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Mechanochemical Coupling in Spin-Labeled, Active, Isometric Muscle
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Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota Medical School,
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ABSTRACT Observed effects of inorganic phosphate (P, on active isometric muscle may provide the answer to one of the
fundamental questions in muscle biophysics: how are the free energies of the chemical species in the myosin-catalyzed ATP
hydrolysis (ATPase) reaction coupled to muscle force? Pate and Cooke (1989. Pflugers Arch. 414:73-81) showed that active,
isometric muscle force varies logarithmically with [P,]. Here, by simultaneously measuring electron paramagnetic resonance
and the force of spin-labeled muscle fibers, we show that, in active, isometric muscle, the fraction of myosin heads in any
given biochemical state is independent of both [P;] and force. These direct observations of mechanochemical coupling in
muscle are immediately described by a muscle equation of state containing muscle force as a state variable. These results
challenge the conventional assumption mechanochemical coupling is localized to individual myosin heads in muscle.

INTRODUCTION

The primary molecular event responsible for force generathe chemical potentials of the products (Alberty and Silbey,
tion in muscle is thought to be a myosin head (or cross-1992). In active, isometric muscle, these chemical potentials
bridge) rotation that is coupled to the myosin-catalyzedare further balanced by the internal work performed by
ATP hydrolysis (ATPase) reaction (Reedy et al., 1965;myosin conformational changes that occur upon actin bind-
Huxley, 1969; Lymn and Taylor, 1971). In the ATPaseing (Baker et al., 1998). In conventional muscle models, it
reaction, ATP (T) is hydrolyzed on myosin (M) to ADP (D) is assumed that this internal work is localized to displace-
and inorganic phosphate;JHstep 1 in Scheme I). Upon P ments of elastic elements associated with individual myosin
release, myosin binds strongly (stereospecifically) to actirheads (Huxley, 1957; Hill, 1974). Here, we assume nothing
(A) (step 2 in Scheme [; Eisenberg and Hill, 1985) andabout the nature of this internal work; we simply refer to it
undergoes a discrete rotation of the myosin light-chairas the mechanical potential, .., A myosin head rotation
domain (Baker et al., 1998) and an ordering of the myosiris coupled to the actin-binding/phosphate-release step (step
catalytic domain (Berger and Thomas, 1994; Thomas et al3 in Scheme 1) (Brust-Mascher et al., 1999). If this step is
1995). Immediately after ADP release, ATP binds to myo-near equilibrium, the free energy equation for this step can
sin, dissociating myosin from actin (step 3 in Scheme [;be written agus + typpei = Mambp T Mpi T Mmech OF IN
Lymn and Taylor, 1971). In active, isometric muscle, theterms of Eq. 1,
actin-myosin complex with no nucleotide (A.M) is not
significantly populated (Ostap et al., 1995; Dantzig et al., AGY = —RTIn [A-M.D][P] — 1 )
1992). [M.D.RJ[A] Trmeen

To understand mechanochemical coupling in muscle, it i%vhereAG°
necessary to describe the relationship between muscle for?gaction fr
and the chemical potentials of the biochemical species in the
myosin ATPase reaction (Scheme [). The chemical poten
tial, w;, of a chemical species, is directly related to its
concentrationg;, as

= Bamp T Mpi — HA — Hup.piiS the standard
ee energy.
Central to understanding mechanochemical coupling in
muscle is explaining how the variables in Eq. 2 ([A.M.D],
[M.D.P], [P;], and p ey @re coupled. In this paper we
consider the question, how is a change ifj ffalanced by
w =+ RTlng (1) changesin[M.D.R, [A.M.D], and pecnin active isometric
. ) o muscle? By simultaneously measuring electron paramag-
where;* is the standard chemical potentiBjs the molar  petic resonance (EPR) and force of spin-labeled molluscan
gas constant, andlis the temperature (Alberty and Silbey, ang skeletal muscle fibers, we show that in active isometric
1992). Here we have ignored activity coefficients. muscle [M.D.F] and [A.M.D] are independent of muscle
For a chemical step that is near equilibrium, the sum ofgrce F, and [R]. In terms of Eq. 2, these results imply that
the chemical potentials of the reactants equals the sum thanges in [P can only be coupled to changes in the
mechanical potentialtecn aNd SOpmec, MUSE Vary loga-
rithmically with [P] (Eg. 2). Because muscle force, also
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weak binding strong binding other end of the capillary was inserted through the EPR cavity or loop gap
I 1 [ ] ADP resonator, and the thread extending from this end of the capillary was
secured with Tygon tubing. The block was attached either to the side plate
M.T AA + M_D_Pi 42; AM.D + P, 4% M.T of the TM,q, cavity or to the bottom plate of the LGR with four brass
ATP screws. The open end of the well was sealed with a plastic cover, and
Tygon tubing was attached to a small hole in the cover. Buffer from a
Scheme | reservoir was passed over the fibers by drawing buffer from the well with
a peristaltic pump (Ostap et al., 1995). The force and EPR signals were
digitized with a PC.
mechanochemical coupling in muscle is localized to indi-

vidual myosin heads (Hill, 1974).

Data analysis

MATERIALS AND METHODS As previously described, the mole fractio, of myosin heads in state
was determined directly from the relative intensity of the corresponding
Muscle fiber preparation component in the EPR spectrum (Ostap et al., 1995; Baker et al., 1998). In

active isometric muscle, we simultaneously measured steady-state muscle
Skinned rabbit psoas muscle fibers with 4-(2-iodoacetamido)-2,2,6,6-tetforce, F, and the steady-state mole fraction, of myosin heads in bio-
ramethyl-1-piperidinyloxy spin labels (IASL) covalently attached to©ys  chemical staté before (-P) and after ¢-P) excess Pwas added. The
(SH1) in the myosin catalytic domain (IASL-SH1) were prepared asrelative change in muscle forcAF = [F(+P) — F(=P))/F(=P), and the
previously described (Ostap et al., 1995). Skinned scallop muscle fiberghange in myosin head mole fractions;, = x,(+P,) — x(—P,), were then
with  3-(5-fluoro-2,4-dinitroanilino)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy  determined. In our analysis, we assume thgt#2 mM in muscle fibers
spin labels (FDNASL) covalently attached to C¥%on gizzard regulatory  with no added P(Cooke and Pate, 1985). As previously observed, scallop
light chains (RLC) functionally exchanged with native RLCs on myosin muscle does not fully relax when transferred from contraction to relaxation
(FDNASL-RLC) were prepared as previously described (Brust-Mascher etolution (Simmons and Szent-Gyorgyi, 1985). We assume that this resting
al., 1999). force is not active force, and we therefore determine the active muscle

force, F, as the difference between force with®aand force after Ca

. e removal.
EPR acquisition

X-band EPR spectra of IASL-SH1 (Ostap et al., 1995) and FDNASL-RLC
(Baker et al., 1998) muscle fibers were acquired with a Bruker ESP 30dBuffers

spectrometer as previously described. . . )
- . . Rigor (no ATP), relaxation (ATP), and contraction buffers (AFRC&™*

EPR spectra of small IASL-SH1 fiber bundles‘ were acqwre_d using aforgIAS(L-SHl ()Ostap ot al (1995)) and FDNASL-RLC (Bak((er et al 1)998)
Ioop-gap resonatqr (Hubbel et al, 1987).’ customized for use with musclg xperiments were prepared as previously described. A stock solution of 50
mechanics experiments. Features of this new loop-gap resonator (LG M Na,VO, (vanadate) was prepared as described by Barnett and Thomas

4

design include 1) access to the plate above the resonator block, 2 - ! . B
9 ) P ) 987). When inorganic phosphate or vanadate was included in the con-
resonator block sealed from buffer, and 3) new plates on the top and botto . N : o
traction buffers, the ionic strength of the contraction buffer was maintained

of the resonator block for mounting fiber mechanics equipment. Muscle . ; .
fibers were threaded into a fire-polished quartz capillary with an innerWlth potassium propionate.
diameter of 0.4 mm and an outer diameter of 0.55 mm (Vitro Dynamics,
Rockaway, NJ), which was inserted through the resonator.

An EPR spectrum is the EPR signal intensity as a function of magneti(RESULTS

field strength, but to measure transient changes in muscle EPR we meE . . -

sured the EPR signal intensity at a fixed magnetic field position as & PR spectra of spin labels that are Strongly immobilized and
function of time. To minimize the effects of EPR baseline drift, we Well oriented on myosin in muscle are sensitive to changes
acquired an EPR difference signal as follows. An EPR signal was continin myosin head orientations. EPR of maleimide spin labels
uously detected with a Bruker ESP 300 spectrometer and digitized on a Pghat are covalently attached to SH1 in rabbit skeletal muscle

while the magnetic field was toggled between two field positions every _ . . " . .
2.5s. A C++ program was used to delete data acquired during the signa‘MSL SH1) is highly sensitive to changes in the myosin

channel and field controller response period and output the amplitude o?atalyt'c domain Or'emat.'on (Berger and Thomas, 1994;
the recorded 5-s square wave. Thomas et al., 1995). Using EPR of the MSL-SH1 muscle
preparation, Zhao et al. (1995) showed that the distribution
of myosin catalytic domain orientations is independent of
[P;] and force in active isometric muscle. Based on conven-
Muscle force,F, measurements made during EPR signal acquisitionstional muscle models, they concluded that a rotation of the
(Baker et al., 1996) were pbtained using a sealed chamber containing gyosin catalytic domain is not coupled tprBlease or force
SensoNor Ackers 801 strain gauge (Askjelskapet, Norway). The chambeéeneration and that a rotation of the myosin Iight-chain
was made from a 1X 13 X 16 mm plastic block. The well consisted of . th, f tb led torél df

an 8-mm hole bored 9 mm into one of the long sides of the block. A seconodomam’, erefore, must be coupled torélease ,an_ O_rce
hole (5-mm diameter) was drilled from one of the short sides of the blockgener_at|_0n- Howgver, we now ShO\_N the}t the dI.StI'Ibutlon of
into the well. A hollow brass cylinder (5-mm outer diameter, 1-mm inner myosin light-chain domain orientations is also independent
diameter) was inserted into the 5-mm hole, and the strain gauge wagf [P,] and force in active isometric muscle.

mounted inside the brass cylinder, so that the strain gauge extended into the EPR spectra of FDNA spin labels attached to the myosin

well. Finally, a 1-mm-diameter hole was drilled into the block. The fiber . h N
was tied on both ends with surgical thread and pulled into a capillary. Tth'ght'Cham domain in scallop muscle (FDNASL-RLC) are

capillary was partially inserted into the 1-mm-well hole, and the surgicalhig_hly S.enSiti.Ve to changes in the myosin light-chain do-
thread extending from the capillary was attached to the strain gauge. Thenain orientation (Baker et al., 1998). The EPR spectrum of

Force measurements
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actin-detached myosin heads (weak-binding states imyosin heads in the A.M.D staté&X, \, o) and the change
Scheme 1) shows that myosin heads can have one of twim muscle force 4F) after 50 mM R was added to active,
distinct orientations, whereas the spectrum of actin-attachedometric muscle were calculated for each experiment and
myosin heads (strong-binding state in Scheme 1) shows thahen averaged over multiple experiments (Table 1). Our data
myosin heads have primarily a single LC domain orienta-show (Table 1) that a 25-fold increase in][Blecreases
tion. The EPR spectrum of active isometric muscle is amuscle force by 14%, yet changes the mole fraction of the
linear combination of the weak and strong-binding EPRA.M.D state by less than 1%.
spectral components (Baker et al., 1998). Similarly, Fig. 2a shows FDNASL-RLC muscle force
measurements taken during the acquisition of EPR spectra.
L . The EPR spectra of FDNA-RLC muscle were acquired with
The s?eady-stat_e d'St_”bUt'_on °_f myosin LC . (Fig. 2b, red and without (Fig. b, black 1 mM vanadate,
fiomaln orientations in active, isometric muscle is V., a P analog (Goodno and Taylor, 1982), after steady-
independent of both [P] and muscle force state, active, isometric force was reached. The change in the
Fig. 1a shows FDNASL-RLC muscle force measurementsfraction of myosin heads in the A.M.D statax, y p) and
taken during the acquisition of EPR spectra. The EPRhe change in muscle forcaF) after 1 mM V, was added
spectra of FDNASL-RLC muscle were acquired with (Fig. to active, isometric muscle were calculated for each exper-
1b, red and without (Fig. I, blackh 50 mM excess Rafter  iment and then averaged over multiple experiments (Table
steady-state isometric force was reached. The mole fractioh). Our data show (Table 1) that the addition of 1 mM V
of myosin heads in the A.M.D state was directly determineddecreases muscle force by over 75%, yet changes the mole
from the relative intensity of the strong-binding spectralfraction of the A.M.D state by less than 1% (Table 1).
component (Fig. b, inse}. The change in the fraction of ~ The above results show that the distribution of myosin
head LC domain orientations is independent of bothdRd
muscle force in active, isometric muscle. Two models can

a. 1.0 explain this result. In model A, a myosin LC domain rota-

tion is coupled to Prelease and force generation, but

0.9 phosphate concentrations,][Pare coupled to steady-state
muscle force, not steady-state myosin concentrations,

&" 0.8+ [A.M.D] and [M.D.P] (Eqg. 2). This model would suggest

L 0.7 | that when Pis added to active, isometric muscle, myosin

heads transiently detach from actin at high forces before
reattaching to actin at lower forces. In model B, a myosin
LC domain rotation is uncoupled from both Release and

0.6 1

0.5 —————— 71— force generation. There is significant experimental evidence
0 10 20 30 40 50 for model A. Nevertheless, we further test this model by
Time (minutes) using muscle EPR to resolve mole fractions of myosin
biochemical states rather than mole fractions of myosin
b. AM.D orientational states, assuming that there is a difference.
M. X
active

active + 50 mM P;
The steady-state distribution of myosin heads

among biochemical states is independent of both
| [P;] and muscle force in active, isometric muscle

o The mobility of weakly immobilized iodoacetamide spin
j labels (IASL) covalently attached to SH1 in the myosin
catalytic domain (IASL-SH1) is affected by local confor-
mational changes near the myosin active site that occur with
ATP hydrolysis and Prelease (Ostap et al., 1995). There-
. o , fore, EPR spectra of IASL-SH1 can be resolved into spec-
FIGURE 1 Addition of 50 mM Pto active, isometric FDNASL-RLC tral ts that d to the M.T. M.DZhd
scallop muscle.g) Force trace acquired during acquisition of EPR spectra, ra Compon?n s that correspond to the M.T, M.D
whereF, is the maximum active, isometric forcé) Overlaid EPR spectra  A-M.D myosin states (Scheme I).
of active isometric FDNASL-RLC muscle acquired during steady state Fig. 3a shows muscle force measurements taken during
(black with no excess Pand fed) with 50 mM excess PThese spectra  the acquisition of EPR spectra. The EPR spectra were
can be resolved into two spectral componeitsd): a weakly binding acquired in active, isometric muscle with (Figb3reo) and
spectral component (M.X M.T or M.D.P) that represents an equal ithout (Eia. 3b. bl 20 mM teadv-stat
distribution between two LC domain orientatiorsvélg and a strongly withou ( 9. ! ac@ mM excess Ponce stea y-S. ate
binding spectral component (A.M.D) that represents a single LC domaifOrc€ was reached. These spectra were resolved into the
orientation (Baker et al., 1998). M.T, M.D.P,, and A.M.D spectral components (Fig.l3
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TABLE 1 The effects of P; and V; on x, ,p and F in active, isometric, spin-labeled muscle

Preparation AXp mp> AFT AXp m o/ AF
FDNASL-RLC + 50 mM P 0.003+ 0.01 —0.14+ 0.03 —0.02+ 0.07
(n=6) n=4)
FDNASL-RLC + 1 mM V¥ —0.008= 0.009 —0.76 = 0.05 0.01+ 0.03
(n=29) (n=16)
IASL-SH1 + 20 mM Ff* 0.003= 0.01 —0.40= 0.06 0.02= 0.04**
(n=05) (n=16) (n = 14)

*Experiments on scallop muscle in TM cavity.

#Experiments on rabbit muscle both in TM cavity and LGR.

SFrom steady-state EPR spectra.

TFrom steady-state force measured during EPR experiments.

IFrom steady-state experiments (coluning, ,, , and AF).

**Linear correlation between, ,, o andF from time traces acquired with a LGR. Values given are meastandard deviation.

inse). Changes in the mole fractions of the M.Ax, + = In the above experiments, EPR spectra were acquired
0.00x 0.01 = 5)), M.D.P, (AXy ppi = 0.00£ 0.01 h = from large bundles of 20—-100 spin-labeled muscle fibers.
5)), and A.M.D Ax, up = 0.00 = 0.01, Table 1) states To minimize [R] gradients across the muscle fiber bundles,
with the addition of 20 mM excess; Rere calculated for we repeated the above IASL-SH1 EPR experiments on
each experiment and then averaged over multiple experbundles of 1-10 IASL-SH1 fibers, using a loop-gap reso-
ments. The results are consistent with the preliminary obnator to improve EPR sensitivity to small sample sizes. In
servations of Ostap (1993). Our data show (Table 1) that thehese experiments, we monitored with time the difference
addition of 20 mM P decreases muscle force by 40%, yetbetween EPR signals at two magnetic field positioas (
changes the fraction of myosin heads in the M.T, M;D.P rowsin Fig. 3 b). Like the EPR spectrum, the EPR differ-
and A.M.D states by less than 1%.

- a. 1.0
a. 10 lactive ]
0.8 0.84
i L° 0.6 -
w 06- L
L 0.4 -
04 - | 0
0.2 - 024 3
0.0 ] 0-%5 70 75 80 : '
. T s T » T = T 35 go
10 20 30 40 . .
Time (minutes) Time (minutes)
b i b-
| N
active active i

active + 20 mM P, f! |

| I W \ ;‘f

active + 1 mM V,

FIGURE 2 Addition of 1 mM V to active, isometric FDNASL-RLC  FIGURE 3 Addition of 20 mM Pto active, isometric IASL-SH1 rabbit
scallop muscle.d) Force trace acquired during acquisition of EPR spectra, muscle. &) Force trace acquired during acquisition of EPR spectra, where
whereF, is the maximum active, isometric forcd) Overlaid EPR spectra  F, is the maximum active, isometric forceb)(Overlaid EPR spectra of

of active isometric FDNASL-RLC muscle acquired during steady stateactive isometric IASL-SH1 muscle acquired during steady stalack)
(black) with no V; and ¢ed) with 1 mM V,. Each spectrum is a linear with no excess Pand ¢ed) with 20 mM excess P Each spectrum is a
combination of weakly and strongly binding spectral componeintse( linear combination of the M.T, M.D;Pand A.M.D spectral components
see Fig. 3). (inse).
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ence signal of IASL-SH1 muscle is a linear combination of RTIn [A-M.D]
the signal in rigor (no ATP, 100% strong-binding) and in MD-P]
relaxation (ATP, 100% weak binding) (Ostap et al., 1995)
and varies linearly with the mole fraction of the A.M.D <2.5% < 2.5%
state,Xa mp-

Fig. 4 shows experiments performed on a bundle-&d - Fdin
IASL-SH1 fibers, with simultaneously acquired EPR differ- RTNP] e Hmeen =711
ence signal data and force signal data plotted as functions of > 97.5%

time. In Fig. 4, we initially passed relaxation buffer over the _ _ _
. . . . . FIGURE 5 The extent of coupling between the variables in Eq. 2; [P
muscle f_lber(s)’ which gives th,e EPR eljd-pomt signal COI’_[M.D.Pi], [A.M.D], and pecr IN active isometric muscle, fewer than 2.5%
responding to-0% of the myosin heads in the A.M.D state of [p changes are coupled to [A.M.D}/[M.DJRchanges. Therefore, more
(Xamp = 0). We then passed contraction buffer over thethan 97.5% of [} changes are coupled to changes in the mechanical
fiber(s), followed by contraction buffer with 20 mM excess potential, umec, The observed logarithmic relationship between muscle
P. Data tabulated from muItipIe experiments show thatforce and [R shpws that the mechanical potentig),,..p, iS proportional to
. e . e macroscopic muscle forck,
there is no significant correlation between muscle force ancq1
the fraction of actin-attached myosin heads in active, iso-
metric muscle £x, v p/AF in Table 1). The EPR difference
signal for rigor muscle gives the EPR end-point signala given biochemical state varies with ligand concentrations
corresponding to nearly all of the myosin heads in theand muscle force. The fraction of myosin heads in a given
A.M.D state &y pyp = 1). biochemical state in muscle can be accurately determined
The data presented in this paper show that adding P using EPR of spin-labeled myosin heads. Baker et al. (1998)
active, isometric muscle has little effectk{%) on the showed that the mole fraction of myosin heads in the weak-
occupancy of any given biochemical state in the ATPasand strong-binding myosin states (Scheme |) can be deter-
cycle, whereas it results in a significant decrease (up tenined from EPR spectra of FDNASL-RLC scallop muscle
75%) in active, isometric muscle force. These results implyfibers. Ostap et al. (1995) showed that the mole fraction of
that theforce per actin-attached myosin head decreasesnyosin heads in the M.T, M.D;Pand A.M.D myosin states
with the addition of Pto active, isometric muscl&/e now  (Scheme ) can be determined from EPR spectra of IASL-
guantitatively determine the relationship betweerj, [fhe  SH1 rabbit muscle fibers.
distribution of myosin states, and the force per actin-at- In active, isometric FDNASL-RLC scallop muscle, 50
tached myosin head. mM excess Pdecreased muscle force by over 10% while
changing the mole fraction of myosin heads in the A.M.D
state by less than 1% (Fig. 1, Table 1). More dramatically,
DISCUSSION 1 mM V,;, a R analog, decreased active, isometric muscle
To understand the coupling of myosin chemical potentialsforce by over 70% while changing the fraction of myosin
ligand chemical potentials, and force in muscle (Fig. 5), it isheads in the A.M.D state by less than 1% (Fig. 2, Table 1).
necessary to determine how the fraction of myosin heads i®imilarly, in active, isometric IASL-SH1 rabbit muscle, a
10-fold increase in [}p resulted in a decrease in muscle
force of more than 30%, with a change in the mole fractions
of the M.T, M.D.R, and A.M.D states of less than 1% (Figs.
3 and 4, Table 1). These results imply that, in active,
isometric muscle, changes in force and changes jjnajie
not significantly coupled to changes in [A.M.D], [M.D]P
or [M.T]. From Eq. 2, we can calculate the extent of this
coupling.
If [P;] were tightly coupled to [A.M.D] and [M.D.p, a
1 : i ; 10-fold increase in [Pwould result in a 10-fold decrease in
0 s 10 15 P 25 [A.M.DJ/[M.D.P|] (Eq. 2). This corresponds to a predicted
Time (minutes) 40% decrease in [A.M.D], because with no added P
. , [A.M.D)/[M.D.P;] is ~1 (Ostap et al., 1995). However, we
FIGURE 4 Simultaneous measurements of ERR,(p) and relative .
force (F/F,) on a bundle of-10 IASL-SHL1 fibers. The force is relative to Qbserve (Flgs' 1-3 and,Table 1) that a 10-fold or grea_ter
the maximum active, isometric forc&,. Both EPR black and force  iNcrease in [R} results in less than a 1% decrease in
(gray) signals were averaged with a 1.3-min filter from zero to 18 min and [A.M.D] = Xs m p[M] o1 Where [M];o+ is the total con-
a 10-s filter after 18 min. Initially, relaxation buffer (ATP) was flowed over centration of myosin heads in our muscle Samp|e_ There-
the fiber bundles, followed by contraction buffer (AFPCa&™"), contrac- fore, from Eq. 2, less than 2.5% (1/40) of a][l?hange is

tion buffer plus 20 mM P contraction buffer, rigor buffer (no ATP), and . . .
relaxation buffer. Immediately after rigor buffer perfusion, bétf, and COUpled to a Change in [A'M'D]’ and assuming [A] IS

¥ o @PProach 0 before going to 1, suggesting that'Gawashed outof ~ CONStant, more than 97.5% of g][Bhange is coupled to a
the fiber before ATP. change in the mechanical potentigl,ccn (Fig. 5).

~
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In essence, a change in][ tightly coupled to a change the A.M.D state is a function of both the macroscopic
iN wmech (Fig. 5), and thus when [Pis changed from an muscle forceF, (Eqg. 4). T. L. Hill writes, “Ordinary bio-
initial P; concentration, [Biniia» t0 @ final R concentration, chemical thermodynamics focuses attention on free energy
[Pilsinai» the corresponding change in the mechanical potenehanges involving substrates, products, ligands, etc.
tial is Apmech = —RTIN{[P Jfinal/[Pilinitiai} (EQ. 2). Muscle  Here... we deal with pseudo-isomeric macromolecular
mechanics data of Pate and Cooke (1989) show that istates and free energy levels. .. This is not a conventional
active isometric muscle when JRs changed from [Riitial point of view” (Hill, 1989). In contrast our results clearly
to [Plsinai» the corresponding change in muscle forcdks  support the conventional view of biochemical thermody-
o« —RT IN{[P;]sinal[Piliniiar}- COmMbining these two experi- namics in which free energy is not localized to a single
mental results, we get component in the system (e.g., an individual myosin head)

but is readily exchanged among all of the components of the
Abtmecn* AF. system. While our results cannot disprove the unconven-

Assuming that in unloaded muscle € 0) the internal work ~ tional view of the Hill formalism, our data significantly

performed ..., iS zero, this equation can be written as estrict the Hill formalism to a small range of improbable
models.

Mmecn= Fd/ny;, (3) According to the Hill formalism, active, isometric muscle
force can only change with a redistribution of myosin heads

\(/:V::Sr;?]tlz augfgsiﬁgtnvg&hbs:]g? ;ngft;n;e’ogadhsags earmong biochemical states; yet we observe a large decrease
q y P active, isometric muscle force (75%) with no significant

) P4
;:r:OSES_SeSCit:?[(r)]alg argav\?é nga‘iJ:ife22‘;?:;2‘:”1‘3?'uastlijgr?tf'éurrﬁ]\yosin head redistribution<(1%). It may be that a redis-
g EQ. d- < gy eq tribution of myosin heads occurs among multiple actin-

the actin-binding step, attached states that are not distinguished by EPR. However,
[AM.D][P] Fd because large decreases in isometric force are observed with
AG’ = —RTIn [MDPIA] Ny’ (4)  no detectable rotation of either the myosin catalytic domain
T v (Zhao et al., 1995) or the myosin light-chain domain (Figs.
Thus the above data immediately imply that myosin, actinl and 2), such spectroscopically indistinct myosin states
and phosphate chemical potentials are coupled to the maceuld be separated by no more than a 3° myosin head
roscopic forceF, of the muscle system (Eq. 4). In active, rotation. Moreover, because we observe a large decrease in
isometric muscle, we observe that a change jhr3ults in  force with less than a 1% change in the fraction of weak-
a change irF without a change in the distribution of myosin binding myosin heads (Figs. 1-4), only a small fraction of
states [A.M.D.])/[M.D.Pi] (Fig. 5). myosin heads could be redistributed among such actin-
Equations 3 and 4 imply that molecular forces in muscleattached states. Thus for the Hill formalism to accord with
equilibrate among, not within, myosin heads in muscle,our data, a 75% decrease in muscle force must be described
challenging the conventional muscle theory formalized byin terms of a small fraction of myosin heads that rotate less
T. L. Hill. In the Hill formalism, it is assumed that the than 3° between two actin-attached myosin states.
internal work performed over a biochemical step,ech 1S The data presented in this paper suggest that the funda-
¥oky?, wherek is a molecular spring constant aydis a  mental assumption of the Hill formalism—that force and
molecular spring displacement that is “not dependent oriree energy are localized to myosin heads in muscle—is
macroscopic external constraints such as load” (Hill, 1989)invalid. Arguments of Tanford and additional experimental
Yet we have shown (Eq. 3) that,.cniS @ linear function of data support this conclusion. Tanford has long argued
the external load. A related assumption in the Hill for- against the Hill formalism in favor of solution thermody-
malism is that the “force generated or exerted by crossnamics. He writes, “The solvent is an intimate participant in
bridges on the actin filaments is associated with biochemiall reactions. Chemical potentials were introduced into so-
cal states (specifically attached states) and not witHution thermodynamics by Gibbs to cope with this problem.
transitions or biochemical ‘steps.” In contrast, we havelocal interactions make it invalid to equate the total free
shown that the steady-state force exerted by myosin headsésnergy of the system with the sum of molar free energies of
associated with a biochemical step: the average force pdéhe components” (Tanford, 1984). Experimentally detected
myosin headE/nv., like thermodynamic forces in general, is compliance in actin and myosin filaments (Huxley et al.,
determined by the free energy difference between two statek994; Wakabayashi et al., 1994) implies that myosin heads
(Eq. 4). Finally, in the Hill formalism, mechanochemical can freely exchange mechanical free energy with these
coupling (the relationship between chemical potentials andilaments and with other myosin heads that interact with
force) is defined for each actin-attached myosin state by ¢hese filaments, and so, force is not localized to individual
parabola that describes the myosin head molecular fremyosin heads in muscle. Moreover, the observed large-
energy as a function of the myosin head spring displaceamplitude, submicrosecond dynamics of myosin heads and
ment,y. This parabola is strictly a molecular free energy actin filaments in muscle (Thomas et al., 1995) imply that
function and is independent of the macroscopic musclenuscle filament structure does not strictly determine the
force. However, we observe that the chemical potential oforce of a given myosin head in a given state. Such com-
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plex, nondeterministic molecular interactions and dynamics For decades, it has been assumed that mechanochemical
are implicitly accounted for in solution thermodynamics coupling is localized to individual myosin heads in muscle.
(Eq. 4), and must be explicitly accounted for in any molec-This is the conventional muscle model, but it is based on
ular model of muscle contraction, by using stochastic methunconventional biochemical thermodynamics (Hill, 1989,
ods (Daniel et al., 1998). pp. 92-93) and ignores the fact that macromolecules such as
Equation 4 suggests a new paradigm for interpretingnyosin exchange free energy including mechanical free
muscle mechanics data. In conventional muscle models, it §nergy with other ligands (Tanford, 1984). In this paper, we

often assumed that the change in myosin head férceith have shown that the fraction of myosin heads in any given
muscle length is a constark,= dF/dy; thus a decrease in biochemical state in active, isometric muscle is independent

muscle stiffness is thought to result from a decrease in th@f muscle force and [P(Figs. 1-4). This direct observation

number of myosin heads in actin-attached states. HoweveP! mechanochemical coupling in muscle is not easily ex-

while muscle stiffness decreases with active, isometric musF—)la'mad by the conventional muscle theories. However, by

cle force (Kawai et al., 1987), we have shown that thethe use of solution thermodynamics, this observation is imme-

number of actin-attached myosin heads is independent 0c*iately described by a muscle equation of state (Eq. 4) in which

L . . . ... muscle force is a state variable of the muscle system.
active, isometric muscle force. This change in muscle stiff-

ness without a corresponding change in the fraction of
actin-attached myosin heads might be explained by nonlin-
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