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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 Ca®*-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, ky.,. 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 bor interactions that seemed likely contributors to cooper-
contractile processes of the myofilament system (Weber andtivity and that could yield insights from further investiga-
Bremel, 1972; Murray and Weber, 1980; Hill, 1985; Tobac-tion of their specific consequences.

cman 1996; Squire and Morris, 1998; Lehrer, 1994; Mc- The first of these was interaction between adjacent tro-
Killop and Geeves, 1993; Moss, 1992; Solaro and Rarickpomyosin-troponin regulatory unit®U, on the thin fila-
1998). Usually, cooperativity is understood operationallyment:RU-RU interactionln this, the tendency for an RU to
and is said to exist when the Hill coefficient in the fit to a transition from aroff to anon state, or vice versa, depended
binding isotherm is greater than 1. We prefer to considepn whether neighboring RUs were in tioa or off states.
cooperativity in conceptual terms where, by cooperativity,The possibility for such interactions have been recognized
we mean that some event in the sequence of steps leadifgr years, because RU tropomyosin backbones are stacked
eventually to force production nonlinearly favors the occur-gng-to-end along the length of the thin filament with an
rence of that same or other events in the sequence. There &Gerlap of 5 to 10 residues (Tobaccman, 1996, Solaro and
many possibilities for cooperativity including (but not lim- Rayick, 1998). In addition, the troponin T subunit of the RU
|t_ed 'to) ca* bmdmg to Troponin C (_Tn(;) enhancmg_ the aytends over this overlap region, possibly to generate addi-
binding of more C&' to TnC; the switchingon of a thin 54 interactions between adjacent RUs. Interactions be-
filament regulatory complex favoring the switchiog of 4\ een adjacent RUs have been treated quantitatively in
other regulatory complexes; the formation of a force-beary gie equilibrium theory (Hill, 1995), have been used in
ing gross-brldgg favoring the formgﬂop of more force- odels to predict contractile behavior (Dobrunz et al., 1995;
beanng. cross-lgrld'ge.s; and any (?omblnat|on by Wh"?h one 0gice et al., 1999), and have been used to explain seemingly
these (i.e., C& binding, switching on, and formation of rouped turning on of all activation sites along the thin

force-bearing cross-bridges) nonlinearly favors another. | ilament (Brandt et al., 1984, 1987). Thus, RU-RU interac-

the highly s'truct.ureo'l myofllamgnt sy§tem, gooperatwltytions are well recognized and studied, but quantitative stud-
almost certainly implies some kind of interaction between.

. ) . ) i f th ff relativ h f other f
neighboring locations along the length of the filaments. Ofneesi ?\botr?:teergct?c():riss hi\?é :ott(l-:))eter?seen?orrg;de types o
the various options, we chose to study three kinds of neigh- 9 : . -€n p '

The second neighbor interaction chosen was between
adjacent cycling cross-bridgeXB-XB interaction.In this,
Received for publication 1 July 1999 and in final form 11 February 2000. the “k?“h.OOd that a myosin XB will form an atta_Chmem to.

_ _ the thin filament and proceed to a force-bearing state is
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vious modeling efforts have considered XB-XB interactions The objective of this work was to contrast the effects on
only within the span of the 7 actin of a single RU as a resultcontraction of RU-RU, XB-XB, and XB-RU neighbor in-
of steric relief secondary to tropomyosin displacement duderactions. We used a mathematical model. Because our
to the first XB attachment within the RU span (Tobacman,long term goal is to incorporate these neighbor interaction
1996; Zou and Phillips, 1994; Rice et al.,, 1999). Othereffects into a model for predicting nonequilibrium behav-
authors have implied that XB force causes filament stretchiors, such as will occur during a muscle twitch or a brief
to bring about favorable alignment between the actin bindtetanus, we followed a kinetic approach to model develop-
ing sites and the myosin XB to enhance the formation ofment and did not adhere strictly to the constraints of equi-
more force-bearing XBs (Daniels et al., 1998; Mijailovich et librium thermodynamics. This was necessary in order to
al., 1996). Here, we do not specify a mechanism but conseparate the effects of individual neighbor interactions and
sider only the potential phenomenon that one XB in ato achieve mathematical tractability. The result is a model
force-bearing state may enhance attachment and eventuhlat captures the most relevant features of contractile pro-
force-bearing in an eligible neighboring XB (eligibility re- cesses and one that gives believable predictions of the
quires that the neighboring site must already be switche@ssential consequences of these separate neighbor interac-
on). Our results will have qualitative relevance to what maytion effects.
be expected from any mechanism that operates to effec-
tively bring about XB-XB cooperativity.

The third neighbor interaction studied was one in whichModel Description

an attached (force-bearing) cross-bridge facilitated the tran1—_he model consisted of a kinetic core of RU with andoff

sition to theon state by a neighboring RXB-RU interac- 20y B with attached and detached states. Rate co-
tion. Again, this is a well appreciated cooperative interac-"__.. - ) RN
fficients regulated steps in this kinetic core and were

tion that ha_s bgen |mp_I|cated as the mgchanlsm resDonSIbEeubject to change with neighbor interactions. The kinetic
for the activating actions of rigor bridges, of loose S1

myosin added to myofilament systems, and of apparen?
Ca*-independent activation at low ATP concentrations
(Godt, 1974; Fitzsimons and Moss, 1998; Moss, 1992kinetic Core of Model
Swartz et al., 1999; Swartz et al., 1996). Thus, although the

evidence for this kind neighbor interaction is great, theConsider the 8-state myofilament activation and cross-
peculiar contractile responses of XB-RU interaction thatbridge cycling model in Fig 1. A portion of the thin filament

would distinguish it from, say, RU-RU or XB-XB interac- is represented by the chain of three circles with the bar

ore and the neighbor interactions are discussed in turn.

tions have never been documented. spanning the length of the chain. The myosin binding site on
8-State Model Reduced 4-State Model
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FIGURE 1 (Left) Eight-state cross-bridge activation and cycling model. A segment of the thin filament is represented by the chain of threeeircles. Th
thin-filament regulatory unit is represented by the bar associated with the 3-circle chain. The regulatory unit @nistttie when the bar is above the
3-circle chain and in theff 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)(or attached 4,, A,) to the thin filament. In isometric conditions, force bearing is by the post-power shplktate.

Calcium is bound to the regulatory unit by all states on the left half ofgfigpaneland not bound to all states on the right half of kb panel.Superscripts

indicate calcium-binding status. See text for definitions and detailed explanations. (Right) Reduced 4-state representation of 8-stateimmdehdlzy

and dissociation is now contained within the calcium dependence d tf@a) andk,;(Ca) rate coefficients.
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actin is represented by the three circles (no stoichiometric A = A2 + AS? ()
relations are implied by the number three) and the regula- . c
tory tropomyosin-troponin unit (RU) controlling myosin A=A+ A" (4)

E(Sizsrrteosth:n?j(:ltnobelxnsC:Ir?%eSIttr‘i)Isoﬁpz)es?r?rtl:gdc?r?irtlhsotr):ri;;(he In the reduced 4-state model, the rate constants for tran-
P  Sing pomy P P itions between Ron andoff states have a dependence on
The myosin cross-bridge, XB, is represented by the shadeg]

ellipse with the coiled tail. For the sake of simplicity, we alcium, given by

assume a stoichiometry of 1 RU for every XB attachment site. o Ca
C&* binds and dissociates from the low-affinity TnC site Kon = koo + [kon — Kol Ca,+ Ca ®)
on the RU with rate constants of associati&h, and dis-
sociation, k™. For simplicity, we consider just a single Ca
low-affinity Ca?* binding site, as in cardiac muscle. Addi- Korr = Koy + [Ksif — Kot Cay, + Ca (6)

tionally, the RU may be in one of two steric configurations: e ) )

the off position (statesR%; and RS3 or the on position where Cg, (= k™ /k™) is the calcium concentration of half
(stateDP, D2 A2, AS® AQ andAS?). Switching betweenff Ca™ saturation of thin filament binding sites.

and on positions is governed by then rate constantsS? By applying conservation to a fixed total number of
and K2, and theoff constants kS and K, where the actin-myosin sitesRr, Ry = Ryy + D + A, + A,, three
superscript indicates whether €ais bound to the RU. differential equations are all that are needed to describe the

ca" binding results in great differences between the twg'ate of change of states in the reduced, 4-state model.

on constants k& > kS, and also between the twoff N , _
constantsk$? << k2. When C&* is not bound to TnC and D(®) = KorRor(D) + T'Ax(t) + GA(0) = [orr + FID(D) (7)

the RU isoff (stateR2), there is little probability that it will ; _ / e
turn on (k2 => K2,). When C&" is bound to TnC, theff A =FDO + NAD [+ hiAY ®
RU (stateRS?) has an increasing probability of turnirgn A1) = hA(t) — [N + glAs(t) 9)
(ks = Ki)-
The myosin binding site with the RU in then state can States may be grouped into subpopulations. For instance,

be in one or more additional states depending on whethegtatesD, A;, andA, collectively represent a population of
cross-bridges are attached or not. These include detach&dCling XBs; stateR,; represents a noncycling population.
(D° D9 and attached pre-power strokd9( AS® and  StateA, is the only state that bears force during isometric
attached post-power strokéA$® A9). Cross-bridges can conditions and, thus, isometric muscle force is proportional
attach to the thin filament only when the RU is in the  to the number of XBs in thé, state. For this reason, we use
configuration. Attachment, power stroke, and detachmenf; as a measure of force.

occur cyclically according to rate constartd’, h, h’, and States and combinations of states may be expressed as
g, wheref is the forward rate constant of cross-bridge fractions ofRy:

attachmenth is the forward rate constant of the power R,

stroke andj is the rate constant of cross-bridge detachment.  )°f = _oft_ fraction of sites that are turnexdf.  (10)
Force is generated as cross-bridges go through the power Rr
stroke, i.e., transition from sta? to state.Aga and tran- D+A+A
sition from stateA? to stateAd. C&" may bind and disso- A°"= R
ciate from TnC regardless of whether the Rldisor off and i
whether cross-bridges are attached or detached. When my-which also equala®®, the fraction of sites participating
osin heads are attache®( A2 A9, andAS?), the RU has

— fraction of sites that are turneah,

no probability to turnoff and must await cross-bridge de- in XB cycling. (11)
tachment before turningff. D

By assuming thak™ and k™ are large with respect to AP = — — fraction of sites irD state. (12)
other rate coefficients, that these “Cabinding constants Ry
are unaffected by whether the RU are on or off, and, further, A
that they are also independent of all events within the M= _ _ fraction of sites in; state. (13)

cross-bridge cycle, it is possible to reduce the 8-state model Rr

on the left-hand side of Fig. 1 to a 4-state model on the A,
right-hand side of Fig. 1, where the states have been col- M2 = — — fraction of sites inA, state. (14)

. Rr
lapsed as follows:
_ Now, states are distributed along the length of the thick
=R + R 1
Ror = Ror + R @ fiiament. If that distribution is random, fractions given by
D=D°+ D% (2) Egs. 10-14 represent the probability of finding a given
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actin-myosin site in any particular state. In addition, it is unit to make a transition to then state (Fig. 3A). Let this
useful to consider the fraction of cycling XBs that are influence be exerted through the activation energy. Thus,
generating force, for an RU in theoff state, the activation energies associated
A with a state transition to then state may be ordered:
2

Az —
Ne =D+ A T A, (15) Bl > Bl ~ B3 > B (18)

The goal of this work was to determine the effect of Where the superscripts refer to the states of the left and right
nearest neighbor RU and XB dq,, k., f, andf’ and the  neighbors and the ordering is the result of the influence of

consequence of these effects on muscle contraction béhe left and right neighbor states on the activation energy
havior. We consider only conditions of constant?Ca required to make the transition. Thus, the success frequency

activation. (i.e., the rate constant for transition) from aff to anon

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,€ 11); 2) left neighbor off and right
neighbor on, € 12); 3) left neighbor on and right neighbor
off, (= 21); and 4) both neighbors or=(22).

Transitions betweepn and off are governed b, and
koi, Which obey Boltzmann statistics,

Bl

K:, = ke« (16)
B,

ot = K€ W (17)

wherek, and k, are attempt frequencies, and B}, are
activation energies that need to be overcome to make the
transition from state 1aff) to 2 (on) and from state 2 to 1,
respectively; # stands for any nearest-neighbor configura-
tion; k is the Boltzmann constant; and is the absolute
temperature. The exponential teren,®/<", expresses the
probability that an attempt to make a transition will be
successful. The higher the activation energy, 8., 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 ifi

ol

FIGURE 3 Three kinds of neighbor interaction8) (Tethering between
) adjacent regulatory units results in the state of a neighboring unit influ-
d @ @ @ @ encing the propensity of asff unit to make a transition to then state and
anonunit to make a transition toff state. B) Force-bearing XB facilitates
FIGURE 2 All possible thin filament regulatory unit nearest neighbor the attachment of neighboring XB to the actin-binding sitg) Force-
combinations: both neighbors are dff position (11), one neighbor ian bearing XB influences the on-off transition of neighboring thin filament
and one inoff (12 and 21), and both neighbors @m position (22). regulatory unit.
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state is greater as more neighbors assumeothetate,

Razumova et al.

or

because the activation energy that must be overcome for this

transition declines as more neighbors tom

We may address this quantitatively by considering, for

the whole population,

ot

contribution by sites wit
both neighbors “off”

|

contribution by sites with
one neighbor “off” and one “o

|

wherek, is an attempt frequency and the term in pointy

y

contribution by sites wit
both neighbors “on” (19)

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 assum
tion that events were randomly distributed along the lengt
of the myofilament. (This is a far-reaching assumption with

U 2
Kon = kgn()\"“ + )J’”e«T) (24)
wherek!, = k.e"®¥< s a referencé,, coefficient for the
condition where both neighbors aoéf. Note, because the
effects of C&* onk,, were taken independent of the effects
of neighbor interactionss!,, incorporates the Ca effect as
given by Eq. 5.

Becausee*™ is simply a number, it may be given the
value u = €YD such that if there is no effect from
neighbor interaction, thebd = 0 andu = 1. Furthermore,
because\®” + A\°" = 1, Eq. 24 can be rewritten as

Kon = ko 1 + A™(u = P

The term in square brackets on the right-hand side indi-
ates that if there are neighbor interactions (uez, 1), then
the value ofk,,, increases with increasing number of regu-
atory units in theon position.

(25)

C

important consequences that are examined in detail in the,ping off

Discussion.) With random distribution, the likelihood that a
neighboring site will be in theoff state isA°™ and the
likelihood that it will be in theon state isA°". Joint likeli-

A similar analysis may be done to determine the average
rate constant for then-to-off transition. The relations are

hoods are given by the appropriate products as, for eXamp|(§,lightly reordered for the reverse transition such that

the likelihood that both neighboring sites will baff is
A°Tx°T or that the right one will ben and the left oneoff

is \°"°". Therefore, Eq. 19 may be written in quantitative
terms as follows:

11 21
BIZ

«T

BlZ
Kon = ka{)\f’“)\"ﬁeﬁ + XA T + AT
n
B3
+ )\meeﬂ} (20)
Extracting e ®#<T out of the expression in brackets
gives

11

12
Kon = k& ¥

12_pll
12 Bis

KT

22 o1l
B>~ B,

KT

((/\oﬁ)z + ZAonAoffef + ()\on)zef

(21)

B — B;u=U
B - 8%~ —U )
and, finally,
kot = Koglu — A%(u — 1P (27)

wherekls = ke~ ®#< is the referencé coefficient for
the condition where both neighbors arf. Note, because
the effects of C&" on k, were taken independent of the
effects of neighbor interaction& incorporates the Ga
effect as given by Eq. 6.

The effects of interaction between neighbors on dhe
to-off transition are slightly more complicated than on the
off-to-ontransition. If most RU areff (i.e., A\°"is small) the
effect ofu is to increasé;. On the other hand, if most RU
areon (i.e., A\°"is large) the effect ofi is to decreasé.

Interaction between adjacent RUs impact the activation

energy differences8ls — Bl and B35 — Bii. Let this

interaction be such that it reduces the activation energVet Effect

required for anoff-to-on transition by an amount. Then,
B3 —Bi=—U

22

Bl - B = U 2

Substituting these into Eq. 21 yields

12 U 2U
Kon = kaekT(()\"“)z + 20T + (/\O”)Zeﬂ> (23)
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The net effect ofu on the transitions betweenif and on
states can be appreciated from examining the ratio

& i3]

Kot Ky
If A°"is small (i.e.,A\°" is large) as during low G4,
increasingu decreases thk, /k« ratio and RU tend to be
held in theoff position as C&" increases. However, f°"

1+ A"u—-1)

u- A1) (28)
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is large, as during high G4, increasingu increases the as follows:
kKo ratio and RU tend to be held in then position as

00
Cca&* decreases. B

f= fa{()c’ff +A°) (A + AP kT

DA

BgAA]] BUAz
XB-XB interactions: interactions between + 2(0°" + AP [ \e =T + /\Aze—k-r)
neighboring cross-bridges

A second interaction is the interaction between neighboring Boa. oA Boar

XB attachment sites. Neighboring actin-myosin attachment + (AAl/\Ale kT 20 e + Ve kT )} (30)
sites along the length of a thin filament will have a XB

either attached or unattached. Transitions between unawhere theBg), are the respective activation energies asso-
tached and attached states are governefldmdf’ which,  ciated with aD-to-A, transition for the respectivey neigh-

like k,, andk,«, Obey Boltzmann statistics. As a beginning bor conditions. The superscript “0” refers to the non-force-
point, we consider that force-bearing in an attached stateéyearing state, be D or R 4. Taking theB%c,’Al as a reference
whetherA; or A,, reduces the activation energy forDe  value and factoring it outside the pointy brackets yields
to-A, transition and thus, increases the rate coefficient
while decreasing the reverse rate coefficignt(Fig. 3 B).

In the isometric conditions we study here, force generatio
occurs only in theA, state. Thus in the way we have set up
this problem, whether force from thfg, 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 of andf'. Equivalence between force
and strong binding would not be the case during either
shortening or stretching when force in thg state would _—

depend on both its strong binding and its altered distortion Ao A Boa " Boa,

(Razumova et al., 1999) and XBs in tAg state would also ANk (31)
generate force. Shortening and stretching are not investi-

gated here; therefore, whether force generation or strong Assuming a mechanical mechanism, it is reasonable that
binding is the important variable in these interaction effectd¢he reduction in activation energy is proportional to the

00

B 1
f=fe

(AT + AP) (AT + AP)

0A1_ 100 0A; _ 00
BDA] BDA1 BDA; BDA:)

+ 2(A°" + AP) ()\Ale K+ M kT

Ai1A1_ 00
Bba, ~Boa, DA: ~ °DA:

+ ()\AlAAlekT + 20\ kT

AsA
gAiAz_g00

remains an issue for a future Study_ for_ce in the cross-bridge at the neighboring site, and we can
In a manner similar to that followed fd¢,, andk,;, we — Wwrite
can write B _ B® — _V.F, (32)
DA 1 1
contribution by sites with 0hr 00 _
f= faHneighbors neither of which ha% a Boa: ~ Boa, =~V Fa, (33)
force-bearing XB
° BO — B, = V-(Fa+Fa)  (34)
contribution by sites with A o
+ | neighbors one of which hag a Boa, — Boa, = —V:(Fa, + Fa) (35)
force-bearing XB Ahs 00— \y
Boa, — Boa, = —V - (Fa, + Fa,) (36)

whereV is the constant of proportionality and tikg  and

Fa, are the forces associated with the respective attached
XBs at neighboring sites. Rearrangement gives

wheref, is an attempt frequency and the term inside the
pointy brackets represents the population average of thfe:f
probability of a successful transition. The likelihood that a
neighboring site will be: i) unattached ¥ + AP, ii)
attached and in th4, state isA, and iii) attached and in ( AAle% + AAzerFTAZ)
the A, state isA”z Joint likelihoods are given by the

appropriate product; for example, the likelihood that both

neighboring sites will be unattached °( + AP) (A°" + n ( )\Al)\mezz?’ n 2/\A1AAzeV(FAk]: P n AAZAAZGZ\;?Z)] 37)
AP). Therefore, Eq. 29 may be written in quantitative terms

neighbors both of which hav
force-bearing XB

+

contribution by sites with
ea (29)

00

DA:
kT

£k | (A4 AP) (A + A°) + 200" + A°)
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We make the assignmef = f.e~ /D wheref,is a  XB-RU interactions: interaction between a
reference value that refers to the condition when no neighregulatory unit and neighboring cross-bridges

bors are in the force-bearing state. Applying the identity . _ . . o . .
AT + AP 4+ M1+ \A2 = 1 and substituting gives 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

f=1f (L— AN — A2+ 2(1 — A — A™) depicted in Fig. 3. We allow that force-bearing by a XB
at the neighboring site reduces the activation energy re-
VFa, VFa, VFa, VFa,\ 2 quired for anoff-to-on transition and we proceed much as
( Mgk + AAzen) + ( Mgk + )\AzekT> ] (38) before to consider a whole population of regulatory units.
The averagé,,, for the entire population will be the sum of

) ) ) weightedk,,, values of all the transitions for each of the
According to elaspc cross-bridge theory and arguments, o5 est neighbor configurations, as below:
we have made previously (Razumova et al., 1969), =
&, and Fp, = &, where § is the stiffness of a single contribution by sites with
cross-bridge ang, andx, are the average distortions among Ky, = ka[[neighbors neither of which ha% a
the respectiveA; and A, cross-bridge states. Under the force-bearing XB
isometric conditions being considered hetes= 0 andx, =
X, Wherex, is the average distortion amorg XBs. This contribution by sites with
distortion may be visualized as being induced during the + | neighbors one of which has a
power stroke by head rotation. Terms in the exponent may force-bearing XB
be collected into a numbeg(V/kT)x,, that varies only with
the magnitude of neighboring XB-XB interactions. We
choose to give this number the value- 1, wherev now
represents an arbitrary parameter that weights the strength

of neighboring XB-XB interaction. When = 1, thereisno  wherek, is the attempt frequency and the sum of terms
interaction; wherv > 1 there is interaction. Thus, we may jnsjde the pointy brackets represents the population average

neighbors both of which hav
force-bearing XB

_|_

contribution by sites with
ea (44)

write, in general, of the probability of a successful transition. As before, Eq.
s 44 is written quantitatively as
X1 X2
Y P  DOY PJN| p :
Kon = ka{()\"“ +A%) (A" + AP)ekT

which, during isometric conditions, reduces to i oo
12 12
+ 2(\°" + AP) ()\Ale_k'r + /\Aze_kT)

f=fl+ M= 1P (40)
_ In amanner3|m|lar. t.o that. used for the reverse coefficient " (AAlAAle o 4 A+ \PNAe ) (45)
in the k,-to-k¢ transitions, it can be shown that

where theB’Y are the respective activation energies associ-

2
X1 X2
fr="f1+ )\A1<e‘("‘l’x} — 1> + )\Az(e‘("‘% - 1)] ated with aroff-to-on transition for the respectivey neigh-
(41) bor conditions.
If the reduction in activation energy is by some kind of

: : . " mechanical mechanism, then it is reasonable that this re-

which, under isometric conditions, reduces to duction depends on the amount of force in the XB at the
£ = F1 4 AM(e VD — )] (42) neighbor site, and we can write

: : . : : : Bl — B2 = —~W-Fy, (46)
Thus, increasing the interaction between neighboring
XBs by increasing the parameteiincreases and reduces B%: — BN = —W-F,, (47)

f’. Both these actions increase the ratio

B — B = —W- (Fa, + Fa) (48)
fof[ 1+ A% — 1) TP e
o fgl 1+ Me(e VD — 1) (43) By — B = —W: (Fa, + Fa,) (49)
and shift XBs from the detached to the attached states. B3 — B = —W- (Fa, + Fa) (50)
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whereWis a constant of proportionality arfgh andF, are  TABLE 1 Reference model parameters (s™")

thg force_s as;ociated with the respec?ive lattached XBs ap, ca o & f ff h KN g R
neighboring sites. We proceed as we did with force—beanng0
effects onf to get

120 100 50 50 400 8 6 4 1

X1 X2 2

Kon = kg“n[l + /\Al(e(‘”‘l)% - 1) + AA2<e<W—1>x7, - 1”
(51) be equally good, but those of Table 1 were found to be
suitable reference values.

wherek?. = ke~ ®¥T) represents a reference value when
there is no XB attachment at neighboring sites (differentMethods
fromk3,) and (v — 1) = &WIKT)X, is @a number that varies
with the magnitude of neighboring XB-RU interactions. To meet the objective of contrasting the effects of RU-RU,
Whenw = 1, there is no interaction; whem > 1 there is  XB-XB, and XB-RU neighbor interactions on contraction,
interaction. During isometric contraction, Eq. 51 reduces tcthe model was solved to predict steady-state force during

varying levels of constant G4 activation, yielding force-

koo = kgl 1 + A% D — 1) (52) log (Ca/Cg) curves, and to predict the time course of force
As before, it can be shown that under isometric condi-development starting from zero-force initial conditions,
tions, yielding characteristic time of force development. Given the
complexity of the model equations, it was most practical to

kot = ko[ 1 + A%(e™ "D — )P (53)  solve the model for any given set of parameters by assigning

initial conditions to the state variableB,(A;, A;) 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
Model Summary Visual Basic and computations were performed on a Pen-

o o tium I 400MHz computer.
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 deForce-log(Ca/Cas)

scribed by three differential equations (Egs. 7-9). The ef 2+ change was simulated by changing the Ca/Gatio
fects of calcium to activate RU were represented algebrag.tcen 0.01 and 100. The steady-state value of force
ically (Eqs. 5 apd 6). Three l_<inds of neighbor interactionsprediCted by the model was found for each CajQalue
resulted in nonlinear expressions for treandoff RU rate 411 resulting force-log(Ca/Cjcurve was plotted. This

coefficients (Egs. 25-28, 52, and 53) and the rate CoefﬁWaS done for the baseline parameters of Table 1; i.e., no

cients governing the XB attachment step (Egs. 41_43)neighbor interactions and no cooperativity. Then, the pa-

Single parameters allowed gradation of each neighbor iz, etars grading the strength of neighbor interactions were
t_eracuon._Taken together_, these equatlons constltgted anofh'dividually changed to give in each case moderate and
linear, third-order dynamic model in the state varialiles strong interactions and corresponding force-log(CafCa

Aq, andA,. curves for these conditions were obtained. Care was taken to

In these studies, all inputs to the model were held cony,y i yajues of interaction parameters that predicted phase

stant and dynamic behavior was the result of responses o, sition in this system (see Discussion). Features of force-
non-steady-state initial conditions. Model output was aprelog(Ca/C@,o) curve were evaluated and compared among

dicted force that, under the isometric conditions of thesgne 'y arious conditions. Features compared included: force
simulated experiments, was proportionalAg The model during maximal C&" activation,F,...; log(Ca/Ca,) at half

contained 14 parameters, including 10 reference values qumaﬂ. Hill coefficient, n,,, of the Hill equation fitted to the

the rate coefficientsig, K55, ko koffs Caso fou fo, N ', 0); model-predicted force-log(Ca/Ga curve
an index for total number of actin-myosin reaction sites

Thus, increasing the interaction between XB-RU neigh
bors by increasing the parameterincreases,,, and re-
ducesk,.

(Ry), and 3 parameters for grading each of the three kinds of _ 1
neighbor interactiony, v, w). Parameters used in this study F= Ca\ ™
were taken from an earlier study (Razumova et al., 1999) 1+ (%)

where it was found that the values given in Table 1 gave
good reproductions of dynamic complex stiffness, step reand measures of curve asymmetry. Curve asymmetry was
sponse, and force-velocity behavior as signatures of merdissessed by contrast of Hill coefficient for fit to relationship
for dynamic contractile system behavior. Other values mayver range~/F,,,.,, < 0.5vs.that for fit to relationship over
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the rangeF/F,,.« > 0.5. In many cases, it was not possible RESULTS
to find one value fon,, for the whole curve, even when the . .
curve was symmetrical. In these situations, three values c#U'RU interactions
ny are reported: one representative of the rising part of theéncreasing the strength of RU-RU interactions by increasing
force-log(Ca/Cgy), one representative of the middle part, u from 1 (no interaction) to 3 (strong interaction) increased
and one representative of the approach to saturation. the maximum C&' -activated force by approximately 30%
(Fig. 4 A, Table 2). Concurrent changes A, A@;C, and
M2 at maximum C&"-activated force are given in Table 2.
In addition, increases im increased the steepness of the
To determine the impact of neighbor interactions on dy-force-logCa curven, increased from 1u = 1, one coef-
namic behavior, we evaluated the model-predicted timdicient for the whole curve) to 2-12-3i(= 3, three coeffi-
course and characteristic time of force development at coreients for fits to low, middle, and upper parts of curve; Fig.
stant C&" activation. The experimental approach to this4 B). This increase in steepness was associated with a shift
measurement is to release and restretch a constantly actf the curve that may be described as a right shift for
vated muscle preparation in an attempt to create zero force/F .. < 0.75 and a left shift foF/F,,,, > 0.75 (Fig. 4B).
by breaking all attached XBs. Then the time course of forceAssociated with the right shift portion of the curve was a
rise to some steady state is observed and characterized witlecrease in thi, /K.« ratio relative to that for a given log
a single exponential rate constaRf, We simulated the (Ca/Cgy) at u = 1 while associated with the left shift
experimental force development episode by setting the iniportion of the curve was a corresponding increase in the
tial value of the force-bearing\, state to zero and then Kk, /k,; ratio. The right shift in the lower part of the curve
predicted the time course of force development. We foundvas so pronounced as to cause a net shift 0.35 pCa units to
that the force development transient was largely insensitivéhe right atF/F, ., = 0.5.
to the initial values given t@\, andD and, thus, these too At maximal C&" activation, u had a nondiscernible
were routinely set to zero at the beginning of the forceeffect onky,, Under conditions of low Ca activation,u
development period. A characteristic rate constant of forcdad a slight effect to slow force development and reduce
redevelopment,.,, was calculated by taking the reciprocal ky., (data not shown).
of the time required to reach (*+ 1/e)F,. This was
evaluated for several values of the neighbor interaction
parameters. . . XB-XB interactions

For a monoexponential procedsg., = k;,. However, in
many cases the time course of force redevelopment (botimcreasing the strength of XB-XB interaction from= 1
experimental observation and model prediction) cannot be wellno interaction) tor = 3.2 (strong interaction) increased the
fitted with a simple monoexponential. To avoid curve fitting maximum Ca-activated forcéds,,.,, by approximately 6.5
problems, we chose the operational definition given above. times (Fig. 5A). Unlike the effect with RU-RU interactions,

Force redevelopment

F 0.084 F/Fmax 1.07
0.8
0.061 ‘
0.6
0.04
0.4
0.021 0.24
0.00+F=== 0.0+
2 2
log(Ca/Cas,) log(Ca/Cas)

FIGURE 4 RU-RU interaction effect on force-pCa. Three curves represent different strength of interaction: no intetastied €urveu = 1), weak
interaction thin curve u = 2), and strong interactiorthick curve u = 3). (A) Absolute values.B) Normalized curves. Increasing strength of RU-RU
interaction increases maximal €aactivated force, shifts the curve predominantly to the right (especially at I )Cicreases curve steepness, and
introduces curve asymmetry (relatively slow departure from no-force baseline, rapid approach to saturation).
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TABLE 2 Results summary

Interaction

parameters At maximal G4 activation Force-log(Ca/Gg
u v w Kon r Fonsx aove A2 A2 Ky n Allog (Ca/Cayg)]

koff f ’ Fmaxo cyc ev H 50

1 1 1 2.4 0.125 1 0.75 0.08 0.06 10 1 0
3 1 1 17 0.125 13 0.95 0.08 0.08 10 2-12-3 0.35
1 3.2 1 24 4.7 6.5 0.96 0.40 0.38 24 2-7-2 0.1
1 1 5 80 0.125 1.3 0.99 0.08 0.08 10 3;1.5 -0.9

the percentage of cycling cross-bridges that were in th&XB-RU interaction

force-bearing state at maximal €aactivation increased ith | ) dv i , h h of
dramatically with increasedfrom A2z, = 0.08 wherv = 1 AS With increasingu and v, ‘increasing the strength o
XB-RU interaction increasef,, ., Increasingv from 1 (no

to /\gfc = 0.4 whenv = 3.2. Concurrently, the percentage of ’ X ; x T ,
nteraction) to 5 (strong interaction) increased the maximum

all cross-bridges that had been recruited into the cyclin o . 0 .
population also increased froa?’® = 0.75 whenv = 1 to & —acuvateq forceFmax by approximately 3(.M) (Fig. 7
A%YC = 0.96 whenv = 3.2. A). The magnitude of these effects was more likeudinan

for v.

However, unlike eithem or v, increasingw caused a
dramatic left shift in the normalized force-log(Calga
curve (Fig. 7B and Table 2). The left-shifted curve was not
symmetrical, having a higher, in the lower partf, = 3)
than in the upper parn(, = 1.5).

The steepness of the force-log(Cadg@urve exhibited a
nonsystematic increase with increasesvjrthere was no
change imn, from the value 1 as increased from 1 to 2.5
but a large increase to three-part value 2-7-2 when 3.2
(Fig. 5 B). These changes witln were associated with a

right shift of the normalized force-log(Ca/tg curve as Similar tou, at maximal C&" activationw had very little
long as therg were no chapgesnm But when increasing  otfect on the rate of force developmeky,.,
caused, to increase, the right-shifted curve began to move

back to the left as it became steeper.
Unlike the effects ofy, v had a strong effect on the rate

of force development (Fig. 6). Increasinglecreasedte., Combined effects on rate of force development

Kgey = 10 sec * whenv = 1 andky,,, = 2.4 sec * whenv = Althoughu andw alone had no significant effect dq,, at
3. These pronounced effects are secondary to changds in maximal C&" activation, in combination witlv they pro-
for reasons elaborated in the Discussion. duced non-additive effects that could not be anticipated. For
0.4 F/F rox 107 —
0.8 B .
0.31 .
// TTTOVE
0.6 v=25
0.24 , v=32
0.4 K
017 0.2 ’
0.0 0.0+== . : . .
-2 -2 -1 0 1 2
log(Ca/Cas) log(Ca/Cas)

FIGURE 5 XB-XB interaction effect on force-pCa. Three curves represent different strength of interaction: no intedastied (curvev = 1), weak
interaction thin curve v = 2.5), and strong interactionhick curve v = 3.2). (A) Absolute values.K) Normalized curves. Increasing strength of XB-XB
interaction greatly increases maximal°Caactivated 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).

Biophysical Journal 78(6) 3120-3137



3130 Razumova et al.

and XB-RU neighbor interactions all increased maximal

E /F1 9 Céa " -activated force, the magnitudes of these increases and

e the C&"-dependent approach to maximal “Caactivated

75 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

50+ neighbor interaction types. A second important finding was
that large changes in the force-log(Calgyaurves, includ-

o5 | ing large shifts in the apparent €asensitivity, can be
obtained with these interactions with no change in the
binding of C&™" to troponin. Explanations for the nature of

.00 , . . \ and differences between effects are found in the nonlinear

0.0 0.5 ( 1.0 15 20 characteristics of the interactions and their relation to the
me. s overall model.

FIGURE 6 XB-XB interaction effect on time-course of force redevelop-
ment. Three curves represent different strength of interaction: no interac-
tion (dashed curvev = 1), weak interactionttin curve v = 2), and strong ~ Critique of the model
interaction hick curve v = 3). Force axis normalized to the maximum All models are overt simplifications; the current model is no
value. Increasing strength of XB-XB interaction slows force redevelop- . - = -
ment. 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-
example, when the parameter setwas=(1,v=3,w= 1), ments as, for instance, changes in filament lattice spacing
kgeyWas 2.4 5. However, for either{ = 3,v=3,w=1)  and its effect on interactions during force development and
or(u=1,v=3,w=3), kg, Was 4 s* (Fig. 8). Thus, length change. A partial list of other factors that were
adding au or aw effect to an already existing effect  ignored include: 1) end effects (we assumed an infinitely
resulted in an unanticipated increase in the speed of forclng thin filament); 2) restrictions due to spacing between
development. actin attachment sites along thin filaments and XB spacing
along thick filaments; 3) compliant properties of thick and
DISCUSSION thin fil.aments;.4) steric relations that allow one RU in
spanning 7 actin monomers, to regulate the availability of as
The most important finding of these studies is that differentmany as three XB attachment sites on the thin filament; 5)
and varied contractile behaviors can be generated with thremore than one Céd regulatory binding site on an RU; 6) all
different types of myofilament neighbor interactions. Forlength-dependent activation phenomena; 7) states of an RU
instance, whereas increased strength of RU-RU, XB-XBgother thanon or off; 8) the multiple states within the XB

1.07
F 0.8 A F/F rex
0.81
0.06 PR
e 0.6
0.041 ’ ey = -
’ w=1 | =1
. ’ w=3 04 =3
g ’ —_—w=5 =5
0.021 / , 0.24
0.00 T T T 1 0.0 |
2 -1 0 1 2 - 2
log(CalCas) l0g(Ca/Cax)

FIGURE 7 XB-RU interaction effect on force-pCa. Three curves represent different strength of interaction: no intedastied curvew = 1), weak
interaction thin curve w = 3), and strong interactiorthick curve w = 5). (A) Absolute values.K) Normalized curves. Increasing strength of XB-RU

interaction modestly increases maximaPCactivated 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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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 ¢ = 3). (A) On top of the background XB-XB interaction, varying strengths of RU-RU interaction are addedL( 2, and 3). B)

On top of the background XB-XB interaction, varying strengths of XB-RU interaction are added, 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.

cycle; and 9) many other complicating factors that arewould impact both thdlockedto-closedtransition and the
known to exist within the myofilament system and the closedto-opentransition rather than just then-to-off tran-
regulated interaction between actin and myosin. All assition. Whether one would arrive at different conclusions
sumptions were made to allow focus on specific phenomeneegarding the relative effects of RU-RU, XB-XB, and
and in order to keep the problem tractable. XB-RU neighbor interactions using the 3 RU-state model as
Of the many assumptions, it is worth noting that treatingopposed to the 2 RU-state model used in this study is a
the RU as eitheon or off does not incorporate the full range question worthy of future investigation.
of subtleties that would come from direct interactions be- Another noteworthy assumption is that®abinding and
tween RU and XB at a single binding site as implied in theits effect onk,, andk,; were assumed to be independent of
3 RU-state modelflocked, closedandopen) of Geeves and all other effects and of other actions associated with myo-
coworkers (McGillop and Geeves, 1993; Leher, 1994:filament activation and cross-bridge cycling. There are both
Geeves and Leher, 1994). A rough equivalence between thexperimental evidence and theoretical reason for taking note
3 RU-state scheme and the one used here is as followsf this assumption. Experimentally, Hoffmann and Fuchs
blockedwould be equivalent to ouR, closedwould be  (1987a,b) have shown in cardiac muscle that ‘Tainds to
equivalent to an equilibrium combination BfandA,, and  myofilaments with less affinity at low force (vanadate in-
openwould be equivalent to an equilibrium combination of hibition), when there are fewer XBs in the force-bearing
D andA,. The transition betweeblockedandclosedwould  state, than at high force when there are more. Though not
be associated with 4 binding and the transition between definitive, this evidence at least strongly implies that there
closedand openwould be associated with the XB power is a dependence of €abinding on force-bearing XB state
stroke. In this scheme, cooperativity occurs within the spar{fFuchs and Wang, 1995). Theoretically, a detailed balance,
of a single RU as a result of a singbosedto-opentran-  based on thermodynamic equilibrium considerations, dem-
sition from the power stroke of one XB facilitating the onstrates that our assignmentkgf >> k2, andk5? << K2y,
attachment of additional XBs within the thin filament span while in accord with basic understanding of the influence of
of the RU. C&" on theon-off transitions, are, nevertheless, inconsis-
Thus, the kind of cooperativity whereby one XB holds antent with one ratio ofk"/k~ for both on and off states.
RU in an open state allowing other XBs to attach readilylndeed, T. L. Hill's thermodynamically consistent model of
and proceed through a power stroke within the span of anyofilament activation and cross-bridge cycling (Hill,
single RU (Geeves and Lehrer, 1994; Lehrer, 1994; Tobac1985) specifically accounts for different €abinding af-
man, 1996) is somewhat different than the XB-XB andfinities depending on whether the RUas or off. In Hill's
XB-RU cooperativity we represent here. Further differencedreatment, C&" effects on equilibrium constants are not
would arise between the 3 RU-state configuration and oumdependent of other effects. Though respectful of experi-
configuration in that, for instance, RU-RU interaction mental findings and thermodynamic constraints, we em-
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ployed the C&" binding assumption in our model because In our case, this exaggeration is of little consequence as the
1) we desired to examine specific neighbor interactiongnteraction parametersi,(v, or w) appear as free parameters
without the complications and obfuscations of multiple whose values may be chosen in accord with the behavior the
other effects, as would arise if €a interactions were user wishes to simulate. That is, the model should be viewed
included, and 2) the mathematics of including?Canter-  as a tool in which the interaction strengths are assigned to
actions may not be tractable in a model whose ultimate useepresent system behavioral consequences, not as exact
will be for nonequilibrium applications during transient physical entities representing specific molecular interac-
behaviors such as force development. Intuitively, we sustions. However, through changes in parameter values, spe-
pect that increases in €abinding affinity with an increase cific interactions may be graded accordingly.
in XB force-bearing states will, among the three neighbor Our assumption of randomly distributed states should be
interactions investigated here, have its greatest effect on thaken in the same light as Tobacman’s comment (1996)
prediction of XB-RU interactions by shifting the force- about all previous cooperative models: “The cooperative
log(Ca) curve farther to the left than would occur with mechanisms put into mathematical form by the models
XB-RU interaction alone. Suppose there is a certain level ofmply specific statistical distributions of myosin along the
XB-RU interaction and a resultant shift to the left of the thin filament. Until methods are available for measuring
force-pCa curve, as shown in Fig. 7. Now, if cooperativethose distributions, no model can be well substantiated and
C&" binding is imposed on top of existing XB-RU inter- all models must be viewed with caution.” The single rele-
action, the result will be to shift the curve farther left. Thesevant caution arising as a consequence of the Bragg-Wil-
two effects are in the same direction and if one is notliams approximation is that care be exercised to avoid large
considered but is operative, the other effect is overestiy, v, or w values that produce phase transition or critical
mated. This means that if the effects of XB-dependerit’Ca point in the binding isotherm (i.e., force-pCa). Phase tran-
binding are operative and not considered, a larger value dfition leads to a type of hysteresis that is uncharacteristic of
w will be estimated than may actually exist as a result ofthe hysteresis in published force-pCa data (Harrison et al.,
XB-RU interaction alone. Future model improvements will 1988; Brandt et al., 1985). With this caveat, our assumption
be required to determine the effects of a dependence aff random distribution is perfectly in accord with standard
ca" binding affinity on XB state. practices in solving neighbor interaction problems.

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- Model-based explanation of results
ing site in any particular state to be calculated according t% mal Ca?*
its fractional occurrence. This assumption (used in formu- aximal ~a
lating Egs. 19, 29, and 44 in terms of Egs. 20, 30, and 45The three types of neighbor interactions varied in their
respectively) is at odds with neighbor interactions becausability to increase,,,,; increasing the strength of XB-XB
these would tend to cluster states together in nonrandomeighbor interactions increases, ., approximately 6.5-
patterns. Our assumption is known in statistical physics afold, whereas increasing the strength of RU-RU or XB-RU
the Bragg-Williams or mean-field approximation (Hill, interactions increasefl,, ., only 30%. Differences between
1978, 1985) where it is often used in solving neighborthese effects may be explained as follows. The XB-XB
interaction problems. An alternative is the Bethe-Peierlanteraction impacted the reaction step regulated byfihe
approximation (Hill, 1985) or quasi-chemical method in rate-coefficient pair (Fig. 8) whereas RU-RU and XB-RU
which spatial independence is not assumed and more exaictteractions impacted the reaction step regulated by the
solutions are obtained for one-dimensional, Ising-like probk,, -k rate-coefficient pair (Fig 3\ andC). The magnitude
lems of the kind treated here. However, in addition to beingof F,, ., change resulting from either a changeffiii or in
more complicated mathematically, the Bethe-Peierls apk,/k.; depended on the baseline fractional distribution
proximation requires that all interactions be of the sameamong the various model states and differences in the size
strength. In our case, this requirement is not satisfied andhf the pool from which each of the affected reaction steps
thus, the extra mathematical complexity is not warranted. could potentially recruit more XBs into the force-bearig

By employing the Bragg-Williams approximation, we state.
retain a deterministic structure to the neighbor interaction The reference rate coefficients in Table 1 created condi-
problem and circumvent the requirement for probabilistictions in which cycling XBs represented 75% Rf (A“° =
Monte Carlo methods in its solution. Deterministic model 0.75), whereas XBs in tha, state represented only 6% of
structures are desirable not only because they are less ithe total {2 = 0.06) and 8% of the cycling XBSAC;C =
volved computationally, but also because they allow mored.08). By subtraction, the noncyclirig,; state represented
straightforward explanations of cause and effect. The mostnly 25% of the total X°" = 0.25). Neighbor interactions
important consequence of the Bragg-Williams approximainay increase XBs in tha, state by two mechanisms: 1) by
tion is that it exaggerates positive cooperativity (Hill, 1985). recruiting more XBs into the cycling population froRy

-activated force
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and, thus, increasing®° and A2 and 2) by redistributing  activation) toon (when neighbor interactions act in the same
the cross-bridges within the cycling population i.e. changingdirection as C&" activation). This switch-like effect creates
)\Q;C. Increases in RU-RU and XB-RU interactions acted toa steep force-log(Ca/Gg curve.
increasek,/k. (from a value of 2 at baseline whan= The above argument also can be used to explain the
w = 1, to a value of 80 when = 1 andw = 5, and to 17 asymmetry about Gd = Ca, in the force-log(Ca/Cg)
whenu = 3 andw = 1). These increases ik, /k,; in-  curve with strong RU-RU interactions. Note in Fig. 4 that
creased the cycling populatiof¥® (from A®° = 0.75 at whenu = 3, the escape from zero baseline to higher values
baseline to 0.99 whean = 1 andw = 5, and to 0.95 when of F/F, ., at low log (Ca/Cg) is slower (, = 2 for lower
u = 3 andw = 1) with a subsequent small increaseAfit  part of the curve) than the approachAiF,,.,, = 1 at higher
(to only 0.08) but without a change i)ﬁ@;c (remained at log (Ca/Cgp) (ny = 3 for upper part of the curve). Thus, the
0.08). The fact that the pool from which to recruit with force-log(Ca/Cg,) curve is asymmetric abouw/F,, ., =
k./Kos Changes is limited to the 25% of actin-myosin sites0.5. This, too, is the result of RU-RU interactions opposing
in the baselindR 4 state places a limit on the magnitude of the activating effects of Ga when C&" < Cay, but
the F,,. change that can be induced. In contrast, the largsupporting the activating effects of €awhen C&" >
increases irF,,,, achieved with XB-XB interaction arose Cas, The resulting asymmetry made it difficult to characterize
because increasing(from 1 to 3.2) caused an increase in the steepness of the curve with a single Hill coefficient.
f/f’ (from 0.125 to 4.7), resulting in the redistribution within ~ These effects with RU-RU interactions on force-log(Ca/
the cycling pool to favol, formation (from)\gfc= 0.08at Ca,y) symmetry were opposite to what was seen with
baseline to 0.40 when = 3.2). Subsequent to this redistri- XB-RU interactions. Note in Fig. 7 that whem = 5, the
bution, there was a reduction bwith a secondary recruit- escape from zero to higher values BfF ., at low log
ment of XBs into the cycling population from,; (A = (CalCa) is faster o = 3 for lower part of the curve) than
0.96). Thus, the large increase Hy,,, with increased the approach t&/F,,,, = 1 at higher log (Ca/Gg) (ny =
strength of XB-XB interaction resulted from the relatively 1.5 for upper part of the curve). The explanation for these
large pool from which force-bearing XBs could be differences derives from the differences in the changes in
recruited. ko /Ko ratio with C&" in the presence of these different
If values for the reference rate coefficients other thankinds of neighbor interactions.
those listed in Table 1 had been used in this study, results In contrast, XB-XB interactions, which did not affect the
would have been quantitatively different, but the qualitativek,/k.« ratio with C&*, produced a rather symmetric force-
effects would have been much the same. log(Ca/Cg) curve at all values of. 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
There were differences among the three types of neighbovasn, = 2, 7, 2 forv = 3.2).
interactions in their effect on the €adependent approach
to F,ax IN the force-log(Ca/ relationship. Whereas all . .
threeiypes of interaction Sr%?()ad the effect of increasing th(Laeﬁ versus right shift
steepness of the force-log(Calga relationship, the Increasing RU-RU and XB-XB interactions shifted the
RU-RU interaction easily had the greatest effect in thisforce-logCa relationship predominantly to the right (de-
regard. Strong interaction between adjacent RUs created aease in C& sensitivity), whereas increasing the XB-RU
condition that favored either adiff or all on; if its neighbors  interaction shifted this relationship demonstrably to the left
wereoff, an RU tends to be held in thoéf position, but ifits  (increase in C& sensitivity). Of these effects, it is easiest
neighbors arenthe RU tends to be held in then position.  to explain the leftward shift of XB-RU interactions as these
In contrast, calcium binding promotes the transition froffn ~ interactions and CGa activation work synergistically
to on. At low Ca?" concentrations when most RU aoéf,  throughout the Ca activation range to enhance activation
neighbor interactions tend to hold the Riff even in the by increasing thé,, /k. ratio. Thus, the approach to acti-
face of the weak effect of ¢a to promote the transition to vation saturation with increasing €awill be reached at
on. These competing effects continue as’Caoncentra- lower C&" concentrations with XB-RU interaction than
tions are raised until there has been sufficiert Gmduced  without it and, consequently, the curve will be shifted left.
transition to theon state that the neighbor interaction effects  The rightward shift with RU-RU interaction follows from
suddenly reverse and favor the transitionotm Thereafter the above described mechanism for increased steepness;
with increasing C&", RU-RU interaction and G4 activa-  neighbor interactions act to hold an Riff if its neighbors
tion act synergistically to both promote formation of e are off at low C&™", resulting in a rightward shift of the
state. Thus, if RU-RU interaction is sufficiently strong, force-log(Ca/Cg,) curve. For weak to modest XB-XB in-
there will be a very rapid switch-like transition with increas- teraction ¢ = 2.5), the rightward shift for the normalized
ing C&" from off (when neighbor interactions oppose’Ca  F/F,,,, curve may be misleading because, in terms of ab-

Steepness and symmetry
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soluteF, higher forces were achieved at lower’CaThe  development an#, /k.; quickly goes much above baseline
rightward shift results from a greater relative expression ofasA°" becomes greater than 1. These complicated effects of
increasing force as € saturation is approached compared RU-RU interaction ork,, /K. make it difficult to predict the

to the condition of no XB-XB interaction. For greater time course of force development relative to a baseline time
strengths of XB-XB interactionv(> 2.5), there is a trend course. Early on, the time course is slower than baseline; as
for leftward shift of the force-log(Ca/Gg) relationship  the eventual steady state is approached, it is faster. These
because force saturation begins to occur beforé"Ca complications made it difficult to interpret our observation
saturation. 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
The three different types of neighbor interactions also dif-development during maximum €a activation when they
fered in their effect on myofilament dynamics. Increasingare each acting alone, both of these interactions significantly
the strength of XB-XB interactions had an obvious effect ofincreased the speed of force development when they were
slowing the characteristic rate of force development (Figadded on top of XB-XB interaction effects which had acted
6), whereas increasing the strength of XB-RU interactiongo slow the speed of force development (Fig. 8).

Time course of force development

had an imperceptible effect at maximal®Caactivation but The explanation for these results derives from the fact
a perceptible effect to slow force development at lowtCa that the nonlinearities of neighbor interactions impact both
activation (data not shown). the rate at which force develops and the final steady state to

An explanation of this apparent enigma whereby there igvhich force will eventually rise. These effects play out as
slowing of force development dynamics with increased cofollows. Consider the total number of available XBgs,
operative interactions is found in a previous article (Camp-and the fraction oR; that is force-generating and in tidg
bell, 1997). In brief, the XB-XB interaction effect diff’  state A*z. Ata given timet = t,, during force development,
ratio increases XBs in thd, state, i.e., it increasex™2. It there will be a\*». Over the next increment in timat, the
can be seen from Eq. 43 that whepr 1, an increase in*2  time course of force development, proportional Xex(t),
also increase$/f’. Thus, a positive feedback betwedg  may be closely approximated by
andf/f’ is established where each enhances the other. If the
pool for recruitment ofA, 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, where A2 is the projected steady state value )% for
the pool forA, recruitment is large as the pool resides incontinued exponential rise andis a time constant that
both the cycling XB population and the noncycling popu- characterizes the approach X¥(t) to A*=. If this expres-
lation. Thus, the positive feedback arising from the nonlin-sion accurately representad?(t) over the full time course
ear dependence dff’ on A, during XB-XB interaction of force development,., = 1/r. The values of, ', h, h’,
produced an ever-advancing steady-st&tevalue and ef- g, andk,, andk,; att, may be used to calculate effective
fectively slowed apparent system dynamics. values of bott\*z and . These dependencies are such that

In contrast, XB-RU interactions, in acting to increase thex*> is bounded by the value 1 (i.e., no more than alRef
ko/Kos ratio, had little impact on the speed of force devel-may be committed ta*=) while 7 is bound by the value 0
opment. The pool for recruitment from ttg /K, reaction  (i.e., the approach to steady state may be infinitely fast).
during maximal C&" activation was small, consisting only ~ Now according to Eq. 43, XB-XB interaction causes the
of the noncycling state. Thus, for the same reason that thedé ' ratio to increase progressively &82(t) increases. It can
interactions had relatively small effects &, they had  be shown that increasirff ' increases”> and decreases
relatively small effects on the speed of force developmentThus after theAt interval, recalculation gives a largafz
When the noncycling pool was increased, as during halfand a smallerr and the trajectory given by Eq. 53 adjusts
maximal C&" activation, XB-RU interactions perceptibly accordingly. If att = t,, A*> << 1, we say that the pool for
slowed force development, as would be predicted from theecruitment is large and after severat intervals, A"
above analysis. continues to advance. In this case, the trajectory given by

The situation with RU-RU interaction is more complex Eq. 53 repeatedly readjusts to chase an ever-advancing
and depends strongly on initial conditions from which forceprojected steady state. In spite of the fact thalecreases,
development begins. Assume tha®" = 0 is an initial  the net effect, as shown in Campbell (1997), is to slow the
condition. Then, fou > 1, the value ok, /K, at the onset overall approach to steady state and to reduce the apparent
of force development is less than that at baseline and rek,.,, On the other hand, if dat= t,, A ~ 1, most ofR; is
mains less as long a$" < 0.5, Eq. 28. However, the value already committed to\*2 and we say that the pool for
of k,/k. increases steeply ag™" increases during force recruitmentis small. In this case, aftit, recalculation will

Az,

— /\Azo
S el/T> (53)

Nex(t) = ww(l s
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give a newA”z that is not much different from the initial force-redevelopment response, and the valuegf de-
value. Under these conditions, the effect to decrease creases with decreasing €a concentration. However,
dominates and the result is to speed the overall approach when C&* concentrations become very small, to the point
steady state and to increase the appakgpt Therefore, thatk, /K. approaches zero, even highly cooperative sys-
whether neighbor interactions slow or speed force developtems become much less cooperative because there is no
ment and decrease or incre&sg, depends on the status of the opportunity to carry out the cooperative action. Thus, for
pool from which new force-bearing XBs may be recruited. very low C&* concentrationsky,, increases to that of the
Briefly, during XB-XB interaction, the dominant effect noncooperative system.
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 poqrseS Of optional neighbor interactions as
from which RU-RU and XB-RU interactions could recruit hypotheses for mecharusms n
had already been depleted by XB-XB interaction. Thus,experlmental observations
there was no opportunity to increase the eventual steadyhe neighbor interactions examined here represent only a
state, and the cooperative increase in rate coefficients donsubset of the many possible mechanisms responsible for
inated and rapidly brought the system to its final level. Fromcooperative behavior in muscle contraction. Among poten-
these results we may conclude that whether slow-down ofially important cooperative mechanisms not considered
speed-up of the system occurs with cooperative neighbadnere are those influencing €abinding to the RU and those
interactions depends on which of the two nonlinearities ighat may arise from the stoichiometry whereby one RU
dominant, and this is determined by the relative size of theegulates XB attachment to as many as 3 to 12 actin-myosin
pool from which recruitment may occur. In turn, the latter is binding sites (Hill, 1985; Geeves and Lehrer, 1996). Thus,
determined by the reference values of the parameters artishould not be interpreted that the three kinds of neighbor
baseline level of cooperative activity. interactions reported here are responsible for all observed
An interesting consequence of neighbor interactions (essooperative behavior in contractile systems. Rather, these
pecially XB-XB interaction), related to the above argument,are mechanisms that can contribute to some currently un-
is that the rate of force development become$'@depen-  explained contractile phenomena. As an example, we con-
dent (Fig. 9). Changing the calcium concentration changesider three of these phenomena.
the k. /K.« ratio, which changes the size of the pool from
which recruitment may occur. At high €aconcentrations,
the k. /K. ratio is high and the pool for recruitment is
small. As C&" concentration decreases, tkg/k, ratio  The Hill coefficient, n,, of the force-pCa curve varies
also decreases and the pool for recruitment gets larger. Witlvidely for different types of muscle (Brandt et al., 1998).
the increase in the recruitment pool there is a slowing of th&raditionally, it has been understood thaj of skeletal

Steepness and asymmetry in force-pCa relationship
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FIGURE 9 Neighbor interactions cause®Calependent time course of force development. Neighbor interaction status for this figure=was (&)

starting at near Cd saturation (Ca/Cg = 10), progressive decreases in°Cao Ca/Ca, = 1.5 progressively slowed force development. Curves shown

are for Ca/Cg, of 10, 3, 2, and 1.5. However, further decreases df'GmncentrationB, curves shown are for Ca/Gpof 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
guantitatively less pronounced results.
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muscle (typically=5) was much higher than for cardiac Actions of Ca®*-sensitizing agents

muscle (typically 1-3), but recently values for cardiac MUS\hile many agents and experimental conditions have been
cle have been reported that were alsé (Brandt et al.,

observed to changg,,,, not all observations can be ex-

1998; deTombe et al., 1996). Differences between skeleta] ineq py a known mechanism of action associated with

and cardiac muscles can be a consequence of the differefifaqe agents. For instance, a category of compounds re-

number of 95+ binding sites on the respective TnCs, butferred to as the CGd-sensitizing agents have a dramatic
the possibility of differences due to variations in the |eftward shifting effect on the force-pCa curve and increase
strength of neighbor interactions in these muscles cannotbe  (Lee and Allen, 1993; Solaro et al., 1993; Boukatina,
dismissed. Clearly, variations in the strength of any of thej998). There is no commonly accepted explanation for these
three neighbor interactions we examined here may be coreffects. Among the three neighbor interactions investigated
sidered as mechanisms that account for variationsn in this study, only increases in XB-RU interaction simulta-
between muscle types. neously produced a leftward shift in the force-logCa curve
It has been reported that the force-pCa curve is asymmegnd an increase iR, . XB-XB and RU-RU interactions,
ric around the half maximum G& concentration (Moss, although increasingr,,.,, tended to shift the curve to the
1992). The force-pCa curve has a higmgrin the range right. Because these latter actions are inconsistent with the
pCa < pCa, and a largem,, in the range pCa> pCa, effects of C&" sensitizers as a class, induced changes in
Among the three types of neighbor interactions, 0n|yXB-XB and RU-RU interactions are unlikely mechanisms
XB-RU interaction produces this type of asymmetry_ There_to explain C§+ sensitizer actions. HOWeVer, agent'induced
fore, the potential role of XB-RU interaction should be increases in XB-RU interactions remain a potential mecha-
considered as a possible mechanism responsible for thlSm for explaining the action of the €asensitizers.
asymmetric effect.

SUMMARY

We describe the effects on model-predicted contraction
behavior of three kinds of neighbor interactions within the

An issue of considerable current interest is thé Caepen- ~ myofilament system. Each produces a unique profile of
dence of the rate constant of force redevelopmaps,  contractile behaviors. Because the specific types of neigh-
Implicit in this interest is that C& -dependenk,, is evi- bor interactions have not been previously described, they
dence that C& regulates XB kinetics (Brenner, 1988). have not been considered as possible mechanisms to explain

Others have argued that aCadependenk,., may actually experimental observations. Given the large number of un-

be the result of cooperative feedback from the positiveeXplained contractile phenomena, it is now incumbent upon

effects of force-bearing XB on thin-filament activation ﬁﬁgf{;ﬁgﬂ;e:mfn C(iﬂtseldrs;ct:;r?iir;r;r?r?attympzs 8:; Ee'g:tggr
(Millar and Homsher, 1990; Swartz and Moss, 1992; Camp-Sized to explain a%vide array of observationsy yp
bell, 1997). A consistent finding with skeletal muscle and y '
the majority of findings with cardiac muscle indicate very
little change or a decrease k., for increasing activation REFERENCES
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