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ABSTRACT: Rate constants for the reactions of Cys-697 and Cys-707 of skeletal muscle myosin subfragment
1 (S1) withN,N′-p-phenylenedimaleimide (pPDM) and its monofunctional analog phenylmaleimide (PM)
were measured for S1 and S1 bound to nucleotides and/or actin. The [pPDM] and [PM] dependencies
indicate that prereaction noncovalent complexes of S1 and the alkylating agents form. The rates of the
pseudo-first-order reactions of the complexes depend on the nucleotide bound. For pPDM, only the rate
constantka (for Cys-707 modification) can be measured. The relativeka magnitudes are S1‚MgATPγS
> S1‚MgADP > S1‚MgPPi > S1‚MgATP > actin‚S1‚MgADP > S1> actin·S1 (for whichka∼ 0 s-1).
For PM, onlyka can be measured for S1‚MgATPγS and S1‚MgPPi. However, for S1, S1‚MgADP, and
S1‚MgATP, ki (for the reaction of Cys-697) can also be measured, and it is also nucleotide sensitive.
The data are consistent with a mechanism in which pPDM or PM binds S1 near Cys-707 to form a
noncovalent complex that reacts at a rate determined by the relative orientation of the cysteine sulfhydryl
and the bound reagent. The simplest mechanism for the cross-linking step that reconciles these data with
earlier cross-linker length data and with S1-nucleotide atomic structures is one which has pPDM-S1
complexes exist part of the time in conformations having the helical Cys-697/Cys-707-pPDM region
converted to a loop structure which cross-links. The fact that rigor actin‚S1 is the slowest and the
S1‚MgATP analog S1‚MgATPγS is the fastest to be cross-linked is discussed in terms of possible energetic
roles for helix to loop transitions of the Cys-697/Cys-707 region during the ATP hydrolysis cycle.

The motor domain of rabbit skeletal muscle myosin
includes eight cysteines in its heavy chain sequence (1).
Chicken skeletal muscle myosin has nine (2). Two of them,
Cys-697 and Cys-707, are especially reactive in nucleophilic
substitution reactions, with Cys-707 being the more reactive
(3). Covalent modification of either Cysteine modifies the
MgATPase, CaATPase, and KATPase activities; when both
are modified, activity is lost (4). Reporter molecules attached
to either cysteine indicate structural displacements occur
when nucleotides bind at the ATP site (5-7), suggesting
that, although the cysteines are not essential for myosin
activity and do not occur in some myosins, their structure is
a moving part of the transduction mechanism (8). Bifunc-
tional reagents will cross-link the two cysteines, and the rate
is accelerated by bound nucleotide (9). The cysteines are
cross-linked by reagents of various lengths, all of which trap
the nucleotide in the active site (10).

The cross-linking reaction is of particular interest. The
increase in the apparent reaction rate caused by the presence
of nucleotide has been interpreted to indicate that, for myosin
subfragment 1 (S1),1 Cys-697 and Cys-707 are farther apart
than the length of the cross-linking reagent, but for S1·N, a
conformational change has brought them closer together (11,

12). The atomic structure of chicken skeletal S1 revealed
that the two cysteines are located inR-helical segments, and
the distance between them is indeed longer than the lengths
of the cross-linking reagents (13). It was anticipated that
the structures of S1-nucleotide complexes would have the
helix changed to a structure that has the cysteines close
enough together to be cross-linked. However, at least for
the truncated catalytic domain ofDictyosteliummyosin
bound to ADP‚BeFx, ADP‚AlF4, and PPi, the structural
counterpart of the Cys-697/Cys-707 region in skeletal muscle
myosin remainsR-helical (14-16). There may be no
discrepancy, as the cross-linking data are for S1 in solution
and the atomic structures are for crystals of nucleotides bound
to truncated S1 heavy chains for which no cross-linking
experiments have been done. Nonetheless, these results
suggest that the cross-linking reaction needs to be investi-
gated further to be understood.
Reported here are measurements of the rate constants for

the reactions of Cys-707 and Cys-697 with the bifunctional
reagent p-phenylenedimaleimide (pPDM), and with its
monofunctional structural analog phenylmaleimide (PM), for
rabbit skeletal myosin S1 itself and S1 bound to various
ligands. The data are interpreted in terms of cross-linking
mechanisms that reconcile cross-linking results with other
S1 structural data.

MATERIALS AND METHODS

Proteins and Chemicals.Myosin was isolated from New
Zealand rabbit dorsal muscle (17). Myosin subfragment 1
was prepared from myosin using papain (18) and purified
by size exclusion chromatography (Sephacryl S-400) fol-
lowed by anion exchange chromatography (19, 20). F-Actin
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was prepared from rabbit dorsal muscle (21). Experiments
were done using mixtures of S1 with its regulatory light chain
plus either essential light chain 1 or essential light chain 2
bound. S1 MgATPase activity at 25°C was typically 0.04-
0.05 s-1. pPDM and PM were from Aldrich. Other
chemicals were the best available commercial grade and were
used without further purification.
MgATPase Measurements.Steady state S1 MgATPase

activities for soluble S1 were determined using a coupled
assay system (22).
Chemical Modification of S1.The cross-linking of the

S1 heavy chain reactive thiols Cys-707 and Cys-697 with
the bifunctional reagent pPDM was carried out as described
by Wells and Yount (10) with some modification. The pH
was decreased to 6.8, using the buffer MOPS, to slow the
reaction. The extent of cross-linking was monitored by
measuring the residual MgATPase activity of aliquots that
were quenched with 1 mMâ-mercaptoethanol and then
diluted 10-fold into the coupled assay solution. The same
conditions were used for PM, which also selectively modifies
Cys-707 and Cys-697 (37). Control experiments showed that
activity changes occurred only when the cross-linking reagent
was present.
Kinetic Analyses.The MgATPase activity (V) of S1, in

the presence of pPDM, is given by the equation

whereVo, Va, andVi are the normal, activated, and inhibited
activities of S1, pPDM-S1 (which has only Cys-707
alkylated), and pPDMdS1 (which is cross-linked), respec-
tively. If pPDM and S1 bind to form a noncovalent
prereaction complex, pPDM‚S1, the reaction scheme is

for which the rate equations are

If [pPDM] . 1/KA, and is high enough not to change
significantly during the reaction, [pPDM‚S1] ≈ [S1], and
the integrated forms of eqs 2-4 are

where [S1]o is the initial [S1].
For the reaction of PM with S1, the observed MgATPase

activity, V, is given by

whereVo, Va, andVi are again the normal, activated, and
inhibited activities, in this case, of S1, PM-S1 (which has
only Cys-707 alkylated), and PM2dS1 (which has both Cys-
707 and Cys-697 alkylated), respectively. If PM and S1 bind
to form a noncovalent prereaction complex, PM2‚S1, the
reaction scheme is

for which the rate equations are

If [PM] is high enough to saturate S1, then [PM2‚S1]≈ [S1]
and [PM‚PM-S1]≈ [PM-S1], and the integrated equations
are

The assumption that S1 binds both reacting PM molecules
before the first PM reacts with Cys-707 is arbitrary.
However, when [PM] is large, the alternative scheme in
which S1 binds only one PM followed by PM-S1 binding
the second PM in a second prereaction equilibrium gives
the same integrated rate equations (eqs 12-14), as long as
the equilibria are established rapidly.

RESULTS

Reaction of pPDM and S1.The formation of the non-
covalent prereaction complex pPDM·S1 is not obligatory,
but it does occur. The observed rate of S1 modification
increases as [pPDM] increases up to 30µM, and is constant
within experimental uncertainty above 50µM, indicatingKD

e 20 µM. KD was less than 20µM for all the complexes
(data not shown). KD is not well-defined because the
stoichiometry of the complex is not known, but the existence
of a complex is consistent with pPDM binding in the probe
binding cleft near Cys-707 (24). All the pPDM measure-
ments below were made using 100µM pPDM. Measure-
ments of the rates of modification were also made at
increasing nucleotide concentrations to ensure that the active
site is saturated (data not shown). These control experiments
indicate that it is appropriate to analyze the pPDM data using
eqs 1 and 5-7, above.
S1 MgATPase activity at 25°C was measured at increas-

ing times for aliquots taken from solutions containing 10
µM S1 at 2 °C in 50 mM MOPS (pH 6.8), 25 mM
Mg(OAc)2, 100 mM KOAc, and 100µM pPDM, which were
quenched with 1 mMâ-mecaptoethanol. Data were collected
for S1 and the S1-nucleotide complexes S1‚MgADP,

V) Vo[S1]+ Va[pPDM-S1]+ Vi[pPDMdS1] (1)

Scheme 1

pPDM+ S1 {\}
KA

pPDM‚S198
ka
pPDM-S198

ki
pPDMdS1

d[S1]/dt ) -ka[pPDM‚S1] (2)

d[pPDM-S1]/dt ) ka[pPDM‚S1]- ki[pPDM-S1] (3)

d[pPDMdS1]/dt ) ki[pPDM-S1] (4)

[S1]) [S1]o exp(-kat) (5)

[pPDM-S1]) [S1]o[ka/(ki - ka)][exp(-kat) -
exp(-kit)] (6)

[pPDMdS1]) [S1]o{[1 + 1/(ka - ki)][ki exp(-kat) -
ka exp(-kit)]} (7)

V) Vo[S1]+ Va[PM-S1]+ Vi[PM2dS1] (8)

Scheme 2

2PM+ S1 {\}
KA

PM2‚S198
ka
PM‚PM-S198

ki
PM2dS1

d[PM2‚S1]/dt ) -ka[PM2‚S1] (9)

d[PM‚PM-S1]/dt ) ka[PM2‚S1]- ki[PM‚PM-S1]
(10)

d[PM2dS1]/dt ) ki[PM‚PM-S1] (11)

[S1]) [S1]o exp(-kit) (12)

[PM-S1]) [S1]o{[ka/(ki - ka)][exp(-kat) -
exp(-kit)]} (13)

[PM2dS1]) [S1]o{1+ [ka/(ki - ka)] exp(-kit) -
[ki/(ki - ka)] exp(-kat)} (14)
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S1‚MgATP, S1‚MgATPγS, and S1‚MgPPi (Figure 1). The
MgATPase activity of S1 with only Cys-707 modified is
about twice the activity of unmodified S1 (35). Activation
of MgATPase activity by pPDM was not detected, in
agreement with the results from other laboratories (4). The
absence of a detectable activation phase indicates thatki is
larger thanka, in Scheme 1 above. As a result,ki cannot be
determined for pPDM by this method. In the absence of
nucleotide,ka is 7.6× 10-4 s-1 (Table 1). Although slow,
the rate is not negligible, and the data suggest that, whatever
the structural change is that enables the two cysteines to come
close enough together to react, it occurs in the absence of
nucleotide albeit less often than when nucleotide is bound.
S1‚MgATP has the slowest rate constant of the S1-
nucleotide complexes (2.7× 10-3 s-1), consistent with
reports of apparent rates (4, 25). For steady state conditions,
S1‚MgATP is not the primary species present. At 5°C, the
distribution of S1‚MgATP, S1‚MgADP‚Pi, and S1‚MgADP
is approximately 1, 12, and 7 (26), and at 2 °C (the
temperature of the pPDM reaction here), it is probably
similar. Using this distribution, and assuming the rates in
Table 1 for ADP and ATPγS can be used to estimate the
S1·MgADP and S1·MgATP contributions, a rate constantka
of ∼6 × 10-4 s-1 was calculated for S1‚MgADP‚Pi. This
is only an estimate and ignores the existence of two S1‚-
MgADP species (27), but it indicates that the value for S1‚-

MgADP‚Pi is considerably smaller than the measured value
and comparable to the rate constant determined for S1 (Table
1).
The rate constants increase progressively for S1 bound to

PPi, ADP, and ATPγS (Figure 1 and Table 1). The fastest
rate constant, for S1·MgATPγS, is 8× 10-3 s-1. A problem
sometimes encountered using ATPγS is contamination by
ADP produced by ATPγS hydrolysis. This is more serious
when investigating S1 bound to actin, because the affinities
for ADP and ATPγS become comparable (28). If [ADP]
were substantial in the present case, it would make the true
ka for S1‚MgATPγS larger than the observed value. The
S1 MgATPase activity is 0.011 s-1, measured at 2°C in the
buffer used for the pPDM reaction. S1 MgATPγSase
activity is about 69% of S1 MgATPase activity (28), so
during the 200 s used to collect data to determineka for
ATPγS (Table 1), an estimate of the maximum amount of
ADP produced is about 15µM. This assumes there is no
loss of activity due to cysteine modification. The actual
amount of ADP produced is less, and its effect onka in the
presence of the much higher [ATPγS] is negligible.
pPDM Reaction with S1 and S1‚MgADP Bound to Actin.

The cross-linking of Cys-707 to Cys-697 at 2°C when S1
or S1·MgADP was bound to actin was started by adding 100
µM pPDM to 5µM S1, 50µM actin, and 0 or 1 mM ADP.
The buffer was the same as that used for the experiments
done without actin, except the [KOAc] was reduced to 5
mM. Aliquots were removed and quenched with 1 mM
â-mercaptoethanol, and then centrifuged to remove the actin
and any pPDM-S1 or S1 bound to it (23). The S1 converted
to pPDMdS1 does not bind to actin, and its concentration
was determined by measuring the tryptophan fluorescence
intensity of the supernatant. Rate constants were determined
from the time dependence of pPDMdS1 production (Figure
2).
Binding to actin reducedka for both S1 and S1‚MgADP.

For S1‚MgADP, theka is reduced from 5.5× 10-3 to 2.2×
10-3 s-1, and for S1, it is reduced form 7.6× 10-4 to 0 s-1,
within experimental uncertainty (Table 1). The corrections

FIGURE1: pPDM inactivation of S1 and S1-nucleotide complexes.
The reaction was started by adding 100µM pPDM to 10µM S1 at
2 °C in 50 mM MOPS, 25 mM Mg(OAc)2, 100 mM KOAc, and
nucleotide at the concentrations indicated. Aliquots were removed
and quenched at the time indicated and assayed for MgATPase
activity at 25°C: no ligand (circles), 10 mM ATP (triangles), 0.10
mM PPi (hexagons), 0.10 mM ADP (squares), and 0.10 mM ATPγS
(diamonds). The rate constantka was determined (Table 1) as
described in the text.

Table 1: pPDM Modification of S1, S1-Nucleotide Complexes,
and S1-Actin Complexes

ligand (mM) ka (× 10-4 s-1)

none 7.6( 2.2
ADP (0.10) 55( 8
ATP (10) 27( 5.4
ADP‚Pia 6( 3
ATPγS (0.10) 80( 10
PPi (0.10) 36( 4.1
ADP and actin (1 and 0.050) 22( 7.9
actin (0.050) ∼0

a Estimated from ATP, ADP, and ATPγS data as described in the
text. Conditions are given in Figures 1 and 2. ApparentKD values are
<20 µM. See the text for the kinetic scheme used to determine
constants.

FIGURE 2: pPDM cross-linking of S1 and S1‚MgADP bound to
actin. The cross-linking of actin-bound S1 and S1‚ADP by pPDM
was monitored by the loss of actin binding. pPDM (100µM) was
added to 5µM S1 plus 50µM actin (circles) or 50µM actin plus
1 mM ADP (squares), in solutions as indicated in Figure 1, except
that KOAc was reduced to 5 mM. Aliquots were removed at the
time indicated and centrifuged to remove actin and any bound non-
cross-linked S1. The [pPDMdS1] in the supernate was assayed
by measuring its tryptophan fluorescence intensity. Values ofka
(Table 1) were determined from the time dependence of the decrease
of actin-bound S1.
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for the cross-linking of free S1 or S1‚MgADP that is in
equilibrium with the actin complex are very small for these
conditions (<2% for S1‚MgADP and<0.2% for S1) and
were not made. Actin reduces, but does not eliminate,
modification of Cys-707 of S1 when the modifying reagent
is present at concentrations much lower than that used here
(29). This result combined with the pPDM data (Table 1)
suggests that the conformation that allows cross-linking of
Cys-707 to Cys-697 occurs for actin‚S1‚MgADP but not for
actin·S1
Reaction of PM and S1.The monofunctional analog of

pPDM, PM, was used in an attempt to resolve the reactivities
of the two cysteines and to obtain information aboutki.
Control experiments, analogous to those done for pPDM
(above), were done to ensure that eqs 8 and 12-14 are
suitable for data analysis. The affinity of S1 and the
S1·nucleotide complexes for PM binding noncovalently
before it reacts with Cys-707 was estimated from the
dependence of the rates of the reaction on [PM]. The
apparent rate of increase in activity was measured for an
increasing [nucleotide] in each case. The data for S1·MgADP
are shown in Figure 3. The midpoint of the increase was
used to estimate an apparent dissociation constant for the
prereaction complex. In all cases, the apparentKD < 60
µM (Table 2). PM binding to S1 appears to be weaker than
that of the larger pPDM, although theKD data are not very
precise. Plots of the type shown in Figure 4A-C were
identical, within experimental error, for a [PM] of 100 and
200µM (data not shown), indicating that Scheme 2 is valid.
All the reported data is for a [PM] of 200µM, to make the
effective maleimide concentration comparable to 100µM
pPDM.

When S1, S1‚MgADP, or S1‚MgATP is incubated with
PM, there is a transient rise in activity followed by a slower
decrease, indicating that with this reagentka andki can be
measured (Figure 4A-C). The MgATPase activity of the
activated PM-S1, determined from fits to the data, was
0.060-0.079 s-1 (Table 2), which is in the expected range
(35). For S1,ki is about1/10 of ka, and both increase 10-
and 100-fold for S1‚MgATP and S1‚MgADP, respectively
(Table 2). With the monofunctional PM, the slower reaction
rate constant for Cys-697 can be measured, whereas with
pPDM, the high local effective concentration of the tethered
second maleimide group makeski > ka. Clearlyki is ligand
sensitive.
For PM modification of S1‚MgATPγS and S1‚MgPPi, the

activation phase was not observed (Figure 5A,B). This type

FIGURE3: [PM] dependence of the activation phase of S1‚MgADP
modification. The slope of the early portion of PM modification
of S1‚MgADP is shown for a [PM] in the 5-250 µM range. An
apparent dissociation constant was estimated from the [PM] that
gave 50% of the maximum slope. Conditions were as given in
Figure 1.

Table 2: PM Modification of S1 and S1-Nucleotide Complexesa

ligand
(mM)

KD

(µM)
ka

(×10-4 s-1) Va (s-1) ki (×10-4 s-1)

none 58 22( 6 0.079( 0.006 1.7( 0.64
ADP (0.10) 19 2600( 930 0.073( 0.004 470( 120
ATP (10) 5 310( 150 0.060( 0.004 56( 2
ATPγS (0.10) 39 590( 90
PPi (0.10) 20 14( 0.4

aConditions are given in Figures 3 and 5. See the text for the kinetic
scheme used to determine constants.

FIGURE 4: PM modification of S1, S1‚MgADP, and S1‚MgATP.
The reaction was started by adding 200µM PM to 10µM S1 at 2
°C in 50 mM MOPS, 25 mM Mg(OAc)2, 100 mM KOAc, and
nucleotide at the concentrations indicated. Aliquots were removed
and quenched at the time indicated and assayed for MgATPase
activity at 25°C: no ligand (circles), 10 mM ATP (triangles), and
0.10 mM ADP (squares). The rate constantska and ki were
determined (Table 2) as described in the text.
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of time dependence indicates that when these ligands are
boundki > ka, and the rate of inactivation is a measure ofka
(Table 2), as observed in all cases for pPDM (Figure 1 and
Table 1). The rate constant for S1‚MgATPγS is larger than
that for S1‚MgPPi, as observed for pPDM. It is notable that
this change in the relative values ofka andki occurs when
the ligand has theâ andγ subsites of the ATP site occupied
by intact covalently linked phosphoryl (or thiophosphoryl)
groups, and presumably also occurs when ATP is bound.
The observation that Cys-697 moves to a more exposed
hydrophilic environment when ATP binds (Hiratsuka, 1992)
is consistent with the changes inka andki observed here when
theâ andγ subsites are occupied by an intact molecule.
Tryptophan Intensity Changes.The qualitatively similar

effects of MgATPγS and MgPPi on the cysteine reaction
rate constants may have other structural manifestations.
Tryptophan fluorescence intensity is a method of monitoring
S1 structural changes due to nucleotide binding (30). The
intensity is sensitive to conditions as well as the ligand bound
(31). Steady state tryptophan intensities were measured at
2 °C in the buffer used for cysteine modification for S1 with
and without the ligands ADP, ATP, ATPγS, and PPi bound,
and the percent change was calculated for each case (Table
3). The fluorescence intensity increases observed when S1‚
MgADP and S1‚MgATP form are consistent with earlier
reports for S1 at low temperatures which showed that cross-
linking does not change the tryptophan fluorescence intensity
of S1‚MgADP (23). The increase observed when ATPγS

binds is consistent with the increase estimated for ATP before
it is hydrolyzed (31). This result is another indication that
ATPγS is a suitable analog for ATP in some instances. On
the other hand, the intensity increase for PPi binding is small
and not quantitatively similar to the ATPγS result. Nor do
theka values for PM and pPDM modification of S1‚MgPPi
have the same relative values compared to the other
nucleotides (Tables 1 and 2). It is not clear which nucleotide
PPi mimics best. The data suggest that, although theâ and
γ subsites may control the cross-linking rates, the ATP-
induced increase of S1 tryptophan fluorescence intensity
requires that the adenine and ribose subsites of the ATP site
also be occupied.

DISCUSSION

Mechanism of Cross-Linking.The control measurements
made with increasing concentrations of pPDM and PM
indicate that prereaction complexes must form, making
Schemes 1 and 2 appropriate for analyzing the data. The
sulfhydryls of both Cys-697 and Cys-707 are exposed to
solution from positions recessed in small crevices on the S1
surface (13), which apparently provide nonspecific binding
sites for the reagents. Measurement of the [PM] dependence
of the rate of modification of Cys-707 of S1‚MgADP, shown
in Figure 3, is typical, and in all cases, the pPDM and PM
dissociation constants are less than 20 and 60µM, respec-
tively. The concentrations of pPDM and PM used, 100 and
200µM, respectively, are high enough to saturate the sites
and to ensure that the reagents were negligibly diminished
during the reaction, which makes the use of eqs 5-7 and
12-14 appropriate for analyzing the data.
Inactivation by pPDM and PM occurs at rates that are

ligand sensitive. The results here are quantitatively consistent
with recent data for modifying S1 and S1-nucleotide
complexes with fluorescent derivatives (25). The data in
Tables 1 and 2 confirm their observation that the reaction
rates are as follows: S1‚MgADP > S1‚MgATP > S1. If
the ka andKD values determined here are used to calculate
S1 reaction rates for the concentrations used by Phan et al.
(25), the rates are 5.7× 10-4 s-1 for PM and 3.6× 10-4 s-1

for pPDM, which are reassuringly close to the values of 7.9
× 10-3 and 3.8× 10-4 s-1 reported for their reactions at
nearly the same pH. A strict comparison of the rates is not
possible because the structures of the alkylating reagents are
different.
For pPDM,ki > ka, so onlyka can be determined from

the data (Figure 1). A mechanism that is consistent with
the data is one in which nucleotide determines the rate
constant by changing the relative positions of Cys-707 and
the noncovalently bound pPDM in the prereaction complex.

FIGURE 5: PM modification of S1‚MgPPi and S1‚MgATPγS. The
reaction was started by adding 200µM PM to 10µM S1 at 2°C
in 50 mM MOPS, 25 mM Mg(OAc)2, 100 mM KOAc, and
nucleotide at the concentrations indicated. Aliquots were removed
and quenched at the time indicated and assayed for MgATPase
activity at 25°C: 0.10 mM PPi (hexagons) and 0.10 mM ATPγS
(diamonds). The rate constantska andki were determined (Table
2) as described in the text.

Table 3: Tryptophan Fluorescence Intensity Increases for
S1-Nucleotide Complex Formationa

ligand increase (%)

none (0)
ADP 5.3( 1.9
ATP 17.7( 1.7
ATPγS 6.3( 1.3
PPi 1.2( 0.1

a The steady state fluorescence intensity (λex ) 295 nm,λem ) 340
nm) of 1 µM S1 at 3°C in 50 mM MOPS, 25 mM Mg(OAc)2, and
100 mM KOAc was measured before and after addition of each ligand
at concentrations that saturate the ATP binding site.
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Movement of the helix that includes Cys-707 away from the
bulk of the S1 structure when ADP and AlF4 are bound to
crystalline S1 (14) indicates that nucleotide binding can
change the orientation of the Cys-707 sulfhydryl relative to
its surroundings. Nucleotide-induced changes in probe
mobility (5) and in collisional quenching of Trp-510
fluorescence intensity (24) are consistent with changes in
the structure of the crevice around Cys-707. In solution,
S1 complexes are structurally dynamic (32, 33), and the
reacting conformation for a given pPDM‚S1‚nucleotide
complex may be one of several conformations in equilibrium.
The fact thatki > ka for the pPDM reactions raises the

possibility that, once Cys-707 is modified, the native structure
is denatured, andki, for cross-linking Cys-697, is the same
for all pPDM-S1 species. However, the PM data indicate
that the Cys-697/Cys-707 region is not denatured, aski is
also ligand sensitive (Table 2). This result is consistent with
the report that, when Cys-697 alone is modified, it moves
in response to nucleotide (6). The fact thatka > ki for PM
reacting with S1, S1‚MgADP, and S1‚MgATP but ka < ki
for S1‚MgATPγS and S1‚MgPPi is strong evidence that S1
with Cys-707 modified has an allosteric connection between
the ATP site and the Cys-697/Cys-707 region that is still
functioning. It is likely thatki for pPDM is also ligand-
dependent.
This ligand dependence ofki could be due to each S1-

nucleotide complex existing as a single conformation with
the cysteines a specific distance apart, which determines the
rate constant. The cross-linking properties and atomic
structures do correlate with each other (25). However, single
conformations with specific different inter-cysteine distances
seem unlikely given the constant distance between Cys-707
and Cys-697 observed in the atomic structures (14-16). A
more plausible mechanism is one where each complex
consists of a dynamic distribution of reactive and nonreactive
conformations, with the distribution being changed depending
on which nucleotide is bound. The dynamic nature of the
structures of S1 and S1-nucleotide complexes in solution
(32, 33) is consistent with each complex existing as
exchanging conformations. The fact that cross-linking
S1‚MgADP is possible with a range of cross-linker lengths
(10-12, 34) requires that a complex be able to assume many
conformations with differing inter-cysteine distances or, more
likely, that one of a few conformations in equilibrium has
the cysteines in a flexible loop that allows a variety of
distances between them to coexist. In fact, a loop structure
was predicted from the primary sequence (38). The fraction
of time that S1 spends in this hypothetical loop conformation
would be determined by the nucleotide bound. This struc-
tural model having S1-nucleotide complexes existing as
distributions of conformations, including ones having loop
structures in the Cys-697/Cys-707 region, reconciles the
ligand-dependent cross-linking rate data here with both the
data for variable length cross-linkers (11, 34) and the atomic
structures of S1 and S1-nucleotide complexes with un-
changed helical Cys-697/Cys-707 regions (14-16).
Relation to Muscle Function.Cysteine modification is not

part of the actin·S1 ATP hydrolysis cycle, and it is possible
that modifying Cys-707 changes S1 structural dynamics.
Nonetheless, if the helix to loop structural change proposed
above to reconcile the nucleotide dependence of cross-linking
kinetics with cross-linker length independence and the
R-helical atomic S1-nucleotide structures is correct, it may

be relevant to muscle function. It is notable not only that
the rate constant for pPDM cross-linking to S1‚MgATPγS
is the largest but also that the rate constants for the
intermediates in the ATP hydrolysis cycle that occur before
it (actin‚S1) and after it (S1‚MgADP‚Pi) are the smallest
(Table 1). If cross-linking rate constant increases do reflect
increases in the time the S1 conformation has a Cys-697/
Cys-707 loop, then the data (Table 1) suggest S1‚MgATP
has the most of this conformation. This proposed correlation
between bound unhydrolyzed ATP and a loop in the Cys-
697/Cys-707 region suggests a mechanism for using the free
energy available from ATP binding to reversibly destabilize
S1 in the actin‚S1 complex. Specifically, ATP binding to
actin‚S1 is hypothesized to transform the Cys-697/Cys-707
region from a lower-energyR-helix surrounded by stabilizing
S1 structure to a higher-energy loop that is exposed to the
solvent. In solution, naked polypeptideR-helices and
random coils are typically similar in energy, but nucleotide
binding to S1 can move the Cys-697/Cys-707 helical region
away from its stabilizing tertiary structural environment and
toward the solvent (14). This movement of theR-helix
would be expected to make formation of a loop more likely.
There are 21 amino acids in two helices that span His-688-
Arg-708 (13). If each contributed 0.5 kcal/mol for the
hypothesized ATP-induced helix to loop transition, a sub-
stantial portion of the ATP binding energy would be stored.
At the His-688 end of the helices is a 10-amino acid structure
that “caps” theγ-phosphoryl end of the ATP site (13), which
provides a plausible physical connection between the ATP
site and the helical region. Once S1‚MgATP was free of
actin, the hypothesized loop conformation would diminish
as the R-helices were reestablished and S1‚MgADP‚Pi
assumed its actin-binding conformation.
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