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of Active Muscle Fibers

Marc K. Chinn,* Kathryn H. Myburgh,’ Truc Pham,* Kathleen Franks-Skiba,* and Roger Cooke*

*Department of Biochemistry and Biophysics, Cardiovascular Research Institute, University of California, San Francisco, California 94143
USA, and TDepartment of Physiology, University of Stellenbosch, Stellenbosch 7600, South Africa

ABSTRACT We have used polyethylene glycol (PEG) to perturb the actomyosin interaction in active skinned muscle fibers.
PEG is known to potentiate protein-protein interactions, including the binding of myosin to actin. The addition of 5% w/v PEG
(MW 300 or 4000) to active fibers increased fiber tension and decreased shortening velocity and ATPase activity, all by
25-40%. Variation in [ADP] or [ATP] showed that the addition of PEG had little effect on the dissociation of the cross-bridge
at the end of the power stroke. Myosin complexed with ADP and the phosphate analog V, or AlF, binds weakly to actin and
is an analog of a pre-power-stroke state. PEG substantially enhances binding of these states both in active fibers and in
solution. Titration of force with increasing [P,] showed that PEG increased the free energy available to drive the power stroke
by about the same amount as it increased the free energy available from the formation of the actomyosin bond. Thus PEG
potentiates the binding of myosin to actin in active fibers, and it provides a method for enhancing populations of some states
for structural or mechanical studies, particularly those of the normally weakly bound transient states that precede the power
stroke.

INTRODUCTION

Large polymers are excluded from a solvent region surPEG. This provides an entropic effect promoting protein-
rounding proteins and from crevices in proteins. The bind{protein association. The greater the volume that becomes
ing of one protein to another reduces the volume fromaccessible for PEG solvation upon formation of the protein
which the polymers are excluded, providing an entropiccomplex, the greater the effect of PEG. The volume change
effect that favors protein-protein association (Bhat and Tids related to the surface area involved in the complex, so the
masheff, 1992; Timasheff, 1993; Parsegian et al., 1986)ffect of PEG on a protein-protein interaction can provide
One such polymer, polyethylene glycol (PEG), has beernnformation on the topology of their interface. In the same
used by numerous investigators to potentiate the interadashion, the presence of a polymer that is excluded from a
tions of macromolecules and in particular to favor thecavity in a protein favors closing of the cavity. For example,
interactions that crystallize proteins. The mechanism byEG has been shown to promote the binding of glucose to
which PEG induces protein aggregation has been studieldexokinase, because binding involves closure of a crevice,
extensively, mainly for its use in inducing crystallization for resulting in a decrease in the volume that is inaccessible to
structural studies. The PEG polymer adopts a random colPEG (Rand et al., 1993).

configuration in solution, acting as if it were a sphere with Because PEG is excluded from a volume surrounding a
an effective radius. The effective radii of the two polymersprotein, its presence can be thought of as exerting an os-
used here, with molecular weights of 300 and 4000 (PEGnotic pressure, which attempts to shrink the inaccessible
300 and PEG 4000), ar7 A and 25 A, respectively (Bhat volume. The change produced in the equilibrium between
and Timasheff, 1992). The center of mass of the PEGwo states can be related to the change in the volume
polymer cannot come closer to a protein than its effectivanaccessible to PEG\V, and to the osmotic pressure ex-
radius. Thus the PEG is excluded from a volume around therted by the PEGII, by the following:

protein defined by the surface area of the protein and the

effective radius of the PEG. Removal of the protein surface RTIn (Ki/Ko) = —(I s = TIoAV @)

area formed by protein-protein interactions effectively de-

. . . Here K; and K, refer to the equilibrium constants in the
creases the volume that is not available for solvating th

epresence of osmotic pressurél and I1,. The osmotic
pressure exerted by PEG has been determined as a function
of PEG molecular weight and concentration (Reid and
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the value of the<,,, for actin by a factor of 10—25. Addition of two moderately sized proteins by an order of magnitude
of PEG had little effect on the ATPase activity of myosin by or more (Minton, 1981). Evidence supporting the presence
itself under conditions where the myosin is not precipitatedof a large effect of the intracellular osmotic pressure on
by the PEG (Highsmith et al., 1998). Low-molecular-weight protein-protein interactions comes from the observation that
PEGs in the range of 300-4000 MW readily diffuse into theprotein interactions that do not occur at a given concentra-
interfilament space and do not compress the fiber latticetion in the test tube do occur at the same concentrations
Thus they can be used to perturb protein-protein interactionmside a living cell (Zimmerman, 1988a). The use of a small
inside the filament array of a muscle fiber. We have usedyolymer that can diffuse into the interfilament region of the
PEG to perturb the actomyosin interaction in skinned musskinned fiber can simulate in part the presence of the soluble
cle fibers, and we have measured its effect on the mechanic®mponents that are lost in the skinning procedure, provid-
and ATPase activity of the fibers. PEG may affect severaing an in vitro system that is closer to that in vivo.
transitions in active fibers, but it will certainly produce a

more favorable actomyosin bond. A number of experiments

have defined the cyclic actin, myosin, and ATP interaction

in solution reviewed by Cooke (1986, 1997), Goldman MATERIALS AND METHODS
(1987), and Geeves (1991). A central goal in the field ofFiber mechanics

muscle physiology is now to understand the kinetics and
pny gy Rabbit psoas fibers were harvested and chemically skinned as described

energetics of this |nterlact|on as it occurs in the fllar_nentpreviously (Cooke et al., 1988). For mechanical experiments, single fibers
array of the muscle fiber. The effect of PEG on fiber were dissected from a bundle of fibers and mounted in a well between a
mechanics and energetics can provide insight into the roleolid-state force transducer and a rapid motor for changing fiber length.
of the actomyosin bond. The binding of a myosin head to arfhe apparatus has been described more fully by Cooke et al. (1988).
actin polymer results in the formation of a large protein Briefly, one end of the fiber was attached to a glass capillary connected to

. > . a silicon beam force transducer (resonant frequency of 2.5 kHz when
interface, on the order of 1000 RSChrOder etal, 1993; immersed in solution; Aksjelskapet Microelectronic, Horten, Norway). The

Rayment et al., 1993a). The free energy released by remo¥ther end was attached to a metal arm connected to the armature of a motor
ing an interface of this size from solution is considerable(response to a step position command with a time constant of 0.4 ms;
(Horton and Lewis, 1992), and formation of the actomyosinmodel CX-660; General Scanning, Watertown, MA). Data were sampled at
interface is hypothesized tobe a major source of free energ 00-5000 s* by a 486-based PC interfaced to the force transducer and

.. . hotodiode by an analog/digital board (Analogic HSDAS-12; Analogic,
d”vmg the power stroke (See Cooke, 1997, for a reVIeW)WakefieId, MA). During tension clamps the input to the motor was

While it is clear that a large protein interface is formed atcomputed in real time and was proportional to the difference between
the end of the power stroke, the extent to which a proteircommand tension and the most recent measurement. The computer pro-
interface is formed for other interactions is not known,gram that acquired data and drove the motor was written in PC/Forth 3.2.

particularly for those that occur in the weaker bonds formed Single fibers were dissected on a cold stage and mounted on the
.. apparatus. The fiber ends overlapping the arms were fixed with 2.5%
at the begmnmg of the power Strc_)ke' . o glutaraldehyde, following the methods of Chase and Kushmerick (1988).
The use of polymers to potentiate protein-protein inter-gxcess glutaraldehyde was removed by vacuum. After fixation, the ends of
actions has another goal, that of attempting to simulate morte fiber were glued to the arms, using cellulose proprionate diluted with
closely the conditions that occur in vivo. Studies of theacetone. Excess glue was removed by vacuum. The fiber was then lowered
actomyosin interaction have been carried out both in "Vinginto a relaxing solution, and fiber length and thickness were measured. The

fib d in ski d fib f hich th I b length of the unfixed portion of the fiber between the arms varied from 3
IDErs and In skinned fibers from whic € cell membrang,, g mm, the fiber diameter ranged from 50 to ffn, and the initial

has been remqved. The Iat_ter pre_paratio_n has several advagtcomere length ranged from 2.2 to Z.h.

tages. It provides a relatively intact filament array and A common protocol was to firstimmerse the fiber in a relaxing solution
allows the investigator to modify the solutions that perfuseand allow complete perfusion of creatine kinase and nucleotié8si{in).

the filament array. However, a number of questions remaiﬂ'he apparatus had two wells, and fibers could be rapidly switched between

ing th liditv of the ski d fib ti olutions. The fiber was then switched to an activating solution in the other
concerning the validity of the skinned hiber preparafion an ell, and mechanical measurements were made within 20-30 s. After

whether the skinning process has perturbed the interactiongeasurements, the fiber was returned to the relaxing solution, and the
of the proteins within the filament array. One difference solution in well 2 was replaced with the appropriate experimental buffer.
between the skinned fibers and living fibers is the loss ofVlechanical measurements were repeated, and the fiber was returned to the
~100 mg/ml of soluble components. A considerablere'axmg solution. The solutions in well 2 were changed again, and me-

chanical measurements were repeated under control conditions. The effect

amount of both eXpe”mental and theoretical work has SuQéf PEG was then calculated as the percentage change in the presence of

gested that protein interactions occurring in the crowdeggg relative to the average of the two control experiments. For half of the
interior of a living cell are perturbed by the presence ofexperiments, the order was reversed so that the mechanical measurements
other soluble components (Minton, 1981). The effectivewere made first and third in the presence of PEG and second under control
osmotic pressure exerted by soluble components in th%ondltllons. Force-velocity relatlonshlp‘s were fit to_a linear form of the Hill

. . . . .__equation (Cooke et al., 1988). Experiments on fibers were carried out at
'”te”?r of a bacterial Ce_” has been estimated by me_asurmgO"C except where noted. The ATPase activities of small bundles of one to
the size and concentration of the components. The intrace|nree fibers were measured by direct determination of phosphate, as de-

lular pressure is considerable and could increase the affinitycribed in more detail by Myburgh et al. (1997).
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Sarcomere length Solutions

Initial sarcomere length was 2.2-2.4 um, determined by measuring th&he basic rigor buffer contained 120 mM KAC, 5 mM MgCiL mM

distance between the central and first maxima of a diffraction pattern, usingeGTA, 3 mM R, and 50 mM 3-{-morpholino)propanesulfonic acid (pH

a 20 mW He-Ne laser (0.632m wavelength; Uniphase Corp., Manteca, 7). A relaxing solution was achieved by the addition of 20 mM creatine

CA). Changes in sarcomere length were tracked by movement of th@hosphate, 1 mg/ml creatine kinase, and 4 mM ATP. Activating solution

centroid of the first diffraction maximum across a 15-mm-wide position- was obtained by further addition of 1.1 mM CaCAdditional buffers

sensing photodiode (model SL-15; UDT Sensors, Hawthorne, CA). Betesembling the above were made with the desired percentage of PEG (w/v).

cause the intensity of the diffraction pattern varied both from fiber to fiber The phosphate analog Alfvas obtained by the addition of 10 mM KF and

and between trials, the change in photodiode output voltage correspondirthe desired concentration of the metal as AlSolutions of vanadate were

to a specified change in position of the diffraction pattern was calibratednade up following the protocols of Goodno (1982). In some experiments

immediately before each measurement, as described in more detail byhere low phosphate concentrations were desired, a “phosphate mop” was

Burmeister-Getz et al. (1998). The position of the photodiode was movedncluded (Brune et al., 1994: Webb, 1992), consisting of 1700—200 units/ml

by micrometer by 0.05 mm, and the voltage from the photodiode wasof nucleoside phosphorylase and 8 mM 7-methylguanosine, following the

sampled. The calibration varied from 5 to 10 analog-to-digital units perprotocols of Pate et al. (1998). In some of these experiments, the fibers

nanometer of sarcomere length. The sarcomere length calibration variegere split, producing diameters ef25-30um. The split fibers have still

because of the difference in the ratio of the intensity of the diffracted linelower internal concentrations of , ecause of faster diffusion of But of

to the background. A factor of 2 represents the limits of the range ofthe fiber.

variation. Most calibrations were withirn25% of one another. Repeated

measurements on rigor or relaxed fibers showed that the spatial resolution

of the photodiode sarcomere length measurement-wa§-1.0 nm. The RESULTS

diffraction pattern remained stable for a longer period of time when the . . .

fiber was repeatedly slacked and restreched following the protocols ofAddition of 1-5% PEG to the solution bathing a relaxed

Brenner and co-workers (Brenner, 1983). fiber produced no change in isometric tension or stiffness.
Addition of PEG to an active fiber resulted in a reversible
increase in isometric force (P as shown in Fig. 1. The

ActoS1 affinity increase in force upon the addition of PEG occurred with a

The affinity of S1 for actin in the absence of nucleotides was determinec;ime_to ha”'maXimum 0f~5-10 s. ThiS is approximately
by a modification of the method of Kurzawa and Geeves (1996). Thethe time required for complete perfusion of PEG through the

fluorescence of pyrene-iodoacetamide attached td‘Cys actin has been  fiber. The decrease in force occurring upon removal of PEG
shown to be quenched by65-70% by the binding of S1 (Kouyama and K54 3 similar time course. Incubation of fibers in rigor

Hihashi, 1981). This quenching was used to measure the effect of PEG 0 . °
the binding of S1 to actin in the absence of nucleotides. Actin was Iabele(;Buﬁer pIus 5% PEG 4000 Ovemlght at 0°C had no effect on

following the methods of Kurzawa and Geeves (1996). Actin in rigor
buffer (defined below) plus a 1.1 M excess of phalloidin was placed in a
cuvette in a SPEX fluorimeter, and steady-state fluorescence was measured
with excitation at 365 nm and emission at 405 nm. Phalloidin was included 200 1
to ensure complete actin polymerization. Apyrase (0.1 mg/ml) was in- Catcium
cluded to eliminate trace amounts of ADP that came in with the proteins. v
The change in fluorescence was monitored as increasing amounts of S1
were added to the solution, taking into account the dilution due to the
addition. The bound S1 was calculated from the amount of quench ob-
served relative to that observed at saturating S1. The free S1 was then
calculated by subtracting the bound S1 from the total added S1.

The affinity of S1 for actin in the presence of nucleotidesafalogs,
and varying concentrations of PEG was determined by sedimentation. The 50 |
solution contained the basic rigor buffer described below without the KAc,
plus 1 mM ATP and the appropriate phosphate analog, made up as
described below for the fiber experiments. The proteins and nucleotides
were mixed and allowed to come to equilibrium for 10 min at 0°C. The
actin concentration was 50M, and S1 was 1@M in all experiments. The
actin, along with bound S1, was sedimented in an airfuge (Beckman) at Time (seconds)
90,000x gfor 20 min at room temperature. The protein composition in the
supernatant was then assayed by gel electrophoresis in the presenceRIGURE 1 Fiber tension is shown as a function of time. The fiber was
sodium dodecyl sulfate, and protein concentration was determined by thiitially in a relaxing solution, and at 10 s calcium was added to activate the
Bradford assay. The amount of S1 remaining in the supernatant was thefiber. After mixing, 5% PEG4000 was added, generating an increase in
used to calculate the free and bound species. Virtually no actin was founisometric tension. The fiber is then switched to another bath that lacks
in the supernatant for any of the conditions. Data were fit to Eq. 1, wherePEG, resulting in a drop in tension. After tension equilibration in this bath,
the osmotic pressurdl, exerted by PEG 4000 of concentrati@his the fiber is switched back to the bath containing PEG. Tension is enhanced
determined from the equations of Highsmith and Cohen (Cohen andapidly and reversibly by PEG, and the fiber tension remains relatively

ey
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Highsmith, 1997): stable, with tension at 400 s (126 mN/frenly 6.5% less than that at 65 s
(135 mN/mn?). In this fiber the addition of PEG increased tension by 31%,
H =RT25X 103X C+ 54X 104X C? averaged over the four times that the solution was switched. The average

change for a number of fibers was 354%. Data were obtained from a
+0.6X10° X C® dyne/cmd. (2) single fiber with a diameter of 6am and a length of 4.5 mm.
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either fiber force or velocity, measured in a PEG-free solu- 1.5
tion. Thus the effects of PEG appear to be rapidly revers-
ible, and even long exposure to PEG causes no permanent
alteration in protein function. The small polymers used here
diffuse into the fiber interior and have an effect that is very
different from that of the much larger polymers that are
excluded from the fiber interior and have been used to
shrink the fiber lattice (Godt and Maughn, 1981; Zhao and
Kawai, 1994; Myburgh and Cooke, 1997). The polymers
used here do not affect the fiber lattice. Fiber diameters
observed by light microscopy undet400 power did not 0 : : : ‘ : !
change upon incubation in either PEG 4000 or PEG 300. 0 ! 2 e o 4 5 8
Activation of fibers in solutions that contain PEG results ’
in a shift in the force velocity relation toward increased FIGURE 3 The isometric tensiollj, ATPase activity ©), and maxi-
tensions and decreased velocities, as shown in Fig_ 2. Theum shortening velocity®) are shown relative to their values in the
effect produced by PEG on tension, velocity, or ATpaSeabsgnce of PEG as a function qf thg co_ncentration of_PEG 300. The
activity increased with increasing concentrations of PEG ur\g/enspns were measure_d as described in Flg_. 1. The maximum shortening
. . ; elocities were determined from extrapolation to zero force of force-
to ~5% PEG, as shown for PEG 300 in Fig. 3. The iS0-yglocity relations such as those shown in Fig. 2. The ATPase activities of
metric ATPase activity was inhibited by the presence oOfisometric fibers were measured in bundles of one to three fibers. The fibers
PEG, as also shown in Fig. 3. The decrease in ATPaswere mounted and incubated in a series of small aliquots of activating
activity approximately paralleled the decrease in the velocsolution for 1-5 min, and the ATPase activity was measured by determi-

. . tion of the P released function of time. Different fib
ity of contraction. The effects produced by PEG 4000 werg aion of the T released as a iunchion of fime. DIIerent bers were

7 - - : e measured in different concentrations of PEG. Error bars represent the SEM
similar to those shown for PEG 300 in Fig. 3. Addition of o five to seven separate fiber bundles, with the ATPase activity deter-
5% PEG 4000 increased isometric tension by 3%5%4%  mined from three to five different time points for each. In the absence of
(SEM, n = 10), decreased the maximum velocity of short- PEG the isometric tension was 120 mN/frthe maximum velocity of
ening by 37%-+ 3% (SEM, n = 10)’ and decreased the contrfllt:tion was 1.55 lengths/s, and the isometric ATPase activity was
ATPase activity by 24+ 6% (SEM,n = 12). Two polymers
with different molecular weights were used, because the
comparison between them provides some additional infor- The rate of actomyosin dissociation is governed by the
mation on the mechanism of PEG action. However, in &elease of ADP followed by the binding of ATP. To inves-
limited number of experiments measuring tension and Vetigate whether either of these reactions is perturbed by PEG,
locity, the two polymers produced similar effects, and inywe measured fiber tension and velocity as a function of
most of the subsequent experiments PEG 4000 was usedapp and ATP concentrations in the presence and absence
of 5% PEG 4000. Shortening velocity is shown in Fig. 4 as

VELOCITY, OR ATPase
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FIGURE 2 Fiber velocity is shown as a function of fiber tension in the
absence @) and presence®) of 5% PEG 4000. Single fibers were FIGURE 4 Fiber shortening velocities were measured at 10%, asR
mounted on the apparatus, incubated in relaxing solutions in either théunction of the ATP concentration in the absenc® é&nd presence®) of
presence or absence of PEG 4000. The fibers were then activated by tt%6 PEG 4000. The reciprocal of the fiber velocity is shown as a function
addition of calcium, and three to five velocities were obtained for eachof [ATP] % The data show that the velocity of shortening reached in
fiber, all within 20 s of activation. Fibers activated in the presence of PEGsaturating ATP and the value &f,, are both reduced by a factor o2 in
have increased isometric tension and decreased maximum velocity dahe presence of PEG. Error bars represent SEM on four to six measure-
shortening. ments.
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a function of [ATP], in both the absence and presence ofPate and Cooke, 1989). Increasing the concentration of P
PEG. Both the velocity obtained from extrapolation to in-from 3 mM to 50 mM, and keeping the ionic strength
finite [ATP], V.., and the value oK, for ATP are decreased constant, inhibited isometric tension in both the presence
by a factor of~2 in the presence of 5% PEG 4000. Model and absence of PEG (Fig. 5). Lower concentrations ;of P
simulations show that the rate of ATP binding at the end ofwere obtained by using enzymatic removal of contaminat-
the power stoke can be estimated from the rati¢/ofand  ing P, and depletion of Pgenerated within the fiber. Nu-
K., (Pate et al., 1993a,b). This relationship is similar to thecleoside phosphorylase catalyzes a reaction in which free
more familiar one used in enzyme kinetics, in which aphosphate and 7-methylguanosine are converted into
second-order binding constant is estimated fregyK,,  7-methylguanine and ribose-1-Brune et al., 1994; Webb,
(see Fersht, 1977, p. 105). This relationship has been ex:992). This system has been used previously to reduce the
perimentally verified for fibers, using a series of nucleotideslevels of Rin muscle fibers (Pate et al., 1998). Reduction of
(Pate et al., 1993a,b). The rakib/K,, is not changed by the [P;] below ~100 uM produces a plateau in tension. Above
addition of PEG, indicating that it does not influence thethis concentration, tension is inhibited approximately lin-
rate at which ATP binds to myosin heads at the end of theearly with log [R]. The two curves describing tension as a
power stroke in isotonic contractions. When [ATP] is low- function of log [R] obtained in the presence and absence of
ered from 4 mM to~50 uM, the isomeric tension increases PEG have similar shapes, with the PEG curve elevated in
because of the reduced rate of cross-bridge dissociation dgnsion by a constant amount40 mN/mnf. In the Dis-
ATP, leading to an increased population of force-generatingussion section we show that this relationship indicates that
rigor bonds. However, the absolute change in tension promore free energy is available to drive tension generation in
duced by the addition of PEG was the same within experthe presence of PEG.
imental error at 4 mM ATP (42- 4 mN/mn¥) and at 50 The stiffness of active fibers was also increased by the
uM ATP (38 = 12 mN/mnf¥). These data show that the rate addition of PEG, as shown in Figs. 6 and 7 and in Table 1.
of ATP bhinding to force-generating myosin heads in iso-The changes in tension and sarcomere length after a step
metric or isotonic active fibers is changed very little by theincrease in fiber length of~5 nm/half-sarcomere were
presence of PEG. monitored for a period of 40 ms. The increase in tension was
The effect of PEG on the binding and release of ADP ingreater in the presence of PEG than in its absence. Tension
active fibers was tested using high concentrations of ADP irdecayed following the step in length with a rate that was
the presence of moderate ATP. Fibers were activated in Bnchanged by the presence of PEG for control fibers or for
mM ATP, and isometric tension and velocities at 10% andfibers in the presence of phosphate analogs, although the
5% of isometric tension were measured. ADP was then
added to 4 mM, and the measurements were repeated.
Tension rose by 15 1.7%, in the absence of PEG (122—- 300

140 mN/mn®) and by 15+ 1.6% in the presence of PEG <&

(135-155 mN/mrf). Shortening velocity in the absence of £ 280

PEG was 0.91 0.02 lengths/s at 5% PAddition of 4 mM € Lo "

ADP caused a decrease of 40% to 05®.03 lengths/s. In 3 :

the presence of PEG, velocity at 5% ®as 0.6+ 0.02 2 150

lengths/s, and addition of ADP caused a decrease of 33% tdj 100

0.4 = 0.03 lengths/s. A similar effect was seen for clamps E

to both 5% and 10% of £ We conclude that the presence £ 50

of PEG did not produce a change in the effects of ADP on 2

tension or on shortening velocity. Together, the results o 7 e -5 .4 -3 -2 T o ]
obtained upon variation of [ATP] and [ADP] showed that LOG [P

PEG had little effect on the release of ADP and subsequent

binding of ATP, which together lead to dissociation of FIGURE 5 Isometric tension obtained in the preser@pdnd absence
myosin from actin. (O) of 5% PEG 4000 is shown as a function of log][Pata in the absence

The addition of Pto an active fiber inhibits tension by of PEG are taken from Pate et al. (1998) fr from current measurements

reversing the transition from the weakly bindin re- (m). The effect of PEG was to raise all tensions by the same amount,
9 Yy g p regardless of the concentration of phosphate. Data above 1 mM were

povyer-strokg actin-.myos'iADP-Pi stgte to the force-pro- optained by addition of P keeping the ionic strength constant. Lower
ducing actin-myositADP state (Hibberd et al., 1985; concentrations of Rvere obtained by using nucleoside phosphorylase to
Dantzig et al., 1992; Millar and Homsher, 1990; Pate andscavenge contaminating Bnd P produced within the fiber. The internal
Cooke, 1989). The inhibition is approximately linear in log level of B, which is determined by enzymatic reactions and by diffusion,

was estimated by the method of Pate et al. (1998). The solid lines are fits

[Pi]’ with a shape that prowdes information on the energet_to the data, using Eq. 8 of Pate and Cooke (1989), providing estimates of

ics of th_e actomyosin interac“qn and, in particular, on thee free energy in the power stroke of 8:10.2kT in the absence of PEG
energetics of the force-producing actin-mye&IDP state  and 10.7= 0.8kT in the presence of PEG.
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40 the change in fiber tension (to 35% of control). We conclude
35 - that the relative change in stiffness is greater than the
S 10- change in tension by a factor of almost 3. As discussed
3 % \\ £ below, this proportionally greater increase in stiffness is
‘\25 25 w 8F probably due to an increased population of weakly bound
E 20 k g cross-bridges.
z g 1 The effect of PEG on the formation of the weak actomy-
g 15 z osin bond preceding the power stroke was investigated by
o0 g incubating fibers in analogs of phosphate that are known to
sl 4 ol stabilize a state that resembles the my@Ir_P'Pi state, i.e.,
the state thought to occur at the beginning of the power
0 0 F——T— stroke. We investigated two phosphate analogsnd AlF,
© 20 40 o 20 40 in active muscle fibers (Dantzig and Goldman, 1985; Chase
TIME  (msec) TIME  (msec)

et al., 1993, 1994; Phan et al., 1995, 1997). Both caused a
FIGURE 6 (&) Tensions are shown as a function of time after step dramatic inhibition of the isometric tension and stiffness to
changes in fiber length. The traces show, in descending order, fibers plud0—15% of control isometric values. The further addition of
5% PEG 4000; control fibers; fibers in 2 mM Wus 5% PEG 4000; fibers 5% PEG 4000 induced small increases in tension;-by5o;
ol e o ol o o s e pssnenety ovever It induced dramatic increases in sifness. As
plus 5% PEG 4000, showing that sarcomere length controli\)/vas the sl,ame %hown in FIgS. 6 and 7 and in Table 1, Stlffn.ess returns toa
the two conditions. Sarcomere length was controlled as described iNalue close (85-90%) to that of control fibers activated
Materials and Methods. without the analogs. This shows that PEG has induced a
dramatic increase in the number of myosin heads bound to
actin in the presence of these phosphate analogs. In addi-
rates for the former were slower than those for the latertion, tension decays more rapidly than for active fibers,
Plots of peak tension as a function of the change in sarcoshowing that the states populated are transitory, as expected
mere length were linear, with a slope that defined thefor a weakly bound state. The increase in stiffness produced
stiffness, as shown in Fig. 7. The increase in fiber stiffnesdy PEG was approximately the same for both of the phos-
(to 110% of control) was considerably greater than that ophate analogs that we investigated (see Table 1). One pos-
sibility that could explain the increase in stiffness is that
PEG is promoting the release of the phosphate analog,
leading to a more rapid cycling of cross-bridges. To test this

°oe possibility, the return of tension after removal of the phos-
500 phate analog Alfrwas monitored in the presence and ab-
o sence of PEG. In the absence of PEG, force recovered with
£ a half-time of~10 = 2 min, and the time course of tension
PR recovery was not greatly altered by the presence of PEG. In
H ] addition, the isometric ATPase activity was inhibited com-
,5, 3007 pletely in the presence of the phosphate analogs, and this
Z ] inhibition was not relieved by the presence of 5% PEG
8 2007 4000. Together these results show that PEG does not pro-
i mote the release of the phosphate analog. There are two
1007 points in the cycle of the actomyosin interactions at which
] PEG is likely to exert a strong effect. One of these is the
0 dissociation of myosin from actin at the end of the power

stroke, which is considered above. The second of these is
the association of myosin and actin at the beginning of the
power stroke. The results discussed above show that the
FIGURE 7 The peak tension attained after a length step is shown as Q‘alor effeqt of PEG is on the association steps, with little
function of the size of the length step. The data were obtained as shown igffect on d|SSOC!at|pn. _ .

Fig. 6 for control fibers @), fibers in the presence of 5% PEG 40@)( The increase in fiber stiffness in the presence of PEG and
fibers in the presence of 1 mM;\L]), and fibers in the presence of 1 mM  phosphate analogs suggests that more cross-bridges are at-
Vi plus 5% PEG 4000M). The phosphate analog inhibited both fiber tached to actin, implying a tighter actomyosin bond under
tension (to 11+ 3% of controls) and fiber stiffness (to 3@ 12% of diti A tighter bond bet . duct
controls). In the presence of PEG there was a dramatic increase in the fibépese condi IOI’IS._ . Ighter bond between a myosin produc S
stiffness (to 85+ 10% of controls), with little change in isometric tension COMplex and actin is also demonstrated by the decrease in
(to 10 = 5% of controls). the K,,, for the actoS1 ATPase activity (Highsmith et al.,

Stretch (nm/half sarcomere)
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TABLE 1 Tension and stiffness of active fibers with phosphate analogs

Condition Control+ PEG AlF, Vi AlF, + PEG V, + PEG
Tension 135+ 4 9+ 2 11+3 10+ 4 10=5
Stiffness 210+ 12 25+ 7 30+ 12 90+ 15 85+ 10

Values are given as a percentage of control values in the absence of either PEG or analogs. The isometric tension of control fibersl@asN/22ant.

The stiffness of control fibers was 27 N/mnErrors in tension represent the SEM for four to eight fibers for the experimental conditions listed in the last
four columns, and for 22 measurements for control plus PEG. The errors in the stiffness represent the uncertainty in the fit to the data of Figilyor of si
plots, each set of data representing two to six fibers. The concentration of PEG 4000 was 5% w/v, and the concentratiganof\AVere 1 mM and

2 mM, respectively.

1996; White et al., 1995). Alternatively, the cross-bridgesmaining in the supernatant. The addition of 10% PEG 4000
could have become stiffer in the presence of PEG, but thifncreased the affinity constant from:2 10° to 5 x 10°
would imply a stiffness exceeding that of rigor cross-M 1. One possibility for explaining the precipitation of S1
bridges, which is unlikely. To further quantify the increasedwith actin at the higher concentrations is that PEG has
affinity of these states, the binding of S1 to actin wasactivated the ATPase activity by promoting release of the
investigated in the presence of ATP and phosphate analogshosphate analogs. To assess this possibility we also mea-
and in the presence and absence of PEG. The unbound Sired the ATPase activity of actin, S1, and phosphate ana-
was determined after sedimentation of actin along withggs in the presence and absence of PEG. In the absence of
bound S1 (see Fig. 8). In the absence of PEG a very smajhe phosphate analogs, the ATPase activity was 123
fra(?tion of the S1is §ed'imented along with the actin, indi-the presence of 2 mM AlFor 2 mM V, the ATPase activity
patlng an apparent binding constant 05(2193 M™% With . was not significantly different from zero in either the pres-
Increasing Ieyelg Of, PEG a grea’Fer fraction of the S1 ence or absence of PEG. This indicates that PEG does not
sedimented, indicating tighter affinity for the actin. The activate the ATPase activity in the presence of phosphate

precipitation Of S1 by PEG 1S Spe(;IfIC for aCth n thg analogs. Direct determination of the phosphate produced
absence of actin a small fraction (10%) of the S1 is precip- howed that ATP levels remained high throughout the as-

itated only at the highest levels of PEG (10-12%). S1 did® . . .
not coprecipitate when an equal concentration of bovine?Y" we cor_lclude Fhat increasing cpncentratlons of PEG
romote an increasing affinity of actin for S1 complexed

serum albumin was added to the mixture instead of actin?" h d ohosoh |
showing that the precipitation reflects a specific bond withMt ADP, and pnosp ate analogs. .
actin rather than a nonspecific association with another 1€ affinity of S1 for actin in the absence of nucleotides

protein. The affinity constant of the S1 products complexVaS also meaiured, ysing thg fluorescence of' pyrene at-
for actin was calculated from the concentration of S1 refached to Cy&™ of actin, following procedures similar to
those of Kurzawa and Geeves, (1996). Addition of 5%

PEG4000 increased the affinity by a factor 0f40.4 (see
101 Fig. 9). This is a little smaller than the eightfold increase
seen for the weakly bound states, described above; however,
the difference may not be significant.

As discussed earlier, the formation of a protein-protein
interface decreases the volume of solution from which PEG
is excluded, leading to a higher affinity for the proteins in
the presence of PEG. With Egs. 1 and 2, the dependence of
the affinity constant on the concentration of PEG defines the
change in the size of the PEG-inaccessible volué,
which occurs upon formation of the protein complex. The
14 magnitude ofAV provides some information on the size of

PEG % the interface that is formed. The value &¥ can be ob-
FIGURE 8 The effect of PEG on the affinity of actin for myosin in the tained from the slope of the logarithm of the affinity con-
presence of phosphate analogs. Actin (30) W’;S mixed with 1yo,J,M g1 Stantas a functlo_n of the osmotic pressure exer'_ted by the
in rigor buffer (made without KAc) plus 1 mM ATP and either 2mm Al PEG. The osmotic pressure exerted as a function of the
or 2 uM V,. The proteins were then sedimented and the S1 concentratiomolecular weight of the PEG and its concentration have
remaining in the supernatant was assayed directly and by gel electrophorgyeen determined experimentally, and algorithms have been

sis. The S1 concentration in the supernatant is shown as a function of t . .
concentration of PEG 4000. The solid lines represent a fit to the datzﬁt to these data, allowmg one to calculate osmotic pressures

assuming that the logarithm of the affinity constant varies linearly with thefor any given concentration (Cohen and Highsmith, 1997;
osmotic pressure exerted by the PEG, as described in the text. Reid and Rand, 1997; and also see the web site maintained

S1 uM
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0.8 the osmotic pressure. The data shown in Fig. 10 show an
approximately linear dependence of the logarithm of the
affinity constant as a function of the osmotic pressure. This
dependence is similar to that obtained previously for the
apparent affinity of S1 for actin in the presence of ATP,
determined by the value of th&,, for the acto-S1 ATPase
activity (Highsmith et al., 1996). Determining an affinity
constant from the stiffness of muscle fibers requires some
assumptions. We first assume that fiber stiffness in the
presence of the analogs is proportional to the fraction of
0.001 0.01 0.1 1 10  attached myosin heads. We make the assumption that the
[S11  uM stiffness of the weakly bound myosin heads is the same as
FIGURE 9 The effect of PEG on the strond bindind of S1 to actin. Th that of the strongly bound heads. We measure stiffness by
binding of S1 v(veaz ?nceaosured k?yn th: Z:Z:?:hi:]ng Igfg tcr)1e ﬂuc?r:gclgﬁce eo?'tEp Changes’ which would correspond to t,he stiffness mea-
pyrene attached to CJ% on actin in rigor buffer at 10°C, as described in SUred in fast ramp stretches, where the stiffness of weakly
Materials and Methods. The figure shows the amount of quenching obbound cross-bridges is similar to that of active cross-bridges
served as a function of the Conce"tg/at:fg g;fc;gg S+1h in the SO'tUtitQ” in fthG(Brenner et al., 1982). To convert these data to the actual
T o b o T o s o sl umber of atahed heads alSo requires some estimaton of
using a simple binding equation. The fits definetaof 0.093+ 0.005  the proportionality constant linking stiffness to population
uM and 0.37+ 0.02uM in the presence and absence of PEG, respectively.attached. One can assume that the highest stiffness reached
corresponds to some fractioK, of attached heads. K is
now allowed to vary from 25% to 75%, and the fractions of
by Dr. P. Rand at www.mgsl.dcrt.nih.gov/docs/Osmotic-attached heads are converted to affinity constants, the
Stress.html. The affinity of S1 for actin in the presence ofchange in affinity constant with PEG is found to be remark-
phosphate analogs can be determined directly from the datgly independent oX. This independence arises because a
shown in Fig. 8 and are plotted in Fig. 10 as a function ofchange inX shifts all of the calculated affinities by approx-
imately similar amounts, resulting in similar slopes when
plotted as in Fig. 10. The further assumption that one-half of

Fluorescence Quench

‘T the stiffness of active fibers is in the thin filament (for a
review see Goldman and Huxley, 1994) also does not
al change the slope of the line appreciably, as it again tends to

shift all of the states in the same direction. Making the
assumption thak = 50%, we plot the apparent affinity of
myosin heads for actin in the presence of phosphate analogs
and PEG inside the muscle fiber. These data are also shown
1+ in Fig. 10.
The slopes obtained for all of the conditions investigated
| J were similar: 1.8+ 0.2 cnf/dyne forK,, 2.1+ 0.1 cn?/
0 10° 110° 2 10° 3 10° dyne for the affinity of S1 for actin in the presence of AIF
P (dynesicm2) 2.0 = 0.2 cnf/dyne for the affinity of S1 for actin in the
presence of Y and 2.2+ 0.1 cnf/dyne for the increase in
F'C?U?E 10 The Prelsii’;‘;e ;’r‘:;iﬁiégﬁ’g i?ﬁfeei;se:rmn ag?i‘;‘;ﬂ;aﬁ;r;ieﬁr']:{‘he stiffness of fibers activated in either Aler V,. The
::ftihr}tyoc:frtr;]yeozlcr:clglsgoumplex relative to tHe affinit?/inthe absencepopf PEGSmall dlffer?n_ces in slopes between that 6, of the .
is shown as a function of the osmotic pressure exerted by the PEGk,The ATPase activity and the other data may reflect a real dif-
for actoS1 ATPase activity is shown by the solid circles, taken fromference, but better data would be required to confirm this.
Hig_hsmi;h_ et s'- The apparefm agif_‘iWhOf a myosin hiad for actin in fibers Egsentially the slopes obtained for all sets of data shown in
e ! v el £ig. 10 are the Same within experimental ertor, suggestig
described in the texil). The affinity of S1 for actin in the presence of that & similar protein interface is formed in all three, as far
AlF, and in the presence of various concentrations of PEG was determinedS the volume inaccessible to PEG is concerned. These data
by sedimentation, as shown in Fig.&)( All of the data were fit by straight suggest that PEG potentiates the binding of a myosin prod-
lines cqnstrained to pass thrgugh the origin, and the slopes of the lines aﬁCtS complex to actin, and this accounts for the increase in
proportional to the change in the PEG-inaccessible volume that occurs - . i
upon formation of the complex. The slopes are similar, showing that theStiffness in fibers incubated with the phosphate analogs as

inaccessible volumes are similar. well as theK,, for the actoS1 ATPase activity.

In(K/Ko)
n

(=]
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DISCUSSION on fiber shortening velocity. Recent work with mono- and
disaccharides has suggested that increased viscosity in these
solutions inhibits both the tension and velocity of shortening
PEG will influence the kinetics and equilibrium of any (Chase et al., 1998). The viscosity of 5% PEG 4000 is
transition in which the volume available for solvating the almost twice that of water, and it is similar to that of a 20%
PEG either increases or decreases (Timasheff, 1993; Bhat/v solution of glucose, which also inhibits the velocity by
and Timasheff, 1992; Parsegian et al., 1986). PEG alter40%. However, several results suggest that PEG is not
protein-protein interactions through an entropic effect. Theacting through a change in viscosity. PEG potentiates ten-
presence of PEG simply makes a particular transition moréion instead of inhibiting it, as is seen with the small
likely because of the presence of an external agent, not bgfisaccharides (Chase et al., 1998). The inhibition of velocity
a significant modification of the proteins themselves. Largeby 5% PEG 300 is about the same as that by 5% PEG 4000,
changes in the PEG-inaccessible solvent volume will occuyet the viscosity of the former is only 15% greater than that
upon formation or dissociation of the actomyosin complex.of water, suggesting that viscosity is not the main determi-
Thus it provides a method of influencing the strength of thenant of PEG effects in our experiments. The concentrations
actomyosin interaction without perturbing the nature of the(in mg/ml) employed here are about fourfold less than those
protein interfaces. However, PEG could also have an effeggmployed by Chase et al. (1998). Although increased vis-
on other transitions. Myosin contains a large crevice thatosity may play some role in perturbing the actomyosin
could open or close (Rayment et al., 1993b), or actomyosimteraction, and in particular in the inhibition of velocity, it
could assume different conformations during the poweiis probably not the most dominant mechanism for PEG.
stroke, altering the PEG-inaccessible volume.

Does the action of PEG result from steric exclusion, a ' .
discussed above, or through some other property? The effesgﬁeCt of PEG on fiber mechanics
of PEG on protein structures has been examined in studiegddition of PEG enhances fiber tension and stiffness while
of protein function in solution and through comparison of inhibiting the rate of ATP hydrolysis and fiber velocity. The
protein structures obtained in PEG with those obtained viaddition of 5% PEG 4000 or PEG 300 potentiates tension
other precipitants. The general conclusion that has beeand stiffness and inhibits shortening velocity and ATPase
reached is that PEG does not bind strongly to proteins andctivity, all by about the same amount, 30—40%. Thus in
that it is relatively inert. For example, a number of struc-the broadest terms, addition of PEG leads to stronger,
tures obtained for trypsin in the presence or absence of PE€ower fibers. As argued below, many but not all of these
are similar, suggesting that PEG does not alter proteirffects could potentially be due to an increased affinity of
structure. The enzymatic properties of myosin by itself aremyosin for actin. Below we attempt to explain these effects
not changed by the addition of PEG, unless the PEG prein more detail in terms of the known kinetic scheme of the
cipitates the protein (Highsmith et al., 1998; Highsmith etcycle of force-producing interactions.
al., 1996). The crystal structures of myosin also suggest that A considerable body of data obtained from purified pro-
PEG does not greatly alter the structure of the catalytigeins in solution and from the mechanics of active fibers has
domain. These structures fall into two categories. In on&uggested that the actomyosin interaction can be described
category, the structures of the catalytic domairDadtyos- by the following kinetic scheme (reviewed in Geeves
tilium discoidummyosin complexed with RRr Bek; and  (1991), Cooke (1997), Goldman (1987), and Goldman and
crystallized from 8.5% PEG 8000 are nearly identical to theBrenner (1987)):
catalytic domain of chicken S1 crystallized from ammo-
nium sulfate (Rayment et al., 1993b; Smith and Rayment,
1995). It thus appears likely that PEG produces its effect in
fibers through steric exclusion. The effect of PEG is very
different from the effect of hydrostatic pressure, which also
has been used to perturb fiber mechanics, but which affects
protein-protein interactions due to the difference in the A'MﬁA'M'ATP;A'M'ADP'P:A'M"ADP?A'M'ADP;A'M
volumes occupied by bulk water and by water bound to
proteins (Fortune et al., 1994). However, regardless of thevhere A represents actin and M represents myosin. A-M
mechanism, PEG provides a useful means of producing eepresents a weak bond between actin and myosikl A
significant perturbation of the actomyosin cycle, which canrepresents a stronger bond, aneviA represents a force-
be applied both in solution and in the filament array of anproducing complex that has a conformation different from
active fiber. that of AM-ADP or A-M.

The viscosity of the solution is also increased by PEG Potentially PEG could affect any of the steps in the
(Bhat and Timasheff, 1992), and it is possible that thisscheme given above; however, there is evidence that some
property could explain some of its effects, especially thosdransitions are not affected. The rate of ATP hydrolysis of

Mechanism of PEG action

3
M.ATP — M.ADP.P

21 5]
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S1 by itself, 0.04 s, is not significantly changed by the values, as observed previously. Further addition of PEG
addition of PEG, nor is the phosphate burst seen afteproduced very little increase in fiber tension, while produc-
mixing ATP with S1 (White et al., 1995; Highsmith et al., ing a dramatic increase in fiber stiffness, returning stiffness
1996). These results show that the hydrolysis step of Sio ~80% of that observed in the fully active fiber in the
itself, transition 3 above, is not altered by PEG. To inves-absence of the analogs (see Fig. 7 and Table 1). More
tigate the possibility that PEG influences rate 1, we meadirectly, the presence of PEG potentiated the binding of
sured shortening velocity and isometric tension as a funcS1-ADP-analog to actin (Fig. 8). These results suggest that
tion of the ATP concentration. The binding of ATP formation of these complexes, in which myosin is weakly
dissociates actin from myosin rapidly at the end of thebound to actin, is accompanied by the formation of a large
power stroke during high-velocity shortening at a rate thaactomyosin interface. In active fibers in the absence of the
can be estimated from the dependence of velocity on [ATP]phosphate analogs, the addition of PEG potentiated stiffness
The addition of PEG decreased the maximum shorteningnore than tension, by almost a factor of 3. As we discuss
velocity by a factor of 2 at high ATP, and it decreased thebelow, the tension exerted per force-generating cross-bridge
K., for ATP by a factor of 2, leading to the conclusion that is not lower in the presence of PEG. Therefore, the greater
rate 1 is not altered by PEG in shortening fibers. Theincrease in stiffness shows that PEG has also potentiated the
dissociation of myosin heads in the middle of the powerpopulation of the weakly bound states in active fibers.
stroke by ATP in isometric fibers was probed by measure- The size of the actomyosin interface formed in transitions
ments of isometric tension as a function of [ATP]. The2 and 5 can be estimated from the dependence of the
increase in tension as [ATP] is lowered is also not changedssociation constant on the osmotic pressure exerted by the
by PEG. Together the data suggest that the rate of ATPPEG. This dependence, shown in Fig. 10, is similar for the
binding is not altered by PEG either at the end of the powebinding of S1 to actin, for th&,, of the actoS1 ATPase
stroke in shortening fibers or in the middle of the poweractivity, and for fiber stiffness. Th&,, for the actoS1
stroke in isometric fibers. Similar experiments involving ATPase activity is determined mainly by the binding of
changes in [ADP] lead to the conclusion that PEG has no81-ADP-P, to actin (for a review see Taylor, 1979). Thus the
affected the binding or release of ADP from actomyosinchanges in PEG-inaccessible volume are similar for all three
(step 8). Thus we can conclude that the rates of transitionanalogs studied and for the -BDP-P, complex formed
1, 3, and 8 are not significantly perturbed by PEG. during steady-state hydrolysis. The change in the PEG-
Numerous studies of the interaction of PEG with proteinsinaccessible volume is a function of the shapes of the
in other systems suggest that PEG is most likely to affecproteins, the shape of their complex, and the radius of the
those steps that involve the formation or dissociation ofPEG and was calculated to be75,000 & for the effect of
protein-protein interfaces (Timasheff, 1993; Highsmith etPEG 4000 on th&, of the actoS1 ATPase activity (High-
al., 1996; Parsegian et al., 1986; Bhat and Timasheff, 1992kmith et al., 1996). The slightly steeper slopes found for the
Such steps occur at the initial binding of myosin to actinbinding of MADP-AIF, to actin or for the stiffness of fibers
step 5 or at the end of the power stroke, where ATPactivated in the presence of AlRvould imply a slightly
dissociates myosin from actin (step 2). Several observationgreater volume change, but the difference is not very sig-
in fibers and in solution support the conclusion that PEGnificant. The exact size of the interface is difficult to deter-
does potentiate the binding of myosin to actin in transitionamine from the volume change, because the contours of the
2 and 5. The affinity of actin and myosin in these transitionsprotein surfaces are irregular and the radius of the PEG is
is weak because of the bound nucleotides, and in an actidarge. However, a simple calculation by Highsmith et al.
fiber or during steady-state hydrolysis in solution, thesesuggested it was of the magnitude expected (Highsmith et
states are transitory (Brenner et al., 1982; Chalovich et alal., 1996). Although an exact determination of the area is
1991a). It is important to understand the properties of thesdifficult, it is clear that the volume change is large, implying
states, as their structure is different from that of the morehat the interface is extensive. In addition, small changes in
strongly bound states, and they are a necessary step towaky/ can be accurately determined, and these show that the
the force-producing states (Chalovich et al., 1991b). Thusolume change is similar for the three cases. In fact, the
the effect of PEG on these transitions was investigated usingffect of PEG on the formation of the rigor actoS1 complex,
phosphate analogs, which increase the population of thesefourfold increase in affinity at 5% PEG 4000, is even a
weakly binding, putative, pre-power-stroke states. Additionlittle less than that observed for the weakly bound state (see
of V, or AlF, has been shown to produce a tightly boundFig. 9). Thus the changes in the PEG-inaccessible volume
myosin ADP complex that mimics the properties of theare large, suggesting that the interface formed for the
myosin ADP phosphate complex or of a transition stateweakly bound states is extensive and is probably as large as
leading to this complex (Chase et al., 1993, 1994; Dantzidor the strongly bound states. This conclusion would ex-
and Goldman, 1985). Addition of these phosphate analogslude models where some type of tether between the pro-
to active fibers decreased fiber tensiont@0% of control  teins forms the weakly bound states, e.g., via some loops in
values and decreased muscle stiffness-20% of control  the protein structures.
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Potentiation of the weakly bound actomyosin complexesabsence of PEG. In contrast, the absolute change in force
in transitions 2 and 5 can explain at least a part of thenduced by PEG is independent of the concentration.dhP
inhibition of ATPase activity by PEG. The isometric cy- the model presented by Pate and Cooke this result suggests
cling rate is determined to a great extent by the rate of ATRhat the increased tension cannot be explained by an in-
hydrolysis. Dissociation is not an obligatory step for hydro-crease in the fraction of force-generating heads. Thus the
lysis, and the pathway can proceed through either step 3 ditration of force with [F] suggests that the greater affinity
step 4 (Stein et al., 1979). The rate of hydrolysis in theof actin for myosin leads to a greater force per force-
ternary complex with actin, step 4, is a factor of 10 slowergenerating myosin head. The increase in free energy deter-
than that of the free myosin, step 3 (White et al., 1993 mined from the titration, 1.6 0.9 KT, is close to the
1997). Thus the tighter binding of M-ATP to actin in the increase in the affinity of the actomyosin bond. It is close to
presence of PEG will result in a decrease in the net rate ahe increase in the free energy of the strong actoS1 bond,
hydrolysis, leading to a decrease in the rate of cycling. Anl.4 = 0.1kT at 5% PEG 4000, i.e., at an osmotic pressure
increased fraction of weakly bound heads could also acef 1 X 1(° dynes/cr. It is a little smaller than the free
count for some of the inhibition of shortening velocity. energy change seen in the weakly bound states at this
Inhibition of steps 1 and 8 would be likely candidates toosmotic pressure, 1.8—2RT, but the difference is not
explain the reduction in fiber velocity; however, these ratesoutside experimental error. It appears from these data that
do not appear to be affected, as discussed above. Thus tliee apparent free energy available to generate force in
reduced velocity must be due to other transitions. Thasometric fibers depends directly on the free energy of the
inhibition of the ATPase activity by the binding of actomyosin bond; however, data collected over a wider range
myosinATP to actin would result in the formation of of conditions would be required to verify this hypothesis.
A-M-ATP. This state is relatively stiff and could inhibit ~ As discussed above, the fraction of force-generating my-
velocity. Inhibition of velocity by weakly bound myosin osin heads does not appear to be greatly altered by PEG.
heads has been observed directly in in vitro motility assayd his result is not easy to explain, because the cycling rate
(Cuda et al.,, 1997; Warshaw et al., 1990) and has beehas changed. The inhibition of the ATPase activity must be
implicated in skeletal muscle fibers (Seow and Ford, 1993)due in part to the inhibition of the net rate of hydrolysis, as

Information on the energetics of the power stroke can bédiydrolysis is one of the rate-limiting steps in the cycle. If the
obtained from the titration of tension by.Below a certain inhibition of the cycling rate by PEG involves only the
concentration of R tension reaches a plateau. As][ip- inhibition of transitions that occur before the power stroke,
creases above this concentration, tension decreases lineathe fraction of heads in the power stroke would decrease. An
with log [R]. This inhibition of tension has been analyzed in approximately constant fraction of force-generating heads
terms of a model of cross-bridge energetics (Pate andould be maintained if PEG also potentiated the rate of
Cooke, 1989; Pate et al., 1998). An increase;iddereases some reaction that preceded the power stroke. In fact this
the free energy of the pre-power-stroke states that precedies occur, as PEG potentiates the binding of the pre-
P, release. When the free energy of the pre-power-strokpower-stroke states. Thus PEG has shifted the weakly bind-
states becomes lower than that of the highest strongly bounidg states in two ways: it has increased the fraction of the
state, transitions from the strongly bound state to the prebound forms, as shown by the increasing stiffness in active
power-stroke state will occur. At this point these transitionsfibers, and it has shifted states from the AADP-P and
will begin to cause an inhibition in tension. As the phos- M-ADP-P form to the A-MATP and MATP form. Thus the
phate concentration is increased beyond this point, tensiopopulation of the A-MADP-P state will remain approxi-
will decrease approximately linearly with log;[Rnd will mately constant. The rate of the transition into the power
extrapolate to zero when the free energy ofAMIP-P, stroke states would also be relatively constant if PEG does
reaches the lowest energy available in the strongly boundot affect this transition, which is an isomerization between
states. This relationship was analyzed more quantitativelywo bound states and is unlikely to involve changes in
by Pate et al. (1998), and the data of Fig. 5 are fit to their EQPEG-inaccessible volume. In addition, the rate out of the
8. This equation describes the shape of the force-lgh [P power stroke states, governed by the rate of release of ADP
curve in terms of two parameters, defining the highest andnd subsequent binding of ATP, is also not changed greatly
lowest free energies of the strongly bound states that arby PEG, as discussed above. Although this kinetic argument
populated in active fibers. These fits define a free energyationalizes how the population could remain the same, the
drop in the strongly bound states of 941 0.2 kT in the  explanation may lie elsewhere. For instance, steric con-
absence of PEG and 10:70.8kT in its presence (Pate and straints could govern the fraction of myosin heads generat-
Cooke, 1989; Pate et al., 1998). If the increase in force werang force, i.e., only those heads with actin in the right
due to the attachment of more myosin heads, each produgosition would generate force, and all of those do so. We
ing equal force on average, the titration of tension by [P conclude that the fraction of attached force-generating my-
would have been different, with a greater slope and reachingsin heads has not changed greatly, and the increased force
zero force at the same concentration pirRthe presence or is due to a greater force per attached head. Why would force
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correlate with the strength of the actomyosin bond? A novel fluorescent probe and its application to actomyosin subfragment1
natural correlation is expected in models, such as that pro- ATPaseBiochemistry33:8262-8271.
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osmotic pressure due to the presence of the soluble compghase, P B., T. M. Denkenger, and M. J. Kushmerick. 1998. Effects of
viscosity on mechanics of single, skinned fibers from rabbit psoas

nents in a living muscle cell can be produced-b§% PEG muscle Biophys. J74:1428—1438.

4000. Do weakly binding cross-bridges bind more tightly tochase, p. B., and M. J. Kushmerick. 1988. Effects of pH on contraction of
actin in living muscle than in skinned fibers? In a direct rabbit fast and slow skeletal muscle fibeBiophys J.53:935-946.

comparison, it was found that the stiffness of stretched-hase, P. B., D. A. Martyn, and J. D. Hannon. 1994. Activation depen-

relaxed fibers did decrease upon Skinning. however. the dence and kinetics of force and stiffness inhibition by aluminiofluoride,
! ! a slowly dissociating analogue of inorganic phosphate, in chemically

stiffness was not attributed to weakly bound cross-bridges skinned fibres from rabbit psoas muscle. Muscle Res. Cell Motil.

(Bagni et al., 1995). More direct comparisons need to be 15:119-129.

made to answer this question. Chase, P. B., D. A. Martyn, M. J. Kushmerick, and A. M. Gordon. 1993.
Effects of inorganic phosphate analogues on stiffness and unloaded
shortening of skinned muscle fibres from rabkit. Physiol. (Lond.).
460:231-246.

SUMMARY Cohen, J. A., and S. Highsmith. 1997. An improved fit to website osmotic

. o . . pressure dataBiophys. J.73:1689-1694.

PEG potentiates the binding Of actin t_o my05|r_1 C(_)mplexedCooke, R. 1986. The mechanism of muscle contracti@nit. Rev. Bio-

with ADP and R analogs both in solution and in fibers. It chem.21:53-118.

affects several transitions in active fibers, producing sloweCooke, R. 1997. Actomyosin interaction in striated musBleysiol. Rev.

velocities and ATPase activities, and stronger forces per 77:671-697.

attached myosin head. Addition of PEG can produce a |arggooke, R., K. Franks, G. B. Luciani, and E. Pate. 1988. The inhibition of

. . . . rabbit skeletal muscle contraction by hydrogen ions and phosphate.
population of actin-bound myosin heads complexed with j physiol. (Lond.)395:77-97. y veres prosp

ADP and phosphate analogs, providing a preparation thatuda, G., E. Pate, R. Cooke, and J. R. Sellers. 1997. In vitro actin filament
should facilitate the study of these putative pre-power- sliding velocities produced by mixtures of different types of myosin.

stroke states. Thus it perturbs the actomyosin interaction, in Biophys. J72:1767-1779.

. . : : Dantzig, J. A., and Y. E. Goldman. 1985. Suppression of muscle contrac-
several useful ways, producmg fiber preparations with en tion by vanadate. Mechanical and ligand binding studies on glycerol-

hanced populations of weakly binding states for mechanical extracted rabbit fibersl. Gen. Physiol86:305-327.
and structural studies. Dantzig, J. A., Y. E. Goldman, N. C. Millar, J. Lacktis, and E. Homsher.

1992. Reversal of the cross-bridge force-generating transition by pho-
togeneration of phosphate in rabbit psoas muscle fibteshysiol.

. . . . (Lond.).451:247-278.
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