x2

x0 2 1DG2

(39)

which, during isometric conditions, reduces to

f 5 f0@1 1 lA2~e(v21) 2 1!#2 (40)

In a manner similar to that used for the reverse coefficient
in the kon-to-koff transitions, it can be shown that

f 9 5 f 90F1 1 lA1Se2(v21)
x1

x0 2 1D 1 lA2Se2(v21)
x2

x0 2 1DG2

(41)

which, under isometric conditions, reduces to

f 9 5 f 90@1 1 lA2~e2(v21) 2 1!#2 (42)

Thus, increasing the interaction between neighboring
XBs by increasing the parameterv increasesf and reduces
f 9. Both these actions increase the ratio

f

f 9
5

f0
f 90
F 1 1 lA2~e(v21) 2 1!

1 1 lA2~e2(v21) 2 1!G
2

(43)

and shift XBs from the detached to the attached states.

XB-RU interactions: interaction between a
regulatory unit and neighboring cross-bridges

A third kind of neighbor interaction is one in which the
off-to-on transition of an RU is favored by force-bearing in
a XB at a neighboring actin-myosin attachment site. This is
depicted in Fig. 3C. We allow that force-bearing by a XB
at the neighboring site reduces the activation energy re-
quired for anoff-to-on transition and we proceed much as
before to consider a whole population of regulatory units.
The averagekon for the entire population will be the sum of
weightedkon values of all the transitions for each of the
nearest neighbor configurations, as below:

kon 5 kaHFcontribution by sites with
neighbors neither of which has a
force-bearing XB

G
1 Fcontribution by sites with

neighbors one of which has a
force-bearing XB

G
1 Fcontribution by sites with

neighbors both of which have a
force-bearing XB

GJ (44)

where ka is the attempt frequency and the sum of terms
inside the pointy brackets represents the population average
of the probability of a successful transition. As before, Eq.
44 is written quantitatively as

kon 5 kaH~loff 1 lD! ~loff 1 lD!e2
B12

00

kT

1 2~loff 1 lD! SlA1e2
B12

0A1

kT 1 lA2e2
B12

0A2

kT D
1 SlA1lA1e2

B12
A1A1

kT 1 2lA1lA2e2
B12

A1A2

kT 1 lA2lA2e2
B12

A2A2

kT DJ (45)

where theB12
xy are the respective activation energies associ-

ated with anoff-to-on transition for the respectivexy neigh-
bor conditions.

If the reduction in activation energy is by some kind of
mechanical mechanism, then it is reasonable that this re-
duction depends on the amount of force in the XB at the
neighbor site, and we can write

B12
0A1 2 B12

00 5 2W z FA1 (46)

B12
0A2 2 B12

00 5 2W z FA2 (47)

B12
A1A1 2 B12

00 5 2W z ~FA1 1 FA1! (48)

B12
A1A2 2 B12

00 5 2W z ~FA1 1 FA2! (49)

B12
A2A2 2 B12

00 5 2W z ~FA2 1 FA2! (50)

3126 Razumova et al.

Biophysical Journal 78(6) 3120–3137



whereW is a constant of proportionality andFA1
andFA2

are
the forces associated with the respective attached XBs at
neighboring sites. We proceed as we did with force-bearing
effects onf to get

kon 5 kon
w F1 1 lA1Se(w21)

x1

x0 2 1D 1 lA2Se(w21)
x2

x0 2 1DG2

(51)

wherekon
w 5 kae

2(B12
00/kT) represents a reference value when

there is no XB attachment at neighboring sites (different
from kon

u ) and (w 2 1) 5 j(W/kT)x0 is a number that varies
with the magnitude of neighboring XB-RU interactions.
Whenw 5 1, there is no interaction; whenw . 1 there is
interaction. During isometric contraction, Eq. 51 reduces to

kon 5 kon
w @1 1 lA2~e(w21) 2 1!#2 (52)

As before, it can be shown that under isometric condi-
tions,

koff 5 koff
w @1 1 lA2~e2(w21) 2 1!#2 (53)

Thus, increasing the interaction between XB-RU neigh-
bors by increasing the parameterw increaseskon and re-
duceskoff.

Model Summary

In summary, the essential kinetics of activation and cross-
bridge cycling were represented as a 4-state RU-XB model
which, after applying a conservation constraint, was de-
scribed by three differential equations (Eqs. 7–9). The ef-
fects of calcium to activate RU were represented algebra-
ically (Eqs. 5 and 6). Three kinds of neighbor interactions
resulted in nonlinear expressions for theon andoff RU rate
coefficients (Eqs. 25–28, 52, and 53) and the rate coeffi-
cients governing the XB attachment step (Eqs. 41–43).
Single parameters allowed gradation of each neighbor in-
teraction. Taken together, these equations constituted a non-
linear, third-order dynamic model in the state variablesD,
A1, andA2.

In these studies, all inputs to the model were held con-
stant and dynamic behavior was the result of responses to
non-steady-state initial conditions. Model output was a pre-
dicted force that, under the isometric conditions of these
simulated experiments, was proportional toA2. The model
contained 14 parameters, including 10 reference values for
the rate coefficients (kon

0 , kon
Ca, koff

0 , koff
Ca, Ca50, f0, f 90, h, h9, g);

an index for total number of actin-myosin reaction sites
(RT), and 3 parameters for grading each of the three kinds of
neighbor interaction (u, v, w). Parameters used in this study
were taken from an earlier study (Razumova et al., 1999)
where it was found that the values given in Table 1 gave
good reproductions of dynamic complex stiffness, step re-
sponse, and force-velocity behavior as signatures of merit
for dynamic contractile system behavior. Other values may

be equally good, but those of Table 1 were found to be
suitable reference values.

Methods

To meet the objective of contrasting the effects of RU-RU,
XB-XB, and XB-RU neighbor interactions on contraction,
the model was solved to predict steady-state force during
varying levels of constant Ca21 activation, yielding force-
log (Ca/Ca50) curves, and to predict the time course of force
development starting from zero-force initial conditions,
yielding characteristic time of force development. Given the
complexity of the model equations, it was most practical to
solve the model for any given set of parameters by assigning
initial conditions to the state variables (D, A1, A2) and then
numerically integrating the differential equations until
steady state was obtained. Numerical integration was by a
fourth-order Runge-Kutta methods using an integration step
size of 0.1 ms. All programs were written in Fortran and
Visual Basic and computations were performed on a Pen-
tium II 400MHz computer.

Force-log(Ca/Ca50)

Ca21 change was simulated by changing the Ca/Ca50 ratio
between 0.01 and 100. The steady-state value of force
predicted by the model was found for each Ca/Ca50 value
and the resulting force-log(Ca/Ca50) curve was plotted. This
was done for the baseline parameters of Table 1; i.e., no
neighbor interactions and no cooperativity. Then, the pa-
rameters grading the strength of neighbor interactions were
individually changed to give in each case moderate and
strong interactions and corresponding force-log(Ca/Ca50)
curves for these conditions were obtained. Care was taken to
avoid values of interaction parameters that predicted phase
transition in this system (see Discussion). Features of force-
log(Ca/Ca50) curve were evaluated and compared among
the various conditions. Features compared included: force
during maximal Ca21 activation,Fmax; log(Ca/Ca50) at half
Fmax; Hill coefficient, nH, of the Hill equation fitted to the
model-predicted force-log(Ca/Ca50) curve

F 5
1

1 1 S Ca

Ca50
D2nH

and measures of curve asymmetry. Curve asymmetry was
assessed by contrast of Hill coefficient for fit to relationship
over rangeF/Fmax , 0.5 vs. that for fit to relationship over

TABLE 1 Reference model parameters (s21)

kon
0 kon

Ca koff
0 koff

Ca f0 f90 h h9 g RT

0 120 100 50 50 400 8 6 4 1
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the rangeF/Fmax . 0.5. In many cases, it was not possible
to find one value fornH for the whole curve, even when the
curve was symmetrical. In these situations, three values of
nH are reported: one representative of the rising part of the
force-log(Ca/Ca50), one representative of the middle part,
and one representative of the approach to saturation.

Force redevelopment

To determine the impact of neighbor interactions on dy-
namic behavior, we evaluated the model-predicted time
course and characteristic time of force development at con-
stant Ca21 activation. The experimental approach to this
measurement is to release and restretch a constantly acti-
vated muscle preparation in an attempt to create zero force
by breaking all attached XBs. Then the time course of force
rise to some steady state is observed and characterized with
a single exponential rate constant,ktr. We simulated the
experimental force development episode by setting the ini-
tial value of the force-bearingA2 state to zero and then
predicted the time course of force development. We found
that the force development transient was largely insensitive
to the initial values given toA1 andD and, thus, these too
were routinely set to zero at the beginning of the force
development period. A characteristic rate constant of force
redevelopment,kdev, was calculated by taking the reciprocal
of the time required to reach (12 1/e)Fmax. This was
evaluated for several values of the neighbor interaction
parameters.

For a monoexponential process,kdev 5 ktr. However, in
many cases the time course of force redevelopment (both
experimental observation and model prediction) cannot be well
fitted with a simple monoexponential. To avoid curve fitting
problems, we chose the operational definition given above.

RESULTS

RU-RU interactions

Increasing the strength of RU-RU interactions by increasing
u from 1 (no interaction) to 3 (strong interaction) increased
the maximum Ca21-activated force by approximately 30%
(Fig. 4 A, Table 2). Concurrent changes inlcyc, lcyc

A2 , and
lA2 at maximum Ca21-activated force are given in Table 2.
In addition, increases inu increased the steepness of the
force-logCa curve,nH increased from 1 (u 5 1, one coef-
ficient for the whole curve) to 2-12-3 (u 5 3, three coeffi-
cients for fits to low, middle, and upper parts of curve; Fig.
4 B). This increase in steepness was associated with a shift
of the curve that may be described as a right shift for
F/Fmax , 0.75 and a left shift forF/Fmax . 0.75 (Fig. 4B).
Associated with the right shift portion of the curve was a
decrease in thekon/koff ratio relative to that for a given log
(Ca/Ca50) at u 5 1 while associated with the left shift
portion of the curve was a corresponding increase in the
kon/koff ratio. The right shift in the lower part of the curve
was so pronounced as to cause a net shift 0.35 pCa units to
the right atF/Fmax 5 0.5.

At maximal Ca21 activation, u had a nondiscernible
effect onkdev. Under conditions of low Ca21 activation,u
had a slight effect to slow force development and reduce
kdev (data not shown).

XB-XB interactions

Increasing the strength of XB-XB interaction fromv 5 1
(no interaction) tov 5 3.2 (strong interaction) increased the
maximum Ca-activated force,Fmax, by approximately 6.5
times (Fig. 5A). Unlike the effect with RU-RU interactions,

FIGURE 4 RU-RU interaction effect on force-pCa. Three curves represent different strength of interaction: no interaction (dashed curve, u 5 1), weak
interaction (thin curve, u 5 2), and strong interaction (thick curve, u 5 3). (A) Absolute values. (B) Normalized curves. Increasing strength of RU-RU
interaction increases maximal Ca21-activated force, shifts the curve predominantly to the right (especially at low Ca21), increases curve steepness, and
introduces curve asymmetry (relatively slow departure from no-force baseline, rapid approach to saturation).
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the percentage of cycling cross-bridges that were in the
force-bearing state at maximal Ca21 activation increased
dramatically with increasedv from lcyc

A2 5 0.08 whenv 5 1
to lcyc

A2 5 0.4 whenv 5 3.2. Concurrently, the percentage of
all cross-bridges that had been recruited into the cycling
population also increased fromlcyc 5 0.75 whenv 5 1 to
lcyc 5 0.96 whenv 5 3.2.

The steepness of the force-log(Ca/Ca50) curve exhibited a
nonsystematic increase with increases inv; there was no
change innH from the value 1 asv increased from 1 to 2.5
but a large increase to three-part value 2-7-2 whenv 5 3.2
(Fig. 5 B). These changes withv were associated with a
right shift of the normalized force-log(Ca/Ca50) curve as
long as there were no changes innH. But when increasingv
causednH to increase, the right-shifted curve began to move
back to the left as it became steeper.

Unlike the effects ofu, v had a strong effect on the rate
of force development (Fig. 6). Increasingv decreasedkdev;
kdev5 10 sec21 whenv 5 1 andkdev5 2.4 sec21 whenv 5
3. These pronounced effects are secondary to changes inf/f 9
for reasons elaborated in the Discussion.

XB-RU interaction

As with increasingu and v, increasing the strength of
XB-RU interaction increasedFmax. Increasingw from 1 (no
interaction) to 5 (strong interaction) increased the maximum
Ca21-activated force,Fmax, by approximately 30% (Fig. 7
A). The magnitude of these effects was more like foru than
for v.

However, unlike eitheru or v, increasingw caused a
dramatic left shift in the normalized force-log(Ca/Ca50)
curve (Fig. 7B and Table 2). The left-shifted curve was not
symmetrical, having a highernH in the lower part (nH 5 3)
than in the upper part (nH 5 1.5).

Similar tou, at maximal Ca21 activationw had very little
effect on the rate of force development,kdev.

Combined effects on rate of force development

Althoughu andw alone had no significant effect onkdev at
maximal Ca21 activation, in combination withv they pro-
duced non-additive effects that could not be anticipated. For

TABLE 2 Results summary

Interaction
parameters At maximal Ca21 activation Force-log(Ca/Ca50)

u v w
kon

koff

f

f 9

Fmax

Fmax0
lcyc lcyc

A2 lA2 kdev nH D[log (Ca/Ca50)]50

1 1 1 2.4 0.125 1 0.75 0.08 0.06 10 1 0
3 1 1 17 0.125 1.3 0.95 0.08 0.08 10 2-12-3 0.35
1 3.2 1 2.4 4.7 6.5 0.96 0.40 0.38 2.4 2-7-2 0.1
1 1 5 80 0.125 1.3 0.99 0.08 0.08 10 3; 1.5 20.9

FIGURE 5 XB-XB interaction effect on force-pCa. Three curves represent different strength of interaction: no interaction (dashed curve, v 5 1), weak
interaction (thin curve, v 5 2.5), and strong interaction (thick curve, v 5 3.2). (A) Absolute values. (B) Normalized curves. Increasing strength of XB-XB
interaction greatly increases maximal Ca21-activated force, shifts the curve to the right with weak interaction, increases curve steepness only with strong
interaction, and introduces distinct curve asymmetry (relatively rapid departure from no-force baseline, slower approach to saturation).
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example, when the parameter set was (u 5 1, v 5 3, w 5 1),
kdev was 2.4 s21. However, for either (u 5 3, v 5 3, w 5 1)
or (u 5 1, v 5 3, w 5 3), kdev was 4 s21 (Fig. 8). Thus,
adding au or a w effect to an already existingv effect
resulted in an unanticipated increase in the speed of force
development.

DISCUSSION

The most important finding of these studies is that different
and varied contractile behaviors can be generated with three
different types of myofilament neighbor interactions. For
instance, whereas increased strength of RU-RU, XB-XB,

and XB-RU neighbor interactions all increased maximal
Ca21-activated force, the magnitudes of these increases and
the Ca21-dependent approach to maximal Ca21-activated
force varied markedly among the three interaction types
(Figs. 4, 5, and 7). Additionally, the nature and magnitude
of effects on speed of force development also varied among
neighbor interaction types. A second important finding was
that large changes in the force-log(Ca/Ca50) curves, includ-
ing large shifts in the apparent Ca21 sensitivity, can be
obtained with these interactions with no change in the
binding of Ca21 to troponin. Explanations for the nature of
and differences between effects are found in the nonlinear
characteristics of the interactions and their relation to the
overall model.

Critique of the model

All models are overt simplifications; the current model is no
exception. For instance, we considered RUs and XBs inter-
acting only along a single thin filament and ignored inter-
actions that may occur among multiple thick and thin fila-
ments as, for instance, changes in filament lattice spacing
and its effect on interactions during force development and
length change. A partial list of other factors that were
ignored include: 1) end effects (we assumed an infinitely
long thin filament); 2) restrictions due to spacing between
actin attachment sites along thin filaments and XB spacing
along thick filaments; 3) compliant properties of thick and
thin filaments; 4) steric relations that allow one RU, in
spanning 7 actin monomers, to regulate the availability of as
many as three XB attachment sites on the thin filament; 5)
more than one Ca21 regulatory binding site on an RU; 6) all
length-dependent activation phenomena; 7) states of an RU
other thanon or off; 8) the multiple states within the XB

FIGURE 6 XB-XB interaction effect on time-course of force redevelop-
ment. Three curves represent different strength of interaction: no interac-
tion (dashed curve, v 5 1), weak interaction (thin curve, v 5 2), and strong
interaction (thick curve, v 5 3). Force axis normalized to the maximum
value. Increasing strength of XB-XB interaction slows force redevelop-
ment.

FIGURE 7 XB-RU interaction effect on force-pCa. Three curves represent different strength of interaction: no interaction (dashed curve, w 5 1), weak
interaction (thin curve, w 5 3), and strong interaction (thick curve, w 5 5). (A) Absolute values. (B) Normalized curves. Increasing strength of XB-RU
interaction modestly increases maximal Ca21-activated force, shifts the curve strongly to the left, increases curve steepness, and introduces distinct curve
asymmetry (relatively rapid departure from no-force baseline, slower approach to saturation).
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cycle; and 9) many other complicating factors that are
known to exist within the myofilament system and the
regulated interaction between actin and myosin. All as-
sumptions were made to allow focus on specific phenomena
and in order to keep the problem tractable.

Of the many assumptions, it is worth noting that treating
the RU as eitheronor off does not incorporate the full range
of subtleties that would come from direct interactions be-
tween RU and XB at a single binding site as implied in the
3 RU-state model (blocked, closed, andopen) of Geeves and
coworkers (McGillop and Geeves, 1993; Leher, 1994;
Geeves and Leher, 1994). A rough equivalence between the
3 RU-state scheme and the one used here is as follows:
blockedwould be equivalent to ourRoff, closedwould be
equivalent to an equilibrium combination ofD andA1, and
openwould be equivalent to an equilibrium combination of
D andA2. The transition betweenblockedandclosedwould
be associated with Ca21 binding and the transition between
closedand openwould be associated with the XB power
stroke. In this scheme, cooperativity occurs within the span
of a single RU as a result of a singleclosed-to-opentran-
sition from the power stroke of one XB facilitating the
attachment of additional XBs within the thin filament span
of the RU.

Thus, the kind of cooperativity whereby one XB holds an
RU in an open state allowing other XBs to attach readily
and proceed through a power stroke within the span of a
single RU (Geeves and Lehrer, 1994; Lehrer, 1994; Tobac-
man, 1996) is somewhat different than the XB-XB and
XB-RU cooperativity we represent here. Further differences
would arise between the 3 RU-state configuration and our
configuration in that, for instance, RU-RU interaction

would impact both theblocked-to-closedtransition and the
closed-to-opentransition rather than just theon-to-off tran-
sition. Whether one would arrive at different conclusions
regarding the relative effects of RU-RU, XB-XB, and
XB-RU neighbor interactions using the 3 RU-state model as
opposed to the 2 RU-state model used in this study is a
question worthy of future investigation.

Another noteworthy assumption is that Ca21 binding and
its effect onkon andkoff were assumed to be independent of
all other effects and of other actions associated with myo-
filament activation and cross-bridge cycling. There are both
experimental evidence and theoretical reason for taking note
of this assumption. Experimentally, Hoffmann and Fuchs
(1987a,b) have shown in cardiac muscle that Ca21 binds to
myofilaments with less affinity at low force (vanadate in-
hibition), when there are fewer XBs in the force-bearing
state, than at high force when there are more. Though not
definitive, this evidence at least strongly implies that there
is a dependence of Ca21 binding on force-bearing XB state
(Fuchs and Wang, 1995). Theoretically, a detailed balance,
based on thermodynamic equilibrium considerations, dem-
onstrates that our assignments ofkon

Ca.. kon
0 andkoff

Ca ,, koff
0 ,

while in accord with basic understanding of the influence of
Ca21 on theon-off transitions, are, nevertheless, inconsis-
tent with one ratio ofk1/k2 for both on and off states.
Indeed, T. L. Hill’s thermodynamically consistent model of
myofilament activation and cross-bridge cycling (Hill,
1985) specifically accounts for different Ca21 binding af-
finities depending on whether the RU ison or off. In Hill’s
treatment, Ca21 effects on equilibrium constants are not
independent of other effects. Though respectful of experi-
mental findings and thermodynamic constraints, we em-

FIGURE 8 Effect of two simultaneous nearest-neighbor interactions on time course of force development. In both A and B there is a background of strong
XB-XB interaction (v 5 3). (A) On top of the background XB-XB interaction, varying strengths of RU-RU interaction are added (u 5 1, 2, and 3). (B)
On top of the background XB-XB interaction, varying strengths of XB-RU interaction are added (w 5 1, 2, and 3). In the presence of a background of
XB-XB interaction, the addition of either RU-RU interaction or XB-RU interaction causes a speeding of the force development process.
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ployed the Ca21 binding assumption in our model because
1) we desired to examine specific neighbor interactions
without the complications and obfuscations of multiple
other effects, as would arise if Ca21 interactions were
included, and 2) the mathematics of including Ca21 inter-
actions may not be tractable in a model whose ultimate use
will be for nonequilibrium applications during transient
behaviors such as force development. Intuitively, we sus-
pect that increases in Ca21-binding affinity with an increase
in XB force-bearing states will, among the three neighbor
interactions investigated here, have its greatest effect on the
prediction of XB-RU interactions by shifting the force-
log(Ca) curve farther to the left than would occur with
XB-RU interaction alone. Suppose there is a certain level of
XB-RU interaction and a resultant shift to the left of the
force-pCa curve, as shown in Fig. 7. Now, if cooperative
Ca21 binding is imposed on top of existing XB-RU inter-
action, the result will be to shift the curve farther left. These
two effects are in the same direction and if one is not
considered but is operative, the other effect is overesti-
mated. This means that if the effects of XB-dependent Ca21

binding are operative and not considered, a larger value of
w will be estimated than may actually exist as a result of
XB-RU interaction alone. Future model improvements will
be required to determine the effects of a dependence of
Ca21 binding affinity on XB state.

A third assumption of consequence was that states were
assumed to be randomly distributed along the length of the
myofilament, allowing the likelihood of finding a neighbor-
ing site in any particular state to be calculated according to
its fractional occurrence. This assumption (used in formu-
lating Eqs. 19, 29, and 44 in terms of Eqs. 20, 30, and 45,
respectively) is at odds with neighbor interactions because
these would tend to cluster states together in nonrandom
patterns. Our assumption is known in statistical physics as
the Bragg-Williams or mean-field approximation (Hill,
1978, 1985) where it is often used in solving neighbor
interaction problems. An alternative is the Bethe-Peierls
approximation (Hill, 1985) or quasi-chemical method in
which spatial independence is not assumed and more exact
solutions are obtained for one-dimensional, Ising-like prob-
lems of the kind treated here. However, in addition to being
more complicated mathematically, the Bethe-Peierls ap-
proximation requires that all interactions be of the same
strength. In our case, this requirement is not satisfied and,
thus, the extra mathematical complexity is not warranted.

By employing the Bragg-Williams approximation, we
retain a deterministic structure to the neighbor interaction
problem and circumvent the requirement for probabilistic
Monte Carlo methods in its solution. Deterministic model
structures are desirable not only because they are less in-
volved computationally, but also because they allow more
straightforward explanations of cause and effect. The most
important consequence of the Bragg-Williams approxima-
tion is that it exaggerates positive cooperativity (Hill, 1985).

In our case, this exaggeration is of little consequence as the
interaction parameters (u, v, or w) appear as free parameters
whose values may be chosen in accord with the behavior the
user wishes to simulate. That is, the model should be viewed
as a tool in which the interaction strengths are assigned to
represent system behavioral consequences, not as exact
physical entities representing specific molecular interac-
tions. However, through changes in parameter values, spe-
cific interactions may be graded accordingly.

Our assumption of randomly distributed states should be
taken in the same light as Tobacman’s comment (1996)
about all previous cooperative models: “The cooperative
mechanisms put into mathematical form by the models
imply specific statistical distributions of myosin along the
thin filament. Until methods are available for measuring
those distributions, no model can be well substantiated and
all models must be viewed with caution.” The single rele-
vant caution arising as a consequence of the Bragg-Wil-
liams approximation is that care be exercised to avoid large
u, v, or w values that produce phase transition or critical
point in the binding isotherm (i.e., force-pCa). Phase tran-
sition leads to a type of hysteresis that is uncharacteristic of
the hysteresis in published force-pCa data (Harrison et al.,
1988; Brandt et al., 1985). With this caveat, our assumption
of random distribution is perfectly in accord with standard
practices in solving neighbor interaction problems.

Model-based explanation of results

Maximal Ca21-activated force

The three types of neighbor interactions varied in their
ability to increaseFmax; increasing the strength of XB-XB
neighbor interactions increasedFmax approximately 6.5-
fold, whereas increasing the strength of RU-RU or XB-RU
interactions increasedFmax only 30%. Differences between
these effects may be explained as follows. The XB-XB
interaction impacted the reaction step regulated by thef-f 9
rate-coefficient pair (Fig. 3B) whereas RU-RU and XB-RU
interactions impacted the reaction step regulated by the
kon-koff rate-coefficient pair (Fig 3,A andC). The magnitude
of Fmax change resulting from either a change inf/f 9 or in
kon/koff depended on the baseline fractional distribution
among the various model states and differences in the size
of the pool from which each of the affected reaction steps
could potentially recruit more XBs into the force-bearingA2

state.
The reference rate coefficients in Table 1 created condi-

tions in which cycling XBs represented 75% ofRT (lcyc 5
0.75), whereas XBs in theA2 state represented only 6% of
the total (lA2 5 0.06) and 8% of the cycling XBs (lcyc

A2 5
0.08). By subtraction, the noncyclingRoff state represented
only 25% of the total (loff 5 0.25). Neighbor interactions
may increase XBs in theA2 state by two mechanisms: 1) by
recruiting more XBs into the cycling population fromRoff
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and, thus, increasinglcyc and lA2 and 2) by redistributing
the cross-bridges within the cycling population i.e. changing
lcyc

A2 . Increases in RU-RU and XB-RU interactions acted to
increasekon/koff (from a value of 2 at baseline whenu 5
w 5 1, to a value of 80 whenu 5 1 andw 5 5, and to 17
when u 5 3 and w 5 1). These increases inkon/koff in-
creased the cycling populationlcyc (from lcyc 5 0.75 at
baseline to 0.99 whenu 5 1 andw 5 5, and to 0.95 when
u 5 3 andw 5 1) with a subsequent small increase inlA2

(to only 0.08) but without a change inlcyc
A2 (remained at

0.08). The fact that the pool from which to recruit with
kon/koff changes is limited to the 25% of actin-myosin sites
in the baselineRoff state places a limit on the magnitude of
the Fmax change that can be induced. In contrast, the large
increases inFmax achieved with XB-XB interaction arose
because increasingv (from 1 to 3.2) caused an increase in
f/f 9 (from 0.125 to 4.7), resulting in the redistribution within
the cycling pool to favorA2 formation (fromlcyc

A2 5 0.08 at
baseline to 0.40 whenv 5 3.2). Subsequent to this redistri-
bution, there was a reduction inD with a secondary recruit-
ment of XBs into the cycling population fromRoff (lcyc 5
0.96). Thus, the large increase inFmax with increased
strength of XB-XB interaction resulted from the relatively
large pool from which force-bearing XBs could be
recruited.

If values for the reference rate coefficients other than
those listed in Table 1 had been used in this study, results
would have been quantitatively different, but the qualitative
effects would have been much the same.

Steepness and symmetry

There were differences among the three types of neighbor
interactions in their effect on the Ca21-dependent approach
to Fmax in the force-log(Ca/Ca50) relationship. Whereas all
three types of interaction shared the effect of increasing the
steepness of the force-log(Ca/Ca50) relationship, the
RU-RU interaction easily had the greatest effect in this
regard. Strong interaction between adjacent RUs created a
condition that favored either alloff or all on; if its neighbors
wereoff, an RU tends to be held in theoff position, but if its
neighbors areon the RU tends to be held in theon position.
In contrast, calcium binding promotes the transition fromoff
to on. At low Ca21 concentrations when most RU areoff,
neighbor interactions tend to hold the RUoff even in the
face of the weak effect of Ca21 to promote the transition to
on. These competing effects continue as Ca21 concentra-
tions are raised until there has been sufficient Ca21-induced
transition to theonstate that the neighbor interaction effects
suddenly reverse and favor the transition toon. Thereafter
with increasing Ca21, RU-RU interaction and Ca21 activa-
tion act synergistically to both promote formation of theon
state. Thus, if RU-RU interaction is sufficiently strong,
there will be a very rapid switch-like transition with increas-
ing Ca21 from off (when neighbor interactions oppose Ca21

activation) toon (when neighbor interactions act in the same
direction as Ca21 activation). This switch-like effect creates
a steep force-log(Ca/Ca50) curve.

The above argument also can be used to explain the
asymmetry about Ca21 5 Ca50 in the force-log(Ca/Ca50)
curve with strong RU-RU interactions. Note in Fig. 4 that
whenu 5 3, the escape from zero baseline to higher values
of F/Fmax at low log (Ca/Ca50) is slower (nH 5 2 for lower
part of the curve) than the approach toF/Fmax 5 1 at higher
log (Ca/Ca50) (nH 5 3 for upper part of the curve). Thus, the
force-log(Ca/Ca50) curve is asymmetric aboutF/Fmax 5
0.5. This, too, is the result of RU-RU interactions opposing
the activating effects of Ca21 when Ca21 , Ca50 but
supporting the activating effects of Ca21 when Ca21 .
Ca50. The resulting asymmetry made it difficult to characterize
the steepness of the curve with a single Hill coefficient.

These effects with RU-RU interactions on force-log(Ca/
Ca50) symmetry were opposite to what was seen with
XB-RU interactions. Note in Fig. 7 that whenw 5 5, the
escape from zero to higher values ofF/Fmax at low log
(Ca/Ca50) is faster (nH 5 3 for lower part of the curve) than
the approach toF/Fmax 5 1 at higher log (Ca/Ca50) (nH 5
1.5 for upper part of the curve). The explanation for these
differences derives from the differences in the changes in
kon/koff ratio with Ca21 in the presence of these different
kinds of neighbor interactions.

In contrast, XB-XB interactions, which did not affect the
kon/koff ratio with Ca21, produced a rather symmetric force-
log(Ca/Ca50) curve at all values ofv. However, this curve
could not be characterized with a single Hill coefficient; the
curve in its middle range is much steeper than in the lower
and the upper part (three-part value for the Hill coefficient
wasnH 5 2, 7, 2 forv 5 3.2).

Left versus right shift

Increasing RU-RU and XB-XB interactions shifted the
force-logCa relationship predominantly to the right (de-
crease in Ca21 sensitivity), whereas increasing the XB-RU
interaction shifted this relationship demonstrably to the left
(increase in Ca21 sensitivity). Of these effects, it is easiest
to explain the leftward shift of XB-RU interactions as these
interactions and Ca21 activation work synergistically
throughout the Ca21 activation range to enhance activation
by increasing thekon/koff ratio. Thus, the approach to acti-
vation saturation with increasing Ca21 will be reached at
lower Ca21 concentrations with XB-RU interaction than
without it and, consequently, the curve will be shifted left.

The rightward shift with RU-RU interaction follows from
the above described mechanism for increased steepness;
neighbor interactions act to hold an RUoff if its neighbors
are off at low Ca21, resulting in a rightward shift of the
force-log(Ca/Ca50) curve. For weak to modest XB-XB in-
teraction (v # 2.5), the rightward shift for the normalized
F/Fmax curve may be misleading because, in terms of ab-
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soluteF, higher forces were achieved at lower Ca21. The
rightward shift results from a greater relative expression of
increasing force as Ca21 saturation is approached compared
to the condition of no XB-XB interaction. For greater
strengths of XB-XB interaction (v . 2.5), there is a trend
for leftward shift of the force-log(Ca/Ca50) relationship
because force saturation begins to occur before Ca21

saturation.

Time course of force development

The three different types of neighbor interactions also dif-
fered in their effect on myofilament dynamics. Increasing
the strength of XB-XB interactions had an obvious effect of
slowing the characteristic rate of force development (Fig.
6), whereas increasing the strength of XB-RU interactions
had an imperceptible effect at maximal Ca21 activation but
a perceptible effect to slow force development at low Ca21

activation (data not shown).
An explanation of this apparent enigma whereby there is

slowing of force development dynamics with increased co-
operative interactions is found in a previous article (Camp-
bell, 1997). In brief, the XB-XB interaction effect onf/f 9
ratio increases XBs in theA2 state, i.e., it increaseslA2. It
can be seen from Eq. 43 that whenv . 1, an increase inlA2

also increasesf/f 9. Thus, a positive feedback betweenA2

andf/f 9 is established where each enhances the other. If the
pool for recruitment ofA2 is large, such positive feedback
will slow system dynamics because it results in an ever-
rising steady-state value during the course of force devel-
opment. Indeed, from the standpoint of XB-XB interaction,
the pool forA2 recruitment is large as the pool resides in
both the cycling XB population and the noncycling popu-
lation. Thus, the positive feedback arising from the nonlin-
ear dependence off/f 9 on A2 during XB-XB interaction
produced an ever-advancing steady-stateA2, value and ef-
fectively slowed apparent system dynamics.

In contrast, XB-RU interactions, in acting to increase the
kon/koff ratio, had little impact on the speed of force devel-
opment. The pool for recruitment from thekon/koff reaction
during maximal Ca21 activation was small, consisting only
of the noncycling state. Thus, for the same reason that these
interactions had relatively small effects onFmax, they had
relatively small effects on the speed of force development.
When the noncycling pool was increased, as during half-
maximal Ca21 activation, XB-RU interactions perceptibly
slowed force development, as would be predicted from the
above analysis.

The situation with RU-RU interaction is more complex
and depends strongly on initial conditions from which force
development begins. Assume thatlon 5 0 is an initial
condition. Then, foru . 1, the value ofkon/koff at the onset
of force development is less than that at baseline and re-
mains less as long aslon , 0.5, Eq. 28. However, the value
of kon/koff increases steeply aslon increases during force

development andkon/koff quickly goes much above baseline
aslon becomes greater than 1. These complicated effects of
RU-RU interaction onkon/koff make it difficult to predict the
time course of force development relative to a baseline time
course. Early on, the time course is slower than baseline; as
the eventual steady state is approached, it is faster. These
complications made it difficult to interpret our observation
of no perceptible effect of increased RU-RU interaction on
speed of force development.

Even though the individual effects of RU-RU and
XB-RU interactions cannot be detected in the rate of force
development during maximum Ca21 activation when they
are each acting alone, both of these interactions significantly
increased the speed of force development when they were
added on top of XB-XB interaction effects which had acted
to slow the speed of force development (Fig. 8).

The explanation for these results derives from the fact
that the nonlinearities of neighbor interactions impact both
the rate at which force develops and the final steady state to
which force will eventually rise. These effects play out as
follows. Consider the total number of available XBs,RT,
and the fraction ofRT that is force-generating and in theA2

state,lA2. At a given time,t 5 t0, during force development,
there will be alA20. Over the next increment in time,Dt, the
time course of force development, proportional tolA2(t),
may be closely approximated by

lA2~t! 5 lA2ssS1 2
lA2ss 2 lA20

lA2ss
e21/ tD (53)

where lA2ss is the projected steady state value oflA2 for
continued exponential rise andt is a time constant that
characterizes the approach oflA2(t) to lA2ss. If this expres-
sion accurately representedlA2(t) over the full time course
of force development,kdev 5 1/t. The values off, f 9, h, h9,
g, andkon, andkoff at t0 may be used to calculate effective
values of bothlA2ss andt. These dependencies are such that
lA2ss is bounded by the value 1 (i.e., no more than all ofRT

may be committed tolA2ss) while t is bound by the value 0
(i.e., the approach to steady state may be infinitely fast).

Now according to Eq. 43, XB-XB interaction causes the
f/f 9 ratio to increase progressively aslA2(t) increases. It can
be shown that increasingf/f 9 increaseslA2ss and decreasest.
Thus after theDt interval, recalculation gives a largerlA2ss

and a smallert and the trajectory given by Eq. 53 adjusts
accordingly. If att 5 t0, lA2ss ,, 1, we say that the pool for
recruitment is large and after severalDt intervals, lA2ss

continues to advance. In this case, the trajectory given by
Eq. 53 repeatedly readjusts to chase an ever-advancing
projected steady state. In spite of the fact thatt decreases,
the net effect, as shown in Campbell (1997), is to slow the
overall approach to steady state and to reduce the apparent
kdev. On the other hand, if att 5 t0, lA2ss ; 1, most ofRT is
already committed tolA2ss and we say that the pool for
recruitment is small. In this case, afterDt, recalculation will

3134 Razumova et al.

Biophysical Journal 78(6) 3120–3137



give a newlA2ss that is not much different from the initial
value. Under these conditions, the effect to decreaset
dominates and the result is to speed the overall approach to
steady state and to increase the apparentkdev. Therefore,
whether neighbor interactions slow or speed force develop-
ment and decrease or increasekdevdepends on the status of the
pool from which new force-bearing XBs may be recruited.

Briefly, during XB-XB interaction, the dominant effect
was the ever-advancing eventual steady state and, thus,
there was slowing. However, when RU-RU and XB-RU
interactions were added on top of these effects, the pool
from which RU-RU and XB-RU interactions could recruit
had already been depleted by XB-XB interaction. Thus,
there was no opportunity to increase the eventual steady
state, and the cooperative increase in rate coefficients dom-
inated and rapidly brought the system to its final level. From
these results we may conclude that whether slow-down or
speed-up of the system occurs with cooperative neighbor
interactions depends on which of the two nonlinearities is
dominant, and this is determined by the relative size of the
pool from which recruitment may occur. In turn, the latter is
determined by the reference values of the parameters and
baseline level of cooperative activity.

An interesting consequence of neighbor interactions (es-
pecially XB-XB interaction), related to the above argument,
is that the rate of force development becomes Ca21-depen-
dent (Fig. 9). Changing the calcium concentration changes
the kon/koff ratio, which changes the size of the pool from
which recruitment may occur. At high Ca21 concentrations,
the kon/koff ratio is high and the pool for recruitment is
small. As Ca21 concentration decreases, thekon/koff ratio
also decreases and the pool for recruitment gets larger. With
the increase in the recruitment pool there is a slowing of the

force-redevelopment response, and the value ofkdev de-
creases with decreasing Ca21 concentration. However,
when Ca21 concentrations become very small, to the point
that kon/koff approaches zero, even highly cooperative sys-
tems become much less cooperative because there is no
opportunity to carry out the cooperative action. Thus, for
very low Ca21 concentrations,kdev increases to that of the
noncooperative system.

Uses of optional neighbor interactions as
hypotheses for mechanisms in
experimental observations

The neighbor interactions examined here represent only a
subset of the many possible mechanisms responsible for
cooperative behavior in muscle contraction. Among poten-
tially important cooperative mechanisms not considered
here are those influencing Ca21 binding to the RU and those
that may arise from the stoichiometry whereby one RU
regulates XB attachment to as many as 3 to 12 actin-myosin
binding sites (Hill, 1985; Geeves and Lehrer, 1996). Thus,
it should not be interpreted that the three kinds of neighbor
interactions reported here are responsible for all observed
cooperative behavior in contractile systems. Rather, these
are mechanisms that can contribute to some currently un-
explained contractile phenomena. As an example, we con-
sider three of these phenomena.

Steepness and asymmetry in force-pCa relationship

The Hill coefficient, nH, of the force-pCa curve varies
widely for different types of muscle (Brandt et al., 1998).
Traditionally, it has been understood thatnH of skeletal

FIGURE 9 Neighbor interactions cause Ca21-dependent time course of force development. Neighbor interaction status for this figure wasv 5 3. (A)
starting at near Ca21 saturation (Ca/Ca50 5 10), progressive decreases in Ca21 to Ca/Ca50 5 1.5 progressively slowed force development. Curves shown
are for Ca/Ca50 of 10, 3, 2, and 1.5. However, further decreases of Ca21 concentration (B, curves shown are for Ca/Ca50 of 1.5, 1, 0.5, and 0.1) increases
the speed of force development. The data shown are for XB-XB interaction. Both RU-RU and XB-RU interaction gave qualitatively similar but
quantitatively less pronounced results.
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muscle (typically$5) was much higher than for cardiac
muscle (typically 1–3), but recently values for cardiac mus-
cle have been reported that were also$5 (Brandt et al.,
1998; deTombe et al., 1996). Differences between skeletal
and cardiac muscles can be a consequence of the different
number of Ca21 binding sites on the respective TnCs, but
the possibility of differences due to variations in the
strength of neighbor interactions in these muscles cannot be
dismissed. Clearly, variations in the strength of any of the
three neighbor interactions we examined here may be con-
sidered as mechanisms that account for variations innH

between muscle types.
It has been reported that the force-pCa curve is asymmet-

ric around the half maximum Ca21 concentration (Moss,
1992). The force-pCa curve has a highernH in the range
pCa , pCa50 and a largernH in the range pCa. pCa50.
Among the three types of neighbor interactions, only
XB-RU interaction produces this type of asymmetry. There-
fore, the potential role of XB-RU interaction should be
considered as a possible mechanism responsible for this
asymmetric effect.

Ca21 dependence of force development

An issue of considerable current interest is the Ca21 depen-
dence of the rate constant of force redevelopment,kdev.
Implicit in this interest is that Ca21-dependentkdev is evi-
dence that Ca21 regulates XB kinetics (Brenner, 1988).
Others have argued that a Ca21-dependentkdevmay actually
be the result of cooperative feedback from the positive
effects of force-bearing XB on thin-filament activation
(Millar and Homsher, 1990; Swartz and Moss, 1992; Camp-
bell, 1997). A consistent finding with skeletal muscle and
the majority of findings with cardiac muscle indicate very
little change or a decrease inkdev for increasing activation
levels yielding forces below half maximal force and then a
severalfold increase inkdev, with activation levels yielding
forces above half maximal force (Vannier et al., 1996;
Palmer and Kentish, 1998; Brandt et al., 1998; Brenner,
1988; Swartz and Moss, 1992; Metzger and Moss, 1990;
Wolff et al., 1995; Hancock et al., 1996; Regnier et al.,
1998).

The neighbor interactions we investigated demonstrated
that XB-XB interaction brought about a decrease inkdev

with increasing Ca21 during low levels of activation but an
increase inkdev with increasing Ca21 at high level of acti-
vation (Fig. 9). Additionally, RU-RU and XB-RU interac-
tions both had qualitatively the same kind of effect as that
shown for XB-XB interaction in Fig. 9. Therefore, our
results would lead to the hypothesis that Ca21 dependence
of rate of force development may be the result of one or
more neighbor interaction effects.

Actions of Ca21-sensitizing agents

While many agents and experimental conditions have been
observed to changeFmax, not all observations can be ex-
plained by a known mechanism of action associated with
these agents. For instance, a category of compounds re-
ferred to as the Ca21-sensitizing agents have a dramatic
leftward shifting effect on the force-pCa curve and increase
Fmax (Lee and Allen, 1993; Solaro et al., 1993; Boukatina,
1998). There is no commonly accepted explanation for these
effects. Among the three neighbor interactions investigated
in this study, only increases in XB-RU interaction simulta-
neously produced a leftward shift in the force-logCa curve
and an increase inFmax. XB-XB and RU-RU interactions,
although increasingFmax, tended to shift the curve to the
right. Because these latter actions are inconsistent with the
effects of Ca21 sensitizers as a class, induced changes in
XB-XB and RU-RU interactions are unlikely mechanisms
to explain Ca21 sensitizer actions. However, agent-induced
increases in XB-RU interactions remain a potential mecha-
nism for explaining the action of the Ca21 sensitizers.

SUMMARY

We describe the effects on model-predicted contraction
behavior of three kinds of neighbor interactions within the
myofilament system. Each produces a unique profile of
contractile behaviors. Because the specific types of neigh-
bor interactions have not been previously described, they
have not been considered as possible mechanisms to explain
experimental observations. Given the large number of un-
explained contractile phenomena, it is now incumbent upon
experimenters to consider these three types of neighbor
interactions among the mechanisms that may be hypothe-
sized to explain a wide array of observations.
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