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ABSTRACT In an effort to test the lever arm model of force generation, the effects of replacing magnesium with calcium as
the ATP-chelated divalent cation were determined for several myosin and actomyosin reactions. The isometric force
produced by glycerinated muscle fibers when CaATP is the substrate is 20% of the value obtained with MgATP. For myosin
subfragment 1 (S1), the degree of lever arm rotation, determined using transient electric birefringence to measure rates of
rotational Brownian motion in solution, is not significantly changed when calcium replaces magnesium in an S1-ADP-
vanadate complex. Actin activates S1 CaATPase activity, although less than it does MgATPase activity. The increase in actin
affinity when S1 - CaADP - P, is converted to S1 - CaADP is somewhat greater than it is for the magnesium case. The ionic
strength dependence of actin binding indicates that the change in apparent electrostatic charge at the acto-S1 interface for
the S1 - CaADP - P, to S1 - CaADP step is similar to the change when magnesium is bound. In general, CaATP is an inferior
substrate compared to MgATP, but all the data are consistent with force production by a lever arm mechanism for both
substrates. Possible reasons for the reduced magnitude of force when CaATP is the substrate are discussed.

INTRODUCTION

The actin-based molecular motor myosin generates force bijpers (Szent-Gyorgyi, 1947), although to the best of our
coupling mechanical action to binding and hydrolysis of aknowledge no fiber data have been published. Some data
substrate. The natural substrate is MgATP. In muscle, aexist for model systems. The force that is produced by
actin filament is surrounded by an array of myosin motorcontraction of actomyosin threads is lower for CaATP than
domains. Force impulses to actin are coupled to cycles dofor MgATP (Bowen, 1952). The degree of superprecipita-
ATP hydrolysis by the motor domains. The mechanicaltion is reduced when CaATP is the substrate (Weber and
action of each cycle is currently hypothesized to involvePortzehl, 1954). We measured isometric force production
rotation of a segment of the motor domain, called the leveby glycerinated muscle fibers in the presence of CaATP and
arm. According to the lever arm hypothesis, MgATP bind- confirm that it is lower than observed for MgATP under the
ing dissociates a motor domain from actin. A hydrolysis-same conditions. In addition, several structural, energetic,
coupled rotation of the lever arm then occurs while myosinand kinetic features of the CaATP-myosin-actin system in
is free, and force is produced by reversal of the rotation aftesolution were determined and compared to the MgATP
the motor domain rebinds to actin. Associated with thecase. Conditions as close as possible to those of the force
reverse rotation, the hydrolysis products dissociate and themeasurements were used. The steady-state kinetic parame-
motor domain affinity for actin increases. For more detail,ters for basal and actin-activated CaATPase activities of S1
muscle contraction (Cooke, 1997) and the lever arm modelvere measured. The degree of lever arm rotation of S1
of force generation (Geeves and Holmes, 1999; HighsmithCaADP - V;, S1- CaADP, and SI Ca in solution were
1999) have been reviewed recently. Although the lever arntompared to their magnesium counterparts by using tran-
mechanism has yet to be proven, several kinetic and strusient electric birefringence (TEB). The actin affinity and
tural features of the model can be quantitatively assessedpparent electrical charge at the interface were measured for
One approach to testing the validity of the model is to comparé&1- CaADP- P, and S1- CaADP. Our goals are to test the
these features for MgGATP and a non-natural substrate. lever arm hypothesis and to use the model to understand
Here we examine CaATP as a substrate for skeletalvhat elements of the hydrolytic and/or mechanical cycles
muscle fibers and for isolated myosin motor domain (subimay be responsible for the differences in force generation
fragment 1 or S1) and actin. CaATP has been suggested toy CaATP and MgATP.
be a poor or non-force-generating substrate for muscle
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Lowey, 1982) and purified by ion exchange and size exclusion chromapresence of EDTA. 10.QM S1 complexes in 10 mM Mops (pH 7.0), 0.20
tography (Weeds and Taylor, 1975; Highsmith, 1997). Actin was isolatednmM ADP, either 5 mM CaCl or 5 mM MgCl,, and 0.50 mM sodium
from rabbit skeletal muscle (Spudich and Watt, 1971), dialyzed against arthovanadate were incubated 16 h at 0°C to achieve maximal inactivation.
specific buffer, pelleted by centrifugation, and resuspended in the buffeA solution of inactive S1 was warmed quickly to 25°C and diluted with 20
for use. Buffers were made using reagent-grade chemicals and glassaM EDTA to obtain 5.0uM S1 complex and 10 mM EDTA. Aliquots
distilled water additionally deionized to greater than 18.A.0° Ohm-cm were taken at increasing times and diluted to give :80S1 in 50 mM
resistivity using a Barnstead water purification system. ContaminatingTris (pH 8.0), 600 mM KCI, 2.0 mM ATP, 6.0 mM EDTA. Phosphate
[Mg?*] in the calcium buffers was measured by an induction-coupledproduction was determined using Malachite green.

plasma method (QTI, Whitehouse, NJ).

S1 hydrodynamic size changes

Force measurement ) o )
The rates of rotational Brownian diffusion of S1 and S1-nucleotide com-

Individual fibers were dissected from a glycerinated psoas muscle prepgslexes in 10 mM Mops (pH 7.0) and either 5.0 mM Ca@l 5.0 mM
ration and attached to a force transducer (Pate et al., 1993). Fiber lengtgCl, were determined at 3.7°C. The S1 permanent electric dipole was
and diameter were measured (Cooke and Pate, 1985). The measured fopartially aligned by a 1Qss 3570 V/cm electric field pulse. The decay of
was normalized for fiber cross-section and is reported in mNinis a the birefringence signal after the electric field was removed was analyzed
control for a glycerinated muscle fiber preparation, the force for an indi-using the program DISCRETE (Provencher, 1976) to determine the rota-
vidual fiber was measured at 10°C in 50 mM Mops (pH 7.0), 120 mM tional decay time(s)s;. The decay data were always best fitted by a single
KOAc, 5 mM MgCl,, 1 mM EGTA, 1.10 mM CaCl 20 mM creatine  exponential decay function. The instrumentation has been described (Elias
phosphate, 1 mg/ml creatine phosphokinase, 4 mM ATP, and 3 mMand Eden, 1981; Eden and Highsmith, 1997). The rate of rotational Brown-
K4PO,. Only glycerinated muscle preparations with fibers producing forceian diffusion is related to hydrodynamic size. Low-resolution structures of
consistent with published values (Pate et al., 1993) were used as a sour4, obtained from fits of the rotational decay data using models of S1 that
of individual fibers for the calcium measurements. are bent to various degrees about a hinge at its center (Highsmith and Eden,

To measure force generation from CaATP hydrolysis, a fiber was1990), are in quantitative agreement with high-resolution S1 atomic struc-
mounted and incubated in 20 mM Mops, 1 mM EDTA, pH 7 for 10 min. tures (Rayment et al., 1993).
This wash to remove endogenous Mgvas repeated at least twice, and in
some cases was lengthened to 20 min. The buffer was changed to 20 mM
Mops (pH 7.0), 4 mM CaGJ and contraction was initiated by adding ATP  §1 actin binding
to obtain 3 mM. This buffer and the ones used in the other experiments
described below were chosen to obtain conditions as near as possible Tde association constants at 25°C for actin binding to the complexes S1
identical in all cases. The ionic strength is low to optimize the TEB MeADP and St MeADP - P, where Me is either magnesium or calcium,
measurements. The divalent cation concentration is high to ensure saturaere measured using a cosedimentation method (Highsmith and Murphy,
tion of the ATP binding site by the various metal ion-nucleotide 1992) in the same buffers used for the force measurements. The steady-
complexes. state intermediates SMgADP - P, and S1: CaADP- P, were maintained

by excess ATP in the solution.

S1 ATPase activities ) )
Acto-S1 interface electrostatic charge
The steady-state rates of CaATP and MgATP hydrolyses by S1 were

measured at 25°C in 10 mM Mops (pH 7.0), 2 mM ATP plus either 5 mM The product of the net effective electrostatic charge on the actin and
CaCl, or 5 mM MgCl, respectively. Aliquots were taken at increasing myosin sides of the binding interfacg,z,, was estimated for binding in
times after the reaction was initiated, and [phosphate] was detected by golution. Actin binding to S1 MeADP and S MeADP - P,, where Me is
Malachite green method (Kodama et al., 1986). S1 was 1.0pU150r either magnesium or calcium, was measured in solutions of increasing
MgATPase and 0.50-0.8QM for CaATPase activity measurements. ionic strength andy,z, was calculated by the method of Pitzer (Pitzer,
Actin-activated activities were measured with 2—M F-actin in the 1979; Highsmith and Murphy, 1992).

same buffers.

RESULTS

Force production

The rates of formation of complexes of S1, ADP, orthovanadate, and either o L . . .
C&* or Mg?* were determined at 25°C by measuring the loss of ATPaseAt 10°C in 27 mM ionic strength buffer, isometric force is

activity. Conditions similar to those of Goodno (1979) for inactivation of produced by glycerinated skeletal muscle fibers when
S1 by vanadate in the presence of Mgvere modified to obtain low ionic  CaATP is the substrate (Fig. 1). The steady-state force, in
strength samples suitable for TEB measurements (Highsmith and Edevfhe plateau foIIowing the rapid initial rise. is 54 15

1990), and used for both €aor Mg?*. S1 (10uM) was incubated in 10 _ _
mM Mops (pH 7.0), 0.20 mM ADP, and 5 mM Cagir 5 mM MgCl, for mN/mn? (n = 5), compared to 28% 84 mN/mnt (n=15)

10 min. A stock solution of orthovanadate (Goodno, 1979) was used t@bserved when Mg is substituted for C& (data not
obtain 0.50 mM vanadate to start the reaction. At increasing times aliquotshown). Because of the low ionic strength of the buffer, the
were taken and diluted to obtairuM S1in 10 mM Mops (pH 7.0), 2mM  peak force produced in the presence of MgATP is somewhat
ATP, apd either 5 mM CaGland 5 mM MgC}. Th'e ATPase acthlty.was higher than observed by others under more physiological
determined from the rate of phosphate production, measured using Mala- . _ .
chite green conditions (Pate et al., 1993). This is the first report of force
The rates of dissociation of orthovanadate from the inactive complexefroduction by a muscle fiber due to CaATP hydrolysis. The

were determined by measuring the increase of KATPase activity in thdow ionic strength buffer was chosen to maximize interac-

S1-phosphate analog complex stabilities
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uM S1, S1- CaADP, and S1 CaADP- V, (Table 1).
Parallel measurements were made with Mg@placing
CaCl,.. The vanadate complexes were prepared at 0°C and
incubated overnight before making the transient electric
birefringence measurements. The MgATPase and CaAT-
- Pase activities were 8% and 14% of normal, respectively,
confirming that the complexes were formed.

The data (Table 1) indicate that comparable changes in
hydrodynamic size are induced by ligand binding for the
gtecawa | | ! j calcium and magnesium complexes. The most important

0 20 40 &0 80 observation is that the decreaseriior S1- CaADP- V;,,
Time, s compared to St CaADP, is quantitatively close to the
decrease observed for SMgADP - V;, compared to S1

FIGURE 1 Isometric force production. A glycerinated muscle fiber at . . .
10°C was bathed in an EDTA buffer for several changes and then transMgADP' Assuming that in both cases decreasesdre due

ferred to a C&" buffer, as described in Materials and Methods. When ATP tf) |§Ver_ arm rotation, the ratio afapp . yi/TADP is a quan-
was added, tension increased smoothly to*545 mN/mnf. titative indicator of the degree of rotation. The ratio is 0.92

for the calcium complexes and 0.94 for the magnesium
complexes. SIMgADP - V; is considered to be a analog of

tions between actin and myosin in the fibers. However, ifS1- MgADP - P, (Goodno, 1979), although it is not clear as
after 120 s KCl was added to the bath to obtain 10, 50, antb whether it best represents a transition state or hydrolysis
100 mM KClI, it had a negligible effect on the force pro- products (Smith and Rayment, 1996a; Ajtai et al., 1998).
duced in the presence of calcium (data not shown). The magnesium complex has the lever arm rotated (High-

A potential problem is that the force observed when ATPsmith and Eden, 1990). The data for ADP and ADW;
is added to a fiber bathed in the €abuffer might be due strongly suggest that similar degrees of lever arm rotation
to the hydrolysis of MgATP formed from Mg contami-  occur for magnesium and calcium complexes when ATP is
nation, either from the fiber or from the buffers. To test thehydrolyzed.
fiber as a source of Mg, we varied the number and  The rotational times for the calcium complexes are
duration of EDTA washes that were done before it wassmaller in all cases than for the magnesium analogs. This is
immersed in the Cd buffer and force was measured (seetrue even in the absence of nucleotide, suggesting ttt Ca
Materials and Methods). The force produced was unis binding to S1 independently of binding as a nucleotide-
changed within the experimental error after one to threecomplex. The effect om of nucleotide-independent €a
10-min washes, or one 20-min wash. These control meabinding appears to be additive to the effect of nucleotide-
surements indicate that the fiber is not a significant sourcelependent binding.
of Mg?" in the procedure used. The €aand ATP buffers
were also analyzed for Mg. One method was to tabulate .
the trace amounts of Mg in the reagents and water used to S1- CaADP -V, stability
prepare the buffers, using manufacturer specifications. Byrhe observed loss of S1 activity in the presence of Mgr
this method the total [Mg'] was <2.1 uM. Contaminating Ca* plus ADP and orthovanadate indicates that the com-
[Mg?*]in the C&* buffer was also measured, by induction plexes prepared for TEB measurements are stable in the
coupled plasma analysis. Total [Mg was below the de- buffer used for those measurements. To quantitatively as-
tection limit, <5 uM. When 5uM MgCl, was added to a sess the relative stabilities of the SMgADP - V; and S1:
fiber contracting in the Cd buffer, the force increased by CaADP- V; complexes, the rates of complex formation and
<2%. It appears that the force observed for glycerinatedlissociation were measured. The loss of CaATPase activity
muscle fibers, 20% of that obtained with MgATP, is due toafter the addition of Yto S1- CaADP is shown in Fig. 2.
the binding and hydrolysis of CaATP.

[*]
[=]
T

. 2
Tension, mN/mm
N B
O o
[ {
t 3
1

Lever arm rotation TABLE 1 Myosin S1 rotational decay times

. Ligand TMg2+ (ns) Tca2+ (ns)
Rotation of the S1 lever arm to form a more compact motot
421.6- 2.4 417.4+ 1.3

. . . . one
domain structure was measured using TEB (I—!|ghsm_|th an&DP o8 11 PrpP
Eden, 1990). Using a weak electric field to partially align anpp . v 396.2+ 2.2 383.8+ 2.4
S1 complex, the rotational decay time was measured for - : - . ,
the rotation back to random orientation after the electricThe rates of rotational Brownian motion at 3.7°C were determined by TEB,
) - ) as described under Materials and Methods. Solutions contaipbt 91,
field was removed. The smalleiis, the more compactis the 19 mm Mops, with either 5 mM CaGlor 5 mM MgCL, and ligands as

structure of the complex. Measurements were made for 1.Bdicated at 0.20 mM ADP, 0.50 mM V.

Biophysical Journal 78(3) 1474-1481
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2 1.0 TABLE 2 Rates of S1 - CaADP -V, and S1 - MgADP -V,
2 » formation and dissociation
g oo A : :
o Calcium Magnesium
(2]
S 0.8 Formation, s (1.1+01)x 10°* (1.7+ 0.4) X 1072
|<T: 07 Dissociation, s* (20+ 0.9) X 10°° 3.1+ 19)x10°°
8 For the pseudo-first-order rates of formation, orthovanadate was added to
g 0.6 start the reaction (see Materials and Methods for reaction conditions).
N Aliguots were taken and the ATPase activity was determined (Fig. 2). The
g 0.5 loss of activity was fitted using a single exponential decay function. For
s dissociation rates, the inactivated complex was incubated in the presence of
Zz 04 1 0600 7 5600 20000 EDTA, aliquots were taken, and KATPase activity was determined.

0.9 the calcium complex being too unstable to detect under

some conditions (Peyser et al., 1996).

Actin activation of S1 CaATPase activity

To compare the mechanisms of force production from the
hydrolysis of CaATP to that from MgATP, it is important to
determine whether actin interacts with the steady-state in-
termediate S1 CaADP - P, and accelerates the rate of
| | | product dissociation. The basal CaATPase activity in the
0 5000 10000 15000 20000 absence of actin is high, approaching that of actin-activated
Time, s MgATPase activity. At 25°C in the buffer used for the fiber
force measurements, S1 CaATPase activity is 16 son-
FIGURE 2 Formation and dissociation of SICaADP - V;. (A) Or- sistent with published values (Shriver and Sykes, 1981;

thovanadate was added to STaADP at 25°C and the loss of CaATPase \yqner and Giniger, 1981). This is 40-fold higher than S1
activity (filled circles) was measured for aliquots taken at increasing times,

as described in Materials and Methods. The rate was determined for thMJATPase activity for the same conditions (Table 3). Actin
exponential loss of activity. When Mg was substituted for G4 (datanot ~ activates the rate of CaATP turnover, but only 2.4-fold
shown), the rate was much faster (Table B) EDTA was added to a when the data for the lower [actin] range are fitted assuming
solt_Jt_ion of the_inactive complex at 25°C_: and the incre_ase °f_KATPaS%ichaelis-Menten kinetics (Fig. 3)_ There is 90-fold activa-
i(r:]tlwty (open C|rcle$was measured for allguots ta_ken at increasing tlmes.,[ion for MgATP hydrolysis for the same conditions (Table
e data were fitted by a single exponential function to determine the rate. . D . . .
When M@* was substituted for G4, the rate was similar (Table 2). 3)- The reduced actin-activation when calcium is present is
due at least partially to the high basal CaATPase activity.
Actin activation of CaATPase activity is sensitive to con-
ditions, and has been reported to be as low as 1.5-fold
(Nihei and Tonomura, 1959) and as high as 22-fold (Peyser
et al., 1996). The appareKt, for actin activation is 20-fold
A= Agexp(—kit), higher for CaATPase than it is for MgATPase activity
(Table 3). The higheK,, and reduced activation indicate

Normalized KATPase Activity

0.2

A pseudo-first-order rate constak{, determined by fitting
the data with the equation

is 1.1x 10 * s *, whereA andA, are the activities in the
presence and absence of orthovanadate, respectively. The

rate of dissociation V/from the complex was measured in TABLE 3 Steady-state ATPase activities
the presence of EDTA. EDTA scavenges®Caand it is

. T Calcium Magnesium
assumed that the dissociation rates of CaADP from- S1 — n -
CaADP and of C&' from CaADP are much faster than the St ATPase. s ., 1.64=012 0,045+ 0.007

. . . Actin-activated S1 ATPas¥,.,, S 3.8+0.7 4.1+ 0.7
dissociation rate of \from S1- CaADP- V;. The increase y 50 + 26 25+ 05

in KATPase activity after the addition of EDTA to the

. . . . . The steady-state rates were measured at 25°C in 10 mM Mops (pH 7.0), 4
inactivated complex is shown in Fig.2 When the data are y ps (p )

mM ATP, and 5 mM CaCl Aliquots were taken at increasing times after

fitted using the equation the reaction was initiated, and phosphate concentration was detected as
described in Materials and Method¢,,., and K,,, were determined by
A= Ao[l - eXF(_klt)L fitting the dependence of the activity on actin concentration up teK0

. 5 1 + - . + (Fig. 3), assuming Michaelis-Menten kinetics. The decrease in activity at
kfl i52.0X 10"s . When Mg? is substituted for Cd ! higher actin concentration may be making the values obtained,fgrand

k_, is little changed, buk, is much larger (Table 2). The k_ ower than the true values (see Discussion). Magnesium data are from
Ca* complex is the less stable of the two, consistent withHighsmith (1997).

Biophysical Journal 78(3) 1474-1481
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that actin interaction with S1CaADP- P, is less effective =~ TABLE 4 Actin affinities and electrostatic charge at S1-actin
than it is with S1: MgADP - P, but the data show that actin binding interface

does bind to St CaADP- P, and accelerates the rate of Complex INK, (0 M) In K, (0.2 M) Zuza (es)
product dissociation.

S1- MgADP - Pi 11.2+ 0.2 8.7+ 0.2 -6.4+0.7

The decrease in CaATPase activity shown in Fig. 3 forsi. caaDpp- Pi 13.0+ 0.8 7.6+ 0.7 —122+ 25
[actin] above 40uM was consistently observed. For tech- S1- MgADP 15.4= 0.1 14.1+ 0.2 -3.6*0.2
nical reasons it was difficult to obtain data for [actin]60  S1- CaADP 208+ 0.7 17.1+ 05 -9.7+12

uM, so the CaATPase activity at saturating levels of actinMeasurements were made at 25°C using cosedimentation methods (see
was not determined. The decrease at higher [actin] maylaterials and MethodsK, is the association constant at the ionic strength
have introduced a systematic error of unknown magnitudtfe"k’)‘fc_iﬁe(‘]'i’-b'“KAt © ’Vl')ti_s the asso?“’lgon CO(;‘S“;‘”; taht Zelro ti‘?”ichs”engt:"

. . et . optaline extrapolation, argz, 1S the proauct o e electric charge a
mtolthe results o,btamed from fitting t_he, dat?‘ in the IOWerthe actin-rzotor dpomain intﬂa@e, whi([:)h is determined from theg ionic
[actin] range. This systematic error, if it exists, does NOtgyength dependence of the binding (Pitzer, 1979; Highsmith and Murphy,
change the conclusion that actin activates S1 CaATPasm92).

activity, but it would make the measuré&g, larger than the

true value and the measurég,, smaller than the true value o )

(Table 3). A similar decrease in MgATPase activity is aCtin is 2.0x 10° M~* and increases to 2.¥ 10" M~ for
observed at high [actin] (White et al., 1997). At low [actin] S1 - CaADP. This corresponds to an increase in standard
the rate-determining step for the MgATP hydrolysis cycle isfree energy.change for actin b|nd|ngﬁS.6 kcal/mol when

A + S1-MgADP-P, — A - S1- MgADP - P, (White and  Phosphate is relea.sed,_ Whlch is larger than #&2 kcal/
Taylor, 1976). At high [actin], actin remains bound when Mol change for actin binding to SIMgADP - P, and S1-
MgATP binds to A- M and the rate-determining step in the MGADP (Table 4). There is more than enough binding
cycle changes to A SIMgATP — A - SIMgADP - P, energy ava|lqple from the actinS1- CaADI_D- P, to S1-
(White et al., 1997). The data (Fig. 3) suggest that thisCRADP transition to support force generation.

change of rate-determining step also occurs for the CaATP The ionic strength dependence of actin binding provides
hydrolysis cycle. information about electrical interactions at the binding in-

terface. When equilibrium binding to actin of SCaADP
o ) and of the steady-state intermediate -STaADP - P, are
S1-actin interactions measured in the presence of increasing [KOAc], the appar-

If force production from CaATP hydrolysis follows the €Nt affinity of S1- CaADP- P, is more dependent on ionic
same steps as it does for MgATP, actin affinity shouldStrength than its magnesium counterpart (Fig. 4). -S1
increase by several orders of magnitude wheis Released. C@ADP binding to actin is also more dependent on ionic
This is the case (Table 4). In 200 mM ionic strength solu-
tion, the fitted value oK, for S1- CaADP- P, binding to

21
[¢]
it
3.0 16 |
(4]
281 X ¢ 9
= M
0
- 1|
s . g SO
° .
< " 6 \ \ I L |
0.0 0.2 0.4 0.6 0.8 1.0
| lonic Strength 1/2, M 112
50 60

. FIGURE 4 lonic strength dependence of actin binding. Apparent asso-
Actin, HM ciation constants for actin binding to calcium and magnesium complexes

were determined using a sedimentation method. The ionic strength depen-

FIGURE 3 Actin activation of S1 CaATPase activity. F-actin was addeddence of actin binding to S1CaADP- P, (filled circles) was greater that

to S1 at 25°C in the same buffer used for measuring tension by glycerinatethan to S1: MgADP - P, (filled square$, indicating there is more electro-

fibers, and the activity was measured (see Materials and Methods). Thstatic charge at the actin-SCaADP- P, binding interface (see Table 4).

data for [actin] up to 4QuM were fitted to the Michaelis-Menten equation Similarly, the ionic strength dependence of the actin affinity for -S1

to determineK,, and V,,,, (Table 3). At [actin] >40 mM the activity CaADP ppen circle$ was greater than for SIMgADP (open squarés

decreased, probably due to actin remaining bound to SAATP (see  The magnitude of the actin affinity for SCaADP was significantly larger

Discussion). than for S1- MgADP at all ionic strengths.
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strength than is that of SIMgADP. These data can be used binding to single-headed heavy meromyosin decreases its
to estimate the product of the net effective electric charge atadius of gyration, probably by binding the regulatory light
the acto-S1 binding interface,z,, (Pitzer, 1979; High- chain and changing the conformation where the motor do-
smith and Murphy, 1992). The calcium complexes havemain is attached to the rod portion of myosin (Harris et al.,
more apparent electrostatic charge at the acto-S1 interfad®99). The regulatory light chain abuts the myosin rod, and
than their magnesium counterparts (Table 4). In both caseke calcium-induced decrease in the hydrodynamic size of
the data indicate a decrease in apparent charge for the SB1, detected by TEB, is consistent with a conformational
MeADP - P, to S1- MeADP transition (Table 4). The change in the regulatory light chain region. In any event, the
magnitude of the decrease is about the same (2.5 and 2d3fects of free and nucleotide-chelated calcium binding on
estf), despite the greater charge for the calcium complexesS1 conformation appear to be independent (Table 1), and
suggesting that the structural changes at the actin bindinthe free calcium binding was not pursued further.
site, which occur when;Rlissociates, are similar. The S1- CaADP- V, complex is stable, at least in the
presence of a small excess of orthovanadate. The rates of
formation and dissociation (Table 2) indicate that the cal-
DISCUSSION cium complex is less stable than the magnesium complex by
CaATP hydrolysis supports force production (Fig. 1). Onetwo orders of magnitude. The dissociation rates in the
goal is to determine whether the force production by CaATPresence of EDTA are similar. The difference in stability is
is consistent with the lever arm model. According to thatdue to differences in the rates of association, suggesting that
model, properties that are required for a substrate to suppoé@tprotein conformational change occurring after CaADP and
contraction include: V; have bound is slower for the calcium complex. In the
1. The substrate must be hydrolyzed by myosin; absence of EDTA the dissociation of vom S1- MgADP -
2. Rotation of the lever arm must occur while the motorV‘. ha; a half_—t|me of dayf, (GOOdnf)’ 1982), and the nugle—
otide is considered to be “trapped.” Whether the nucleotide

domain is dissociated from actin; . . . .
. . " is actually trapped in S1CaADP- V, was not investigated.
3. Actin must bind to the motor domain before the products The actin-activation of CaATPase activity (Fig. 3) indi-

S;ii?f'ate and the lever arm returs to its original ONeN ates that actin interacts with the steady-state intermediate.
' . . . . The inhibition of CaATPase activity at high [actin] strength-
4. The lever arm must change its orientation while the . L S
. - ens the conclusion that the activation at low [actin] is due to
motor domain is bound to actin;

. - . . actin binding to St CaADP- P, rather than to S1CaATP.

5. The actin affinity of the motor domain should increase asl’his interaction in solution Iis consistent with mvosin

a result of product dissociation. - o yosin

CaATP- P, binding to the thin filament to generate force in

These properties describe a minimal contractile cycle, basefibers, and satisfies requirement four above. The actin-
on a simple kinetic scheme, which has the motor domairactivated S1 CaATPase activity is similar to that of MgAT-
free from actin during part of the cycle (Lymn and Taylor, Pase, but the activation is much smaller because the higher
1971). The real case is more complex, but the key elementsasal CaATPase activity (Table 3). The higher basal CaAT-
of the lever arm model are explicit, making the above listPase activity indicates the rate of &issociation in the
useful for discussing the CaATP results. absence of actin is increased. The reduced stability of S1

The first property, that CaATP is a substrate for myosinCaADP- V; compared to SIMgADP - V; is consistent with
and acto-myosin, is well established by measurements madhis idea, although the kinetic data above suggest the dif-
as long ago as 40 years (Nihei and Tonomura, 1959). It iference in stability is due to a step on the pathway to
confirmed here for the buffer used in the fiber experimentsforming S1- CaADP- V;,, rather than its decomposition.
(Table 3). Requirement four in the list above is not demonstrated

The TEB data provide strong evidence that the lever arninere for CaATP hydrolysis. There are data indicating lever
rotates when S1CaADP- V; is formed (Table 1). The ratio arm rotation occurs while a motor domain is bound to actin
of Tapp . vi/Tapp 1S @lmost identical for the two cases, (Whittaker et al., 1995; Uyeda et al., 1996; Gollub et al.,
suggesting that S1CaADP- P, has the lever arm rotated, 1996; Baker et al., 1998; Hopkins et al., 1998), but direct
and to a degree similar to that of SMgADP - P.. The detection of lever arm motion during force production for
second requirement in the above list is also satisfied. any substrate remains elusive. The detailed nature of the

It is interesting that in the absence of nucleotide?Ca reverse rotation is not known. Indeed, the term “reverse” is
has an effect on the hydrodynamic size of S12Caust be  being used for convenience; the actin-free and actin-bound
binding to S1 independently from the nucleotide-chelatedrajectories are probably different. Based on high-resolution
mechanism (Table 1). The divalent cation binding site onstructures of S1 and SIMgADP - AlF,, the motion in the
the regulatory light chain is a probable binding location,absence of actin may involve rotations about two fulcrum
although other sites of calcium binding are possible, includsites (Rayment et al., 1993; Dominguez et al., 1998). In
ing non-specific binding. Relevant to this question, calciummuscle fibers that have fluorescent probes attached to the
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lever arm, the motion appears to include rotation about théulcrum region (see Dominguez et al., 1998), changing the
long axis of the lever arm and axial rotation about a fulcrumtrajectory taken and/or force produced. As discussed above,
(Hopkins et al., 1998). The magnitude of force produced bythe details of the motion of a force-producing lever arm are
CaATP (Fig. 1), 20% of that obtained with MgATP, is at not known. Analogous to the G-protein family members,
least consistent with the two substrates supporting similamyosin has a switch Il located near the ATP site (Smith and
mechanisms for the actin-bound cross-bridge motion. Rayment, 1996b) which may be part of an allosteric path-

The fifth requirement is met. The actin interactions of S1 way from the ATP site to the fulcrum region (Kirshenbaum
CaADP and St CaADP: P, are similar to those of their et al., 1999). The TEB data (Table 1) suggest that there are
magnesium counterparts. The increase in binding energy fasnly small, if any, differences in the degree of rotation of
the transition from A S1- CaADP- P, — A - S1- CaADP + the lever arm when calcium replaces magnesium for free
P, is somewhat larger than it is for the comparable transitior51- MgADP - V;. However, near-ultraviolet circular dichro-
when magnesium is present (Table 4), due the greater alsm measurements indicate that there are structural differ-
finity of S1 - CaADP for actin. The change in apparent ences between S1-ADP-phosphate analog complexes made
electric charge at the interface is comparable, whether theith calcium and magnesium (Peyser et al., 1997). Even
complexes contain calcium or magnesium. small changes in the structure of the ATP site-switch II-

Taken together, the data are fully consistent with the levefulcrum region could change the amount of force produced
arm model of force production being applicable to forceby the reverse rotation of the lever arm under a load.
generation by CaATP hydrolysis. This answers the primary
question being investigated here. Given the similarity of the
calcium and magnesium data regarding lever arm rotatiofive thank Roger Cooke for useful discussion of the results.
and actin interactions in solution, one can ask why the forcernis work was supported by National Institutes of Health Grants AR42895
produced by glycerinated muscle fibers in the presence afo K.P. and S.H.), GM52588 and RR11805 (to D.E.), and HL32145 (to
calcium is smaller. There are several possible explanation-C.).
that are consistent with the above data, although this sec-
ondary question cannot be answered unequivocally at this
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