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ABSTRACT. Myosin subfragment-1 (S1) was labeled with NPM in the presence of ATP or with pPDM in
the presence of ADP atT, conditions which favor linking of maleimide groups to both Cys-707 (SH1)
and Cys-697 (SH2). Unmodified S1 was removed by sedimentation with a small amount of F-actin, and
the modified protein in the supernatant thoroughly dialyzed. The myosin high-salt EDTA and calcium
ATPase activities of the isolated modified S1 were close to zero, suggesting nearly complete modification
of SH1 and SH2. The binding of control and these modified myosins to actin was measured at 100 mM
ionic strength using a co-sedimentation assay. In the presence of high MgATP concentration, control
and NPM- and pPDM-reacted S1 all bind weakly to actin, with binding conskants 4.9, 2.2, and 1.9

x 10* M~1, respectively. Inthe absence of MgATP, the binding condfaitf pPDM-reacted S1 remains
weak, 4.6x 10* M—1while that of NPM-reacted and control S1 becomes strong, 4.7 and BF M1,
respectively. The binding constant for ATP to acto-NPM-reacted-SRis 10* M~1. Our data suggest

that the binding of NPM-S1 to F-actin, in contrast to that of pPDM-S1, is ATP sensitive and can be quite
strong at very low ATP concentration. They also suggest that while simple alkylation of SH1 and SH2
may be sufficient to inhibit myosin’s ability to hydrolyze ATP, actual covalent linkage of SH1 and SH2
may be necessary to inhibit the weakly to strongly binding conformational change.

Force generation by muscle is a result of the interaction the absence of ATP, is similar to 80TP and S1ADP-Pi
of myosin-cross-bridges with actin filaments, accompanied with regard to binding to actingj.
by the hydrolysis of ATP. Although a number of proteins NPM is a compound similar to pPDM, but is a mono-
are involved in this process, myosin and actin are the mostfunctional reagent, having but a single reactive maleimide
abundant and presumably the most important. Myosin hasattached to a phenyl ring. When muscle fibers are modified
two highly reactive sulfhydryls, known as SH1 (Cys-707) with NPM under relaxing conditions, both SH1 and SH2
and SH2 (Cys-697), that are located in what is likely a critical again have maleimide groups covalently linked to th&jn (
region of the myosin cross-bridge head near the base of theexcept in this instance, the maleimide rings are not linked.
nucleotide binding pocket, and also near the cleft involved Each maleimide has its own phenyl ring, a situation which
in actin binding (). The ability of actin and myosin to  presumably allows more freedom of motion compared to
generate force in muscle fibers and to hydrolyze ATP under when the maleimides are constrained to the para positions
physiological conditions is exquisitely sensitive to modifica- of a shared phenyl ring, as for pPDM. Cross-bridges of
tion of these sulfhydryls. When both SH1 and SH2 are fibers reacted with NPM, like those for pPDM-reacted cross-
modified, a muscle fiber will not produce force and acto- bridges, were reported to be locked in a weakly binding
myosin will not hydrolyze ATP 2—5). Two compounds  configuration 7). A finding possibly at variance with this
that react with SH1 and SH2 have been studiephenylene s that of Xu et al. 9 who found that NPM-reacted cross-
dimaleimide (pPDM) andN-phenylmaleimide (NPM). bridges will go into a strongly binding configuration in

pPDM, a bifunctional reagent which has two reactive magnesium-free rigor solution, even though, as reported
maleimide groups in a para configuration across a phenyl previously, not in magnesium-containing rigor solution.
ring, has been shown to covalently cross-link the SH1 and  The results of Xu et al9) could be related to a magnesium
SH2 sulfhydryls, with one maleimide linking to SH1 and effect on myosin or on one of the other important proteins
the other to SH2€). It was further shown4) that treatment  to which magnesium binds. This was the motivation for
of fibers with pPDM results in inhibition of their ability to  examining in the current work the binding of purified NPM-
produce force. We found7] that the cross-bridges in a and pPDM-reacted myosin subfragment-1 to unregulated
pPDM-modified muscle do not bind strongly to the actin F-actin in solution. It is found that pPDM-reacted S1 binds
filaments, even in rigor solution. Solution study similarly to actin weakly, both in the presence and absence of ATP,
showed that pPDM-reacted myosin subfragment-1, even inwhile NPM-reacted S1 binds to actin weakly in the presence
of ATP, but strongly in its absence. These results, like those

* Author to whom correspondence should be addressed. E-mail: Of Xu et al. @), do notimmediately appear compatible with
mark@Ipb.niams.nih.gov. Phone 301-496-1023. Fax: 301-480-1026. the interpretation of Barnett et alf)(and suggest that NPM
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and pPDM may not cause identical effects on myosin cross-to actin leads to the following simple scheme for binding
bridges. (16),

MATERIALS AND METHODS Scheme 1

Reagents.NPM and pPDM were obtained from Aldrich KalN]
Chemical Co. (Milwaukee, WI) and were dissolved in -
dimethylformamide to a final concentration of 50 and 10
mM, respectively. Dithiothreitol (DTT) was obtained from KalA] KAl
ICN Biochemicals (Aurora, OH) and ATP and ADP from
Sigma (St. Louis, MO). AM ————— AMN

Proteins. Rabbit skeletal myosin subfragment-1 was Ka[N]
prepared by chymotryptic digestion of myosin as previously
described10). Rabbit skeletal muscle G-actin was obtained where M is myosin subfragment-1 or modified myosin
from Cytoskeleton (Denver, CO). G-actin was polymerized subfragment-1, A is F-actin, AM is actomyosin, N is
in buffer containing 2.0 mM Tris-HCI (pH 8.0), 0.2 mM  nucleotide, which is ATP in this study, and MN and AMN
CaCh, 0.5 mM DTT, and 4 mM MgATP. After sedimenta- are the nucleotide associated myosin and actomyosin com-
tion, F-actin was stored in 100 mM KCI, 3 mM Mggl plexes. Ky, K3, K3, andK, are association constants.
0.0005% Nab, and 10 mM imidazole (pH 7.0). The Fitting of Binding Constants.The equations of binding
molecular weight for S1 and actin was 120 000 and 42 000, appropriate to Scheme 1 are derived in Appendix 1. In the
respectively. The extinction coefficient&'{®) at 280 nm absence of nucleotide, or at infinite nucleotide, the equations
were 7.5 cm? for S1 and 11 cmt for actin. The concentra-  are few in number and yield simple, well-known, analytical
tion of NPM-reacted S1 and pPDM-reacted S1 was deter- solutions. To solve the equations at intermediate values of
mined by Lowry assayl(). ATP requires solution of six simultaneous equations as

NPM Modification of S1.S1 was dialyzed against 165 shown in Appendix 1. Fitting either the analytic solutions
mM relaxing solution (0.125 M KCI, 4 mM EGTA, 1 mM  or the simultaneous equations to the data was done using a
MgCl,, 4 mM MgATP, and 10 mM imidazole, pH 7.0) at 0  C program written by M.S. The program used the standard
°C. S1 (20 mM) was reacted with 0.2 mM NPM in 165 least-squares procedure based upon Marquardt's compromise
mM relaxing solution at 0°C for 120-150 min. The  (17). Copies of the program are available via ftp upon
reaction was quenched by adding DTT to a final concentra- request. All reported values are given as the mez95%
tion of 1 mM. About10 mL of the labeled protein solution ~confidence limit.
was dialyzed twice agaihd L of 10 mM imidazole (pH
7.0), 1 mM DTT, and 0.0005% Nahat 0°C. The protein ~ RESULTS

solution was concentrated to £:0.5 mL. Precipitate formed Our first step in understanding the changes produced by
during preparation was removed by centrifugation. The gifferent SH1-SH2 alkylating agents was to examine the
preparation showed nearly complete loss of EDTA-ATPase pinging properties of unmodified myosin subfragment-1. This

and less than 20% of the €aATPase activity of S1, 350 allows validation of our technique by comparison with
suggesting that all of the SH1 and more than 95% of the y415 obtained by others. Figure la shows the binding of

SH2 sulfhydryls were modified by NPMLR). unmodified S1 to F-actin in the absence of MgATP. The
DPODM Modification of S1.S1 was reacted with pPDM  ayeraged data from experiments on three separate prepara-
at 0°C as described by Wells and Yourit3. Modified  tions are displayed in terms of a plot of concentration of S1

S1 was further purified with F-actir.The final protein  hound versus total S1 concentration. Fitting the equation
had a high-salt EDTA-ATPase activity less than 0.1% and g, = [AM]/([A][M]) (in line with the assumption of one-

Ca-ATPase activity less than 5% of unmodified S1. step binding) to the data giveé, = (3.1 & 2.4 0 x 107
ATPase AssayThe high-salt EDTA and calcium ATPase M-1. Although the accuracy df; may not be as good as
activities were measured in a buffer containing 10 mM suggested by the calculated 95% confidence limit, since the
EDTA, 0.6 M KCI, and 50 mM MOPS (pH 7.5), or 10 MM  Siconcentrations used in the binding experiment were

CaCl, 0.6 M KCI, 50 mM MOPS (pH 7.5). The reaction significantly larger than K, it is of interest that the value
was initiated (25°C) by adding 0.1 M ATP to achieve a we obtained is similar to those determined previously with
final concentration of 5 mM, and the production of inorganic different techniquesi@, 19. In the presence of 1 mM
phosphate owea 5 min period was measureti2;, 14, 13. MgATP (4 preparations, Figure 1b), the binding is several
Binding of S1 to F-Actin: ExperimentaF-actin (3 mM) orders of magnitude weaker. Fitting the equati&p
was incubated with the different concentrations of S1 or =[AMN]/(JA][MN]) to the data gives Kz = (4.9 &+ 0.5) x
modified S1 at 25C in a solution containing 3 mM EGTA, 10* M.
1 mM MgCl;, 90 mM KCI, 1 mM DTT, and 10 mM Figure 2 shows the binding of pPDM-reacted S1 to F-actin
imidazole (pH 7.0). After 10 m, ATP was added to get a in the absence of MgATP and in the presence of 1 mM
final MgATP concentration of 81 mM. After co- MgATP. A least-squares fit of the data yields binding
sedimentation of F-actin and any bound S1, the amount of constants oK, = (4.6 + 0.6) x 10* M~ andKz; = (1.9+
S1 bound to F-actin and that free in the solution were 0.1) x 10* M—L. Thus, the binding of pPDM-S1 to actin in
quantified on a 12% SDSPAGE gel with a densitometer.  the absence of ATP is3-fold stronger than in its presence.
Binding of S1 to F-Actin: AnalysisAssuming simple one-  This is consistent with previously reported results that pPDM
step binding of nucleotide to S1 and of S1 or nucleotide-S1 treatment of myosin in the presence of ADP leads to cross-
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Ficure 1: The binding of unmodified subfragment-1 to actin. (a)
Absence of ATP; (b) 1 mM ATP. Buffer contains 3 mM EGTA, 1
mM MgCl,, 90 mM KCI, 1 mM DTT, and 10 mM imidazole (pH
7.0, 25°C). Solid curves give best least-squares fit of simple binding
equation yielding (aK, = 3.1 x 10/ M~ and (b)K; = 4.9 x 10*
M-1L,

linking of SH1 and SH2, inhibition of the actomyosin
ATPase, and locks myosin in a weakly binding conformation
(6, 20, §.

Figure 3 shows the binding of NPM-reacted S1 to F-actin
in the absence of MgATP and in the presence of 1 mM
MgATP. The binding constant of NPM-S1 to F-actin in the
presence of 1 mM MgATP iK; = (2.2+ 0.2) x 10* M7,

Xie and Schoenberg
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FIGURE 2: The binding of pPDM-modified subfragment-1 to actin.
(a) Absence of ATP; (b) 1 mM ATP. Same conditions as Figure 1.
Solid curves give best least-squares fit of simple binding equation
yielding (a)K, = 4.6 x 10* M~ and (b)Kz = 1.9 x 10* ML

Table 1 summarizes the directly measured association
constants, obtained from Figures-3, and Table 2 sum-
marizes those derived from Figure 4. A satisfying aspect to
the fit of Scheme 1 to the Figure 4 data is that the values
determined foK; andKj from the fit to the data as a whole,
are similar to those determined from the 0 mM and 1 mM
MgATP data of Figure 3. This suggests, at least, that the
data of Figure 4 are consistent, since the valukafhould
be uniquely determined from the 0 MgATP data, and the

about the same as for unmodified and pPDI\/I-reaCted S1. Inva|ue Ong should be uniquely determined from a b|nd|ng

the absence of MgATP, the binding constarKijs= (4.7 +
0.6) x 10° M1, a value most similar to the binding constant
of unmodified S1 under rigor conditions. This result,
seemingly in conflict with the findings of Barnett et af)(
demonstrates that NPM-S1 binds relatively tightly to F-actin

curve obtained in the presence of large concentrations of
ATP. The finding that the apparent dissociation constant
for MgATP binding to acto-NPM-S1 isc 100uM justifies
the use of 1 mM MgATP to determin€;. A less satisfying
aspect of the fit is that the binding data show considerably

in the absence of ATP and quite weakly in its presence. The more sigmoidicity than the best-fit curves.

data of Figure 3, however, do not provide information about
the sensitivity of acto-NPM-S1 to ATP dissociation.

To obtain the sensitivity of acto-NPM-S1 to ATP dis-
sociation, one must determing, the binding constant of
MgATP to acto-NPM-S1. Doing this requires binding data
at intermediate values of [MgATP]. Figure 4 shows binding
curves for MgATP concentrations of 0, 5, 10, 20, 40, 80,

DISCUSSION

Barnett et al. 7) found that the cross-bridges in fibers
reacted with NPM or pPDM appear locked in a weakly
binding configuration which persists even after ATP is
removed from or calcium is added to the bathing media. The
pPDM data were consistent with earlier results, suggesting

160, and 1000 mM. The best least-squares fit of the model that pPDM treated subfragment-1 was a good analogue of
represented by Scheme 1 to the data of Figure 4, obtainedthe weakly binding SIATP state 8). The Barnett et al.?)

as outlined in Appendix 1, is shown by the solid lines. The
binding constants determined from the fit &e= (3.5 +
1.9) x 106 M7}, K3 = (3.3 £ 0.6) x 10* M7%, andK, =
(2.24 0.8) x 10* M~L. This shows that acto-NPM-S1 is
actually quite sensitive to dissociation by MgATP, the
dissociation constant, K4, being~50 uM.

results suggested that the effect of NPM on the cross-bridges
was nearly identical to that of pPDM. This conclusion was
guestioned by more recent results of Xu et @), (vho found

that NPM-reacted cross-bridges will go into a strongly
binding configuration when magnesium, in addition to ATP,
is removed from the bathing media. Although Barnett et al.
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in the presence of different concentrations of ATP. Same conditions
as Figures 3. Solid curves show best least-squares fit of Scheme
1 to the data yielding the equilibrium-binding constants given in
Table 2.

INPM-S-1],. 0 1M

Ficure 3: The binding of NPM-modified subfragment-1 to actin.
(a) absence of ATP; (b) 1 mM ATP. Same conditions as Figures 1
and 2. Solid curves give best least-squares fit of simple binding
equation yielding (aK; = 4.7 x 10®* M~ and (b)Kz; = 2.2 x 10*

Table 1: Directly Measured Association Constants {M

M-1, unmodified S1 NPM-reacted S1 pPDM-reacted S1
. ) . ) o K (31+£24)x10 (4.7+06)x 10fF  (4.640.6) x 10
always had magnesium in their solutions, it is unclear K; (4.9+05)x 10* (2.2+0.2)x 10* (1.94+0.1) x 10*

whether the results of Xu et al. and Barnett et al. are
compatible. The components of the solutions in the present
experiments were similar to those in Barnett et al., 1992,
making comparison easier. Although the pPDM results
obtained here seem compatible with the earlier findings of Ky
Barnett et al., the NPM results do not. Kz

Ks

The present results suggest that NPM and pPDM do not Ka
behave identically with regard to their effect on cross-bridges, — a For unmodified S1K, andKs come from Figure 1 an&; from
even though both react, under the treatment conditions of Trentham et al.23). ® For NPM-reacted Sk, K3, andK, come from

Table 2: Association Constants Derived from Figure 4 {M
unmodified S NPM-reacted S1

10t (2.341.6) x 10°
(3.1+ 2.4)x 107 (4.7+0.6) x 10°
(4.94+0.5)x 10 (3.34 0.6) x 10*
(1.6+1.2)x 10 (2.24 0.8) x 10°

this study, with both SH1 and SH®), NPM and pPDM
do appear similar with regard to their capability of inhibiting
myosin’s ability to hydrolyze ATP, both at high salt
[confirming the reaction at SH1 and SHE2J] and also under

physiological conditions (unpublished observations). They

are again similar in that both pPDM- and NPM-reacted
myosin bind weakly to actin in the presence of ATP.
However, the two differ dramatically in their affinity for actin
in the absence of ATP. In the absence of ATP, the affinity
of pPDM-S1 for actin is about 100-fold weaker than the
affinity of NPM-S1 for actin and only about 2-fold stronger
than the affinity of NPM-S1 or pPDM-S1 for actin in the
presence of ATP. This behavior of NPM-S1 is more similar
to that of NEM-S1 than to pPDM-S1.

! Most studies of the effects of NEM on myosin have been on
extensively modified myosin. However, Burke et al. (22) followed a
milder protocol that linked NEM to just SH1 and SH2. The binding
properties of our SHtSH2-reacted NPM-myosin is very similar to
what they found for SHSH2-reacted NEM-myosin.

Figure 4. Other values calculated frafiKs; = KKa.

A major structural difference between the pPDM moiety
and NPM or NEM moieties is whether the maleimide linked
to SH1 is covalently linked to the maleimide linked to SH2.
In the case of pPDM, the SH1- and SH2-reacting maleimide
groups are linked through the common phenyl ring which
joins them. It is thought that the conformational change
between the strongly binding and weakly binding conforma-
tions involves relative movement of the SH1 and SH2
sulthydryls @1). One reason that pPDM-reacted myosin
cannot go into a strongly binding configuration could be that
the covalent linkage of SH1 and SH2 (through the maleimide
and common phenyl rings) prevents this motion. The results
suggest that simple alkylation of SH1 and SH2 is sufficient
to inhibit myosin’s ability to hydrolyze ATP, but actual
covalent linkage of SH1 and SH2 may be necessary to inhibit
the weakly to strongly binding conformational change.

As seen from Table 2, NPM modification of subfragment-1
has its major effect on the binding of ATP to myosin’s
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nucleotide binding pocket, producing=al(* change in the When the ATP concentration is intermediate between these
affinity constant of ATP to S1 or acto-S1 and relatively little  two extremes, there is trimolecular binding, and the resulting

effect on the binding of S1 to actin, either in the presence set of equations is more complex, with three binding and

or absence of nucleotide. One way in which this might be three mass-conservation equations. These are

consistent with NPM’s ability to greatly reduce the ATPase

rate would be if the NPM modification reduced the on-rate [AM)/[M] = K [A] 1)
of ATP binding. This reduction in the on-rate would reduce
the affinity constant and presumably the ATPase rate, but [AMNJ/[MN] = K,[A] 2)

still allow the weakly to strongly binding conformational
change once ATP finally bound to the binding pocket.

Although the sigmoidal appearance of the experimental
data in Figure 4 could signify cooperative binding, a more
likely explanation is that it is due to residual ATPase activity [N] + [MN] + [AMN] =N, (4)
of NPM-reacted S1. If NPM-reacted S1 has residual ATPase
activity, with increase of concentration of total S1, more ATP
would be hydrolyzed during the incubation period and the
true ATP concentration would be less than thought, leading
to proportionately more binding of S1 to actin. Although [M] + [MN] + [AM] + [AMN] = M, (6)
the actin-activated ATPase activity of NPM-reacted S1 is
only 1/20th that of unmodified S1 (Xie et al., manuscript in where A is actin, M is myosin subfragment-1, N is ATP,
preparation), it is still significant enough to account for the and the combined symbols refer to the bound bi- or
sigmoidal appearance of the data in Figure 4. Because oftrimolecular species. The total (known) concentrations of
this, the fit of model to the data is not perfect, and the specific actin, myosin, and ATP ar8,, M,, andN,, respectively.
value determined for the ATP dissociation constant is likely  The experimental-binding data are given in terms of the
only approximate. One thing, however, is quite clear. Only amount of myosin bound/) as a function of the total myosin
a small amount of ATP significantly shifts the binding curves (x). In terms of previously defined variables= M,, and
for NPM-reacted S1, binding in the presence of ATP being y = [AM] + [AMN]. The total actin and total nucleotide
much weaker than in its absence. in a given experiment are known and fixed.

In summary, even though both NPM-reacted and pPDM-  With K, K3, K4, Ao, andN, as known parameters, we have
reacted subfragment-1 have maleimide groups linked to bothsix equations and six unknowns. Equations3lcan be
SH1 and SH2, the behavior of NPM-reacted S1 is not the used to express [A], [M], and [N] in terms of [AM], [MN],
same as that of pPDM-reacted S1. Both species have greatlyand [AMN]. When these expressions are substituted
reduced ATPase activities, and both bind to actin weakly in into egs 4-6, the equations and unknowns are reduced to
the presence of ATP. However, while pPDM-reacted S1 three. Equation 4 can be used to express [AMN] in terms
still binds to actin weakly even in the absence of ATP, NPM- of [AM] and [MN]. This can be put into eq 5, which can
reacted S1 binds to actin strongly. We hypothesize that thisbe used to express [MN] in terms of [AM]. After the
inability of pPDM-reacted S1 to go into a strongly binding expressions for [AMN] and [MN] are put into eq 6, there
configuration under conditions where NPM-reacted S1 doesremains a single, rather complicated, equation containing
may be due to a lessening of the ability of SH2 to move [AM] only, and, of course, the parameteqsKy, Kz, Ka, A,
relative to SH1 because of an inflexible covalent linkage andN,. Equation 6 can be solved for [AM] as a function of

[AMNJ/[AM] = K,[N] ®3)

[A] + [AM] + [AMN] = A, (5)

between them in the case of pPDM. these parameters, after which eq 5 can be used to solve for
[MN], and eq 4 for [AMN]. This yields a solution for the
ACKNOWLEDGMENT amount of bound myosiny = [AM] + [AMN], and the

concentrations of all the intermediates in Scheme 1 can
readily be determined.

Derivation of the expression for [AMN] from eq 4 and
[MN] from eq 5 was done by hand and using the symbolic
language program Mathematica (Wolfram Research, Inc.,
Champaign, IL) with identical result. Substitution in eq 6
was done using Mathematica alone and resulted in an
equation with 81 terms. This equation could not be solved
analytically by Mathematica, but we were able to obtain a
APPENDIX 1 numerical solution on a Hewlett-Packard 725/50 workstation

(Palo Alto, CA) using a successive approximation method

In the absence of ATP, or when the ATP concentration is encoded in C. Calculation of the solution for the concentra-
high enough to saturate all the myosin subfragment-1, tions of all intermediates in Scheme 1 required less than 3 s
Scheme 1 reduces to simple bimolecular binding. In either of elapsed time. Once obtained, the solutions were checked
case, there is just one binding and two mass-conservationeasily by hand in the original (unsubstituted) equations.
equations and the analytical solutions relating the amount With the ability to calculatey as a function ok, K;, Ks,
of myosin bound as a function of the given total actin and K4, A,, and N,, it was possible to determine the values
myosin concentrations are well-known and not reproduced of K,, Ksand K, that gave the best fit of Scheme 1 to
here. the experimentak, y data points. This was done using a

The authors are greatly indebted to Hagai Agmon-Snir of
the Mathematical Research Branch of NIDDK for his help
in numerical solution of the binding equations. They also
greatly appreciate the help of Richard Shrager of DCRT,
NIH, for coding a program in MATLAB (a mathematical
language from Math Works, Inc., Natick, MA) which gave
solutions identical to those derived using the method of
Appendix .
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nonlinear least-squares fitting procedure, based upon 10.Weeds, A. G., and Pope, B. (1977) Studies on the chymotryptic

Marquardt’'s compromisel{) and written in C by M.S.
Copies of all programs via email or ftp are available upon
request.

REFERENCES

1. Rayment, |., Rypniewski, W. R., Schmidt-Base, K., Smith,
R., Tomchick, D. R., Benning, M. M., Winkelmann, D. A,,
Wesenberg, G., Holden, H. M. (1993) Three-dimensional
structure of myosin subfragment-1: a molecular mdaience
261, 50-58.

2. Yamaguchi, M., and Sekine, T. (1966) Sulfhydryl groups
involved in the active site of myosin A adenosine triphos-
phatase. |. Specific blocking of the SH group responsible for
the inhibitory phase in B phasic response of the catalytic
activity. J. Biochem. 5924—33.

3. Reisler, E., Burke, M., and Harrington, W. F. (1974) Coopera-
tive role of two sulfhydryl groups in myosin adenosine
triphosphataseBiochemistry 132014-2022.

4. Chaen, S., Shimada, M., and Sugi, H. (1986) Evidence for
cooperative interactions of myosin heads with thin filament
in the force generation of vertebrate skeletal muscle fikkrs.
Biol. Chem. 26]113632-13636.

5. Ehrlich, A., Barnett, V. A., Chen, H. C., and Schoenberg, M.
(1995) The site and stoichiometry of the N-phenylmaleimide
reaction with myosin when weakly binding cross-bridges are
formed in skinned rabbit psoas fibeBiochim. Biophys. Acta
1232 13-20.

6. Huston, E. E., Grammer, J. C., and Yount, R. G. (1988).
Flexibility of the myosin heavy chain: Direct evidence that
the region containing SH1 and SH2 can move 10 A under the
influence of nucleotide bindind@iochemistry 278945-8952.

7. Barnett, V. A., Ehrlich, A., and Schoenberg, M. (1992)
Formation of ATP-insensitive weakly binding cross-bridges
in single rabbit psoas fibers by treatment with phenylmaleimide
or para-phenylenedimaleimidBiophys. J. 61358—-367.

8. Chalovich, J. M., Greene, L. E., and Eisenberg, E. (1983)
Cross-linked myosin subfragment 1: A stable analogue of the
subfragment-4ATP complex.Proc. Natl. Acad. Sci. U.S.A.
80, 4909-4913.

9. Xu, S, Yu, L. C., and Schoenberg, M. (1998) Behavior of
N-phenylmaleimide-reacted muscle fibers in magnesium-free
rigor solution.Biophys. J. 741110-1114.

digestion of myosin. Effects of divalent cations on proteolytic
susceptibility.J. Mol. Biol. 111(2), 129-157.

11. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R.
J. (1951) Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 193265-275.

12. Xie, L., Li, W. X., Barnett, V. A., and Schoenberg, M. (1997)
Graphical evaluation of alkylation of myosin’s SH1 and
SH2: The N-phenylmaleimide reactioBiophys. J. 72858—

865.

13. Wells, J. A., and Yount, R. G. (1979) Active site trapping of
nucleotides by cross-linking two sulfhydryls in myosin sub-
fragment 1.Proc. Natl. Acad. Sci. U.S.A. 78966-4970.

14. Roopnarine, O., Hideg, K., and Thomas, D. D. (1993)
Saturation transfer electron parametric resonance of an indone-
dione spin labelBiophys. J. 631896-1907.

15. Lanzetta, P. A., Alvares, L. J., Reinach, P. S., and Candia, A.
0. (1979) An improved assay for nanomole amounts of
inorganic phosphateAnal. Biochem. 10095—-97.

16. Biosca, J. A., Greene, L. E., and Eisenberg, E. (1986) Binding
of ADP, AMP—PNP and PPto cross-linked and non-
crosslinked ActeS-1.J. Biol. Chem. 2619793-9800.

17. Marquardt, D. W. (1963) An algorithm for least squares
estimation of nonlinear parametets.Soc. Ind. Appl. Math.

2, 431-441.

18. Marston, S., and Weber, A. (1975) The dissociation constant
of the actin-heavy meromyosin subfragment-1 complex.
Biochemistry 143868-3873.

19. White, H. D., and Taylor, E. W. (1976) Energetics and
mechanism of actomyosin adenosine triphosphaBisehem-
istry 15 5818-5826.

20. Reisler, E., Burke, M., Himmelfarb, S., and Harrington, W.
F. (1974) Spatial proximity of the two essential sulthydryl
groups of myosinBiochemistry 133837-3840.

21. Botts, J., Thomason, J. F., and Morales, M. F. (1989) On the
origin and transmission of force in actomyosin subfragment
1. Proc. Natl. Acad. Sci. U.S.A. 82204-2208.

22. Burke, M., Reisler, E., and Harrington, W. F. (1976) Effect
of bridging the two essential thiols of myosin on its spectral
and actin-binding propertieBiochemistry 151923-1927.

23. Trentham, D. R., Eccleston, J. F., and Bagshaw, C. R. (1976)
Kinetic analysis of ATPase mechanisn@s. Re. Biophys. 9
217-281.

BI980319K



