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Actin and Temperature Effects on the Cross-Linking of the SH1-SH2
Helix in Myosin Subfragment 1
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ABSTRACT Past biochemical work on myosin subfragment 1 (S1) has shown that the bent a-helix containing the reactive
thiols SH1 (Cys”®") and SH2 (Cys®®") changes upon nucleotide and actin binding. In this study, we investigated the
conformational dynamics of the SH1-SH2 helix in two actin-bound states of myosin and examined the effect of temperature
on this helix, using five cross-linking reagents that are 5-15 Ain length. Actin inhibited the cross-linking of SH1 to SH2 on both
S1 and S1.MgADP for all of the reagents. Because the rate of SH2 modification was not altered by actin, the inhibition of
cross-linking must result from a strong stabilization of the SH1-SH2 helix in the actin-bound states of S1. The dynamics of
the helix is also influenced by temperature. At 25°C, the rate constants for cross-linking in S1 alone are low, with values of
~0.010 min~" for all of the reagents. At 4°C, the rate constants, except for the shortest reagent, range between 0.030 and
0.070 min~". The rate constants for SH2 modification in SH1-modified S1 show the opposite trend; they increase with the
increases in temperature. The greater cross-linking at the lower temperature indicates destabilization of the SH1-SH2 helix

at 4°C. These results are discussed in terms of conformational dynamics of the SH1-SH2 helix.

INTRODUCTION

Muscle contraction occurs as a result of the cyclic interac-
tions between myosin, actin, and nucleotides. During the
ATPase cycle, regions in the catalytic domain of the myosin
head are thought to undergo structural changes, which result
in the movement of the lever arm (Fisher et al., 1995;
Rayment, 1996; Gulick et al., 1997; Dominguez et al., 1998;
Houdusse et al., 1999). It has been proposed that three
flexible structural elements in myosin may be involved in
coupling the conformational changes of the catalytic do-
main to the movement of the lever arm (Houdusse et al.,
1999). One element of particular interest is the bent a-helix
containing the reactive sulfhydryls, SHI (Cys’®’) and SH2
(Cys®7). Much emphasis has been placed on the SH1-SH2
helix because it has been shown to undergo conformational
changes when actin or nucleotides bind to myosin (Burke
and Reisler, 1977; Wells et al., 1980; Kameyama and
Sekine, 1973). The importance of the flexible nature of this
bent helix has also been demonstrated, as mutations of key
glycine residues (699 and 710) in the helix have resulted in
a perturbation or loss of the myosin motor function (Kinose
et al., 1996; Patterson et al., 1997; Batra et al., 1999). In
addition, the location of this helix in the structure of S1
places it at or near the fulcrum between the catalytic domain
and the lever arm, i.e., in the appropriate position for signal
transduction between these domains (Uyeda et al., 1996).
Currently there is an even greater need to understand the
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conformational dynamics of the SH1-SH2 helix. Structural
studies of myosin from scallop muscle suggest that the
SH1-SH2 helix may adopt different conformations in dif-
ferent nucleotide states (Houdusse et al., 1999). The differ-
ent conformations of the helix may be associated with
specific orientations of the lever arm. However, these struc-
tural studies can neither depict the effect that actin binding
may have on the SH1-SH2 helix nor fully describe the
dynamic nature of this helix.

Cross-linking is a well-established method, often used to
probe distances between and within proteins. In myosin,
cross-linking has been used to show that the SHI-SH2 helix
does indeed undergo conformational changes. In our previ-
ous study, a method was devised to separate the cross-
linking reaction from the SHI1 modification reaction,
thereby enabling us to determine the rate constants of SH1-
SH2 cross-linking (Nitao and Reisler, 1998). With this
method, we were able to measure in kinetic terms the
accelerating effect of nucleotide binding on the helix cross-
linking. The rates of SHI-SH2 cross-linking obtained for
reagents that are 5-15 A in length were correlated with the
probabilities (or frequencies) at which different conforma-
tional states of the SH1-SH2 helix (different SH1 to SH2
distances) are occupied in the presence of MgADP,
MgATPYyS, and MgATP. The observed increases in cross-
linking rates are thought to originate from the destabiliza-
tion of the SH1-SH2 helix by nucleotides. The most striking
destabilization of this helix was observed in the
S1.MgATPYyS complex, which is believed to mimic the
S1.MgATP state in the cross-bridge cycle. Because such a
destabilization implies orientational disorder of the lever
arm relative to the catalytic domain in the S1.MgATP state,
assuming a rigid-body like structure of the lever arm, it has
become important to describe the SHI-SH2 helix structure
in other states of myosin in the cross-bridge cycle.
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In this study, we examined the acto-S1 and acto-
S1.MgADP states. Actin appears to have a stabilizing effect
on the overall structure of S1, in both the absence and
presence of MgADP (Highsmith and Jardetzky, 1980; Ni-
kolaeva et al., 1996). In the SH1-SH2 helix specifically, the
binding of actin to S1 induces several structural changes.
When actin is bound, SH1 is protected from modification by
alkylating reagents (Duke et al., 1976; Cartoux et al., 1992;
Polosukhina and Highsmith, 1997; Hiratsuka et al., 1998).
The addition of MgADP to acto-S1 results in a slight
decrease in the protection of SH1 (Hiratsuka et al., 1998).
Because of the inhibition of SHI1 modification in the ac-
to-S1 complex the effect of actin on the SH1-SH2 helix and
its cross-linking rate, especially in the absence of MgADP,
could at best be estimated but not accurately determined
(Polosukhina and Highsmith, 1997). Therefore, in this
work, the bifunctional reagents were attached to SHI1 on
isolated S1, and such premodified SI was then used to
determine what effect actin alone, and actin and MgADP,
may have on the SHI-SH2 helix.

In addition to the effects of actin, we also explored the
effect of temperature on the dynamics of the SH1-SH2
helix. This is of particular interest because S1 crystals have
been grown at low temperatures. Furthermore, although past
studies suggest that S1 may adopt at least two temperature-
dependent conformations (Shriver, 1986; Aguirre et al.,
1989), these conformations were not linked to the transi-
tions in the SH1-SH2 helix. To examine the role tempera-
ture may play in the stability of the helix, the cross-linking
experiments were performed at two temperatures (4°C and
25°C) for the various nucleotide- and actin-bound states.
These results are discussed in terms of the flexibility of the
SH1-SH2 helix.

MATERIALS AND METHODS
Reagents

N-Ethylmaleimide (NEM), ADP, and Sephadex G-50 were purchased from
Sigma (St. Louis, MO). N,N'-1,2-phenylene dimaleimide (oPDM) and
N,N'-1,4-phenylene dimaleimide (pPDM) were from Research Organics
(Cleveland, OH). N-Phenylmaleimide (PM), N,N’-1,3-phenylene dimale-
imide (mPDM), napthalene-1,5-dimaleimide (NDM), and 1,1’-(methyl-
enedi-4,1-phenylene)bismaleimide (BM) were from Aldrich (Milwaukee,
WI). Adenosine-5-(3-thio)triphosphate (ATPyS) was obtained from Boehr-
inger Mannheim (Mannheim, Germany).

Proteins

Myosin and actin from rabbit psoas muscle were prepared according to the
method of Godfrey and Harrington (1970) and Spudich and Watt (1971),
respectively. Subfragment-1 (S1) was prepared by chymotryptic digestion
of myosin filaments as described (Weeds and Pope, 1977). The concen-
tration of S1 and actin was determined spectrophotometrically by using
extinction coefficients of Eys = 7.5 cm™ ' and E}3% = 11.5 cm™'. NEM-
modified actin (at Cys*’*) was prepared by adding a 10-fold excess of
NEM to G-actin for 3 h. The reaction was stopped with the addition of 1.0

mM dithiothreitol (DTT). The extent of modification of Cys*’* was deter-
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mined by monitoring the loss of quenching of tryptophan fluorescence by
Cu?", as described previously (Lehrer et al., 1972). Under these conditions,
~95% of the actin was modified (data not shown).

Cosedimentation assays

The binding of SH1-modified S1 to F-actin or NEM-F-actin in the absence
or presence of 1.0 mM MgADP was measured using the cosedimentation
assays as described previously (Miller and Reisler, 1995). S1 (12 uM) was
reacted with a fourfold excess of PM in 10 mM KCIl, 10 mM imidazole, at
pH 7.0 at 4°C. After 30 min, the reaction was stopped with the addition of
1.0 mM DTT. Under these conditions, ~80% of the SHI groups were
modified (data not shown). To remove the DTT, SH1-PM S1 was dialyzed
overnight in 10 mM KCl, 10 mM imidazole, at pH 7.0. This SH1-PM S1
(8.0 uM) was then incubated for 30 min at room temperature in the
presence of actin (25 uM) and 1.0 mM MgCl,. In one sample, 1.0 mM
MgADP was also added. The samples were centrifuged at room tempera-
ture in a Beckman airfuge at 140,000 X g for 20 min. The resuspended
pellets were examined by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (Laemmli, 1970). The intensities of the actin and S1 bands
stained by Coomassie blue were quantified by scanning the gels on an
AGFA scanner and analyzing the densities of the S1 and actin bands with
the use of Sigmagel. The cosedimentation assays were also carried out
using SHI-NEM S1 (10 uM) (modification described later) and NEM-F-
actin (30 uM) in the presence and absence of 1.0 mM MgADP.

ATPase activities

Ca®"- and EDTA- (K"-) ATPase activities of SI were determined, as
described before, at 37°C (Fiske and Subbarow, 1925; Nitao and Reisler,
1998). The Ca®>*-ATPase assay solution contained 600 mM KCI, 50 mM
Tris-HCI (pH 7.6), 5.0 mM CacCl,, and 2.0 mM ATP. The EDTA-ATPase
assay solution contained 444 mM KCl, 50 mM histidine, 50 mM Tris-HCI
(pH 7.6), 5.0 mM EDTA, and 2.0 mM ATP.

Cross-linking rate determination

As in the previous work (Nitao and Reisler, 1998), all cross-linking
reactions were carried out in three steps: modification of SH1 with a
bifunctional reagent, removal of excess reagent from SH1-labeled sample,
and monitoring of the cross-linking reaction in the presence or absence of
ligands. In the first step, SI (12 uM) was reacted with cross-linking
reagents (18 uM) at 4°C. For oPDM reactions, 1.0 mM MgADP was also
added. For the other reagents, the modification reactions progressed suf-
ficiently fast, and the addition of nucleotide was not necessary. The time of
modification for each reagent was selected so as to yield the largest
possible experimental range for subsequent measurements of the SH1-SH2
cross-linking reactions. The conditions of these reactions and all of the
control experiments were the same as described previously (Nitao and
Reisler, 1998). In most cases, between 30% and 50% of S1 was modified
in the first step of the reaction. The amount of S1 modified was determined
by measuring the EDTA ATPase activity. In the second step, after SH1 was
modified, excess reagent was removed by centrifugation on Sephadex G-50
columns equilibrated with 10 mM KCI, 10 mM imidazole (pH 7.0). In the
third step, the cross-linking reaction was monitored. After the sample was
split into two equal parts, ligand was added to one of the samples. The
other sample was the control, in which the cross-linking of S1 alone was
monitored to yield the cross-linking rate, k,. For reactions with F-actin, the
SH1-labeled sample (~8 wM) was briefly incubated with actin (25 uM),
which had been polymerized by 1.0 mM MgCl, at room temperature. For
reactions with nucleotide, 1.0 mM MgADP or 1.0 mM MgATPvyS was
added. For the reactions at 4°C, the incubations of S1 with ligands were
done on ice. The reactions at 25°C were all done in a water bath. At
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selected time points, aliquots of the cross-linking reaction were withdrawn
to stop the reaction (with 1.0 mM DTT) and to measure the Ca®>*- and
EDTA-ATPase activities. ATPase activities were analyzed as described
previously to calculate the cross-linking rate constants for all of the
reagents in the presence of nucleotides (k,y), actin (k,,), and actin and
MgADP (k,,n) (Nitao and Reisler, 1998).

SH2 modification rates

The determinations of SH2 modification rates were made as described
previously (Nitao and Reisler, 1998). SH1 was modified by the addition of
a fivefold excess of NEM over S1 (20-25 uM). After 90 min, the reaction
was terminated with 1.0 mM DTT. All SH1 modification reactions were
carried out in 10 mM KCl, 10 mM imidazole (pH 7.0) at 4°C. SHI-NEM
S1 was then dialyzed overnight in 10 mM KCI, 10 mM imidazole (pH 7.0)
to remove excess reagent and DTT. SH2 was modified by the addition of
a fourfold excess of a cross-linking reagent (0PDM, mPDM, pPDM, NDM,
BM in dimethylformamide) to S1 (10 uM). The modification reactions
were performed at 4°C or 25°C in the absence or presence of ligands. For
the reactions with NEM-F-actin, SHI-NEM S1 was preincubated with 30
uM NEM-actin and 1.0 mM MgClL,. In the case of nucleotides, 1.0 mM
MgADP or 1.0 mM MgATP+S was added. To prevent aggregation in the
reactions at 25°C, 0.2 M sucrose was added to the solutions. At various
time points, the reactions were quenched in aliquots with 1.0 mM DTT, and
the Ca®*-ATPase activity of each sample was measured to monitor the
extent of SH2 modification. As SH2 was modified, the Ca>"-ATPases
decreased. The Ca®>*-ATPase activities of the modified samples were
plotted versus reaction time to determine the first-order rate constants of
SH2 modifications.

RESULTS
Binding of actin to SH1-modified S1

One aim of this study has been to examine the effects that
actin and actin/MgADP have on the stability of the SH1-
SH2 helix by monitoring the rates of cross-linking of these
thiols. Such experiments require that actin will be bound to
S1, which is labeled at the SH1 with a bifunctional reagent.
Past biochemical work has shown that the presence of
MgADP and modifications of S1 at SH1 may reduce the
binding affinity of actin to S1 (Schwyter et al., 1989).
Cosedimentation assays were performed to determine the
conditions under which most of the modified S1 is bound to
actin, so that the effect of actin on the flexibility of the
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SH1-SH2 helix can be determined. This goal was achieved
when an approximately threefold molar excess of actin over
S1 was used in the reactions and by keeping the salt con-
centration of the buffers low (10 mM).

In the cross-linking experiments, SH1 was first modified
by the cross-linking reagents, then excess reagent was re-
moved, and finally actin was added to determine its effect
on the cross-linking. To mimic the S1 used in the cross-
linking experiments, SH1 was modified by the monofunc-
tional equivalent of the cross-linking reagents, phenylmale-
imide (PM). In the absence of MgADP, all of the SHI-PM
S1 (8.0 uM) was bound to actin (25 wM). In the presence of
1.0 mM MgADP, ~95% or more of the SH1-PM S1 re-
mained bound to actin (data not shown). These results
indicate that under such conditions, which were used in the
cross-linking experiments, most if not all of the modified S1
was bound to actin, in both the absence and presence of
MgADP.

In the experiments done to determine the rate of SH2
modification, both S1 (at SH1) and actin (at Cys®’*) were
modified with NEM before the SH2 reaction. In the binding
assays with NEM-actin, most (more than 95%) of the SH1-
NEM S1 (10 uM) was bound to NEM-actin (30 wM). In the
presence of both NEM-actin and MgADP, ~90% or more
of the SHI-NEM S1 was found to be bound to NEM-actin
(data not shown). These results indicate that most of the
SH1-NEM S1 would be bound to NEM-actin during the
modification reaction of SH2.

Effect of actin on the rates of cross-linking and
SH2 modification of S1 and S1.MgADP at 25°C

The effects of actin on SH1-SH2 cross-linking on S1 and
S1.MgADP are shown in Table 1 in the form of ratios of
cross-linking rate constants for the reactions in the presence
and absence of actin, k,,/k,, and in the presence and ab-
sence of actin and MgADP, k,,\/k,. Along with these
values, the individual cross-linking rate constants for S1
alone, k,, are also shown for each of the cross-linking
reagents. The cross-linking rate constants in the presence of

TABLE 1 Ratio of cross-linking rate constants in the presence and absence of actin and MgADP (25°C)

Cross-linking
Reagent span (A) ky (min~ ") YNz o anlk
oPDM 5.2-7.8 0.010 = 0.003 ~0 ~0
mPDM 9.6-11.5 0.014 = 0.002 ~0 ~0
pPDM 12.1-12.4 0.013 £ 0.003 ~0 ~0
NDM 12.4-12.9 0.006 = 0.002 0.1 =0.1 0.4 = 0.1
BM 14.9-154 0.014 = 0.002 0.2 0.1 0.4 = 0.1

All rate constants were determined from semilogarithmic plots of the Ca®"-ATPase activity of modified S1 versus cross-linking time, as described
previously (Nitao and Reisler, 1998). Each rate is the mean value of at least two independent experiments. The ranges of cross-linking distances for each
reagent reflect the possible attachments of the sulthydryls to the maleimide group in the different conformers of the reagents. &, represents the rate constant
of cross-linking in the absence of actin or MgADP. k,,/k, is the ratio of cross-linking rate constants of S1 in the presence of 25 uM actin and S1 alone.
kyan'ks 1s the ratio of cross-linking rate constants of S1 in the presence of 25 uM actin and 1.0 mM MgADP versus S1 alone.
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actin alone, k,,, and actin and MgADP, k,,., are not
presented; however, they can be calculated by multiplying
the k&, values by the k,/k, or k,n/k, Values, respectively,
for each of the reagents. From the results, it is evident that
the binding of actin to S1 inhibits SHI-SH2 cross-linking
for all of the reagents at 25°C. This can be observed in Fig.
1 for one representative reagent, pPPDM. Because there were
no significant changes for more than 15 min in the ATPase
activities for the cross-linking reactions using oPDM,
mPDM, and pPDM, the rates of cross-linking in the pres-
ence of actin were considered to be almost completely
inhibited for these reagents. For NDM and BM, the cross-
linking rates were inhibited by 80-90% compared to those
for the control S1. For all of the reagents tested, the addition
of MgADP to the acto-S1 complex did not alleviate the
inhibition of cross-linking.

One possibility that had to be considered is that the
binding of actin to S1 may be activating cross-linking of the
reagent on SH1 to another group rather than inhibiting the
reaction with SH2. Cross-linking to other cysteines on S1
for reagents attached to either SH1 or SH2 has been re-
ported previously (Mornet et al., 1985; Chaussepied et al.,
1986). To verify that the effect of actin is an inhibition of
cross-linking to SH2, control experiments were performed
for both oPDM and pPDM. After the cross-linking reaction
in the presence of actin was monitored for 30 min, 1.0 mM
MgATPyS was added to the reaction to dissociate actin
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FIGURE 1 Semilogarithmic plots of pPDM cross-linking of S1 in the

actin-bound states versus time at 25°C. The cross-linking reactions in S1
with pPDM attached to SH1 were monitored in the absence (O) and
presence of 25 uM F-actin (M) or 25 uM F-actin and 1.0 mM MgADP (A).
Although only the initial three data points are shown for the plot in the
absence of actin, all of the data points (taken up to 25 min) are well-fitted
by the same curve. The first-order rate constants for these reactions are
0.013 min~"', 0.0015 min~—', and 0.0017 min ", respectively.
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from S1. When MgATP+S is bound to S1, the cross-linking
reaction for both reagents should be accelerated if the re-
agents attached to SHI have not yet reacted with another
residue on S1. This was indeed observed for both reagents.
Fig. 2 depicts the results obtained for pPDM. During the
initial 30 min of the cross-linking step of the reaction, there
was no apparent change in the Ca?*-ATPase activity of S1.
Upon the addition of MgATP~S, there was a rapid decrease
in Ca?"-ATPase activity, indicating that cross-linking to
SH2 was occurring. Therefore, the inhibition of cross-link-
ing observed when actin is present is due to the inhibition of
cross-linking to SH2 and not to the loss of the reagent to a
competing reaction.

To eliminate any possible differences in the reactivity of
the reagents toward SH2, we also determined the rate con-
stants of SH2 modification in SHI-NEM S1 in the presence
and absence of actin and actin and MgADP. The effects of
actin and actin and MgADP binding on SH2 modification
by pPDM are shown in Fig. 3. The results for this and all
other SH2 reactions are summarized in Table 2. They indi-
cate that actin does not affect the rate of SH2 modification
for any of the reagents. This suggests that under the em-
ployed conditions, the SH2 group is available for cross-
linking to all of the reagents. In the presence of both actin
and MgADP, the results were surprisingly different. The
SH2 modification rates were inhibited by 70% for all of the
reagents, indicating that at 25°C, the SH2 group may not be
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FIGURE 2 Plot of pPDM cross-linking of S1 in the actin-bound state
versus time at 25°C. The cross-linking reaction was monitored for 30 min
in the presence of 25 uM F-actin (M) via Ca>*-ATPase measurements.
After minute 31 (indicated by the arrow), 1.0 mM MgATP+yS was added
to the reaction mixture. The rapid decrease in the Ca®>*-ATPase activity of
S1 after MgATP+yS addition reflects the cross-linking of SH1 to SH2. A
similar relief of actin inhibition of SH1-SH2 cross-linking was also ob-
served for oPDM after the addition of MgATP+S.
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FIGURE 3 Semilogarithmic plots of the pPDM modification of SH2 in
the actin-bound states of SHI-NEM S1 versus time at 25°C. The modifi-
cation reactions were monitored in the absence (O) and presence of 30 uM
F-actin (M) or 30 uM F-actin and 1.0 mM MgADP (A). The addition of
actin alone did not result in any significant changes in the rate of SH2
modification (k, = 0.048 min~!, k,, = 0.039 min~'). Addition of both
actin and MgADP resulted in an ~80% inhibition of the SH2 modification
rate (kyon = 0.010 min~').

readily accessible to the reagents present in the medium.
Notably, in each group of reactions, with and without actin,
the rates of SH2 labeling on SH1-NEM S1 were approxi-
mately the same for all of the reagents, with the exception
of oPDM.

Effect of temperature on cross-linking rates

Another aim of this study was to determine the effect of
temperature on the flexibility of the SHI-SH2 helix by
measuring the cross-linking rates at 4°C and 25°C. The k,
values for all of the reagents at 25°C are shown in Table 1.
These values, which range from 0.006 min~' (NDM) to
0.014 min~' (BM), do not vary significantly from reagent to
reagent. As can be seen from Table 3, the %, values deter-
mined at 4°C differ to a much greater extent and are ap-
proximately fourfold greater than the corresponding rate
constants at 25°C (except oPDM). This could indicate that
the helix is either more flexible or destabilized, or that SH2
is considerably more reactive at the lower temperature. The
latter possibility is rejected because SH2 modification rates
on SHI-NEM S1 are much slower at 4°C than at 25°C
(Table 4). Therefore, the faster SHI-SH2 cross-linking at
the lower temperature must originate from a change in the
helix stability.

Table 3 lists both the individual rate constants for cross-
linking in the absence and presence of nucleotides at 4°C
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FIGURE 4 Semilogarithmic plots of pPDM cross-linking of S1 in the
nucleotide-bound states versus time at 4°C. The cross-linking reactions in
S1 with pPDM attached to SH1 were monitored in the absence (O) and
presence of 1.0 mM MgADP (A) or 1.0 mM MgATP+yS (#). The rate
constants for these reactions are 0.073 min~ ', 1.34 min™ !, and 3.97 min™ !,
respectively. Although only the initial two data points for S1 cross-linking
are shown, all of the data points (taken up to 10 min) are well fitted by the
same curve.

and the ratios of these rates (k,n/k,), which can be compared
to the results previously determined for 25°C (Nitao and
Reisler, 1998). In the MgADP- and MgATPyS-bound
states, the &,y values at 4°C are, respectively, twofold and
1.5-fold greater, at most, than the &,y values obtained at
25°C (Fig. 4). This suggests that in the nucleotide-bound
state, the SH1-SH2 helix is somewhat more destabilized at
4°C than at 25°C. In terms of the k,\/k, ratios, there were no

TABLE 2 Effect of actin on the SH2 modification rates in
SH1-NEM S1 and SH1-NEM S1.MgADP (25°C)

Ratio of rates

Reagent k, (min~") koplky ko andk
oPDM 0.005 = 0.001 1.1 £0.05 0.2 *0.01
mPDM, pPDM, NDM, BM  0.028 = 0.010 1.0 0.3 0.3 *=0.1

In the modification experiments, 30 uM F-actin was polymerized by 1.0
mM MgCl,, then incubated with SHI-NEM S1 for 5 min before the
addition of cross-linking reagents. In the reactions with nucleotide, 1.0 mM
MgADP was added to acto-S1 before the addition of cross-linking re-
agents. All rate constants were determined from semilogarithmic plots of
the Ca®*-ATPase activity of modified S1 versus time of reaction. At least
two independent rate determinations were made for each reagent. For
mPDM, pPDM, NDM, and BM, the rate constants were similar and are,
therefore, the mean values for the four reagents. The k,,/k, values repre-
sent the ratios of the rate constants of SH2 modification in the presence and
absence of actin. The k,,\/k, values represent the ratios of the rate
constants of SH2 modification in the presence and absence of actin/
MgADP.
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TABLE 3 Cross-linking rate constants in the presence and
absence of nucleotides at 4°C

Reagent ky (min~") kyy (min~ ") ol
MgADP
oPDM 0.013 = 0.001 0.04 = 0.01 3*1
mPDM 0.055 = 0.004 1.01 = 0.05 18 2
pPDM 0.070 = 0.005 1.30 = 0.05 19 £2
NDM 0.028 = 0.002 0.70 = 0.03 25+3
BM 0.071 = 0.006 1.12 = 0.05 16 £2
MgATPyS
oPDM 0.014 = 0.002 0.06 = 0.01 4+1
mPDM 0.052 = 0.008 1.58 £ 0.16 30+ 8
pPDM 0.065 = 0.004 3.86 = 0.38 60 =9
NDM 0.028 = 0.001 1.70 = 0.11 60 = 6
BM 0.069 = 0.004 2.11 £ 0.20 305

All rate constants were determined from semilogarithmic plots of the
Ca’"-ATPase activity of modified S versus cross-linking time. Each rate
is the mean value of at least three independent experiments. k, represents
the rate constant of cross-linking in the absence of nucleotide. k, repre-
sents the rate constants of cross-linking in the presence of 1.0 mM MgADP
or MgATPS.

significant temperature differences observed for oPDM, the
shortest reagent. For this reagent, MgADP or MgATP~yS
accelerated SH1-SH2 cross-linking severalfold at both 4°C
and 25°C (Nitao and Reisler, 1998). For the longer reagents,
the accelerations in cross-linking at 4°C (i.e., kyn/k,) ranged
from 16- to 25-fold and from 30- to 60-fold for MgADP and
MgATPS, respectively. Although these ratios were smaller
than those previously determined at 25°C (between 40 and
60 for MgADP and between 80 and 270 for MgATP~S), it
appears that such differences in k,\/k, ratios at the two
temperatures may result mainly from a greater destabiliza-
tion of the SH1-SH2 helix in the nucleotide-free state.
The effects of actin and actin/MgADP on cross-linking
were also determined at 4°C. The cross-linking in the pres-
ence of actin was inhibited for oPDM and mPDM by 90%

TABLE 4 SH2 modification rate constants in the presence
and absence of nucleotides at 4°C

Reagent ky (min~ ") kyy (min~ ") kanlks
MgADP

oPDM 0.0012 = 0.0003  0.047 £0.002 40 £ 12
mPDM, pPDM, NDM,  0.0056 = 0.001 0.28 + 0.05 50 =18

BM

MgATPYS

oPDM 0.0010 = 0.0002  0.046 = 0.002 46 = 11
mPDM, pPDM, NDM,  0.0053 * 0.001 0.33 £ 0.05 62 =21

BM

All rate constants were obtained from semilogarithmic plots of the Ca®"-
ATPase activity of modified S1 versus time of reaction. At least two
independent modification experiments were carried out for each reagent.
For mPDM, pPDM, NDM, and BM, the rate constants were similar and
are, therefore, the mean values for the four reagents. &, represents the rate
constant of SH2 modification in the absence of nucleotide. &,y represents
the rate constants of SH2 modification in the presence of 1.0 mM nucle-
otide (MgADP or MgATPyS).
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and 40%, respectively, relative to the cross-linking rates of
S1 alone. For the longer reagents (pPDM, NDM, and BM),
the cross-linking rates were not significantly altered. In the
presence of actin and MgADP, the cross-linking rates for
oPDM and mPDM remained inhibited, while the rates for
the longer reagents were slightly accelerated (approximately
twofold). Fig. 5 shows representative results for a cross-
linking reaction with pPDM. As the results indicate, the
effects of actin and actin/MgADP on cross-linking at 4°C
differ from those observed for 25°C, in which the cross-
linking was inhibited for all of the reagents in the actin-
bound states (see Table 1).

Effect of temperature on SH2 modification rates

The SH2 modification reactions were also performed at 4°C
to help with the interpretation of the cross-linking data. In
Table 4, the individual rate constants for SH2 modification
and the k,\/k, ratios are shown for all of the reagents. The
k, values determined at 4°C are approximately sixfold
smaller than those at 25°C for all of the reagents (see Tables
4 and 2). These results show that despite the faster SH1-SH2
cross-linking (Tables 1 and 3), the reactivity or accessibility
of SH2 in SHI-NEM SI in the absence of nucleotides is
apparently smaller at 4°C than at 25°C. The k,y values in
the presence of MgADP and MgATP+S are approximately
twofold greater at 4°C (Table 4) than at 25°C (Nitao and
Reisler, 1998). The k,\/k, ratios were between 40 and 60 for

100

75 4

50

Ca’"-ATPase Activity (%)

25 T T T \
0 2 4 6 8 10

Time (min)

FIGURE 5 Semilogarithmic plots of pPDM cross-linking of S1 in the
actin-bound states versus time at 4°C. The cross-linking reactions in S1
with pPDM attached to SH1 were monitored in the absence (O) and
presence of 25 uM F-actin (H) or 25 uM F-actin and 1.0 mM MgADP (A).
The addition of actin alone appeared to have no effect on the rate of
cross-linking, while the addition of both actin and MgADP increased the
cross-linking rate by twofold.
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all of the reagents in the MgADP- and MgATP+yS-bound
states of S1. These values differ from similar ratios mea-
sured at 25°C, which ranged between 3 and 8 (Nitao and
Reisler, 1998). In the actin-bound states, the effect of actin
on the rate of SH2 modification was similar for all of the
reagents at both temperatures, in that actin did not appear to
affect the modification rate. In the presence of both actin
and MgADP, the SH2 modification rates were inhibited at
25°C (Table 2), while these rates were increased by approx-
imately five- to eightfold with the same reagents at 4°C
(data not shown).

DISCUSSION

One of the main goals of the current study has been to
determine the conformational dynamics of the SH1-SH2
helix in the strongly bound states of the cross-bridge cycle,
acto-S1 and acto-S1.MgADP. These states have a well-
defined geometry and ordered appearance in electron mi-
croscopy images (Moore et al., 1970; Cooke, 1997) and
reveal little, if any mobility of spin probes attached to the
light-chain region (Baker et al., 1998; Roopnarine et al.,
1998). This is in contrast to the weakly bound states of
acto-S1, which appear to be disordered in EM (Walker et
al., 1994, 1999; Cooke, 1997). In the previous study, we
showed a strong destabilization of the SH1-SH2 helix in
S1.MgATP+S, the analog of the SI.MgATP state (Nitao
and Reisler, 1998). We also speculated that such a destabi-
lization of the SH1-SH2 helix might give rise to the disorder
of the lever-arm region of S1 relative to its catalytic domain
if the lever-arm motions could be simplistically viewed as
rigid-body movements. The significance of this observation
and speculation has been amplified by the recent solution of
the atomic structure of scallop S1.MgADP, in which the
SH1-SH2 helix appears to be melted. On the basis of
structural considerations, Houdusse et al. (1999) concluded
that the new S1 structure corresponds to the S1.MgATP
state. If that is indeed the case, solution and crystallographic
evidence would converge for the first time to identify the
S1.MgATP state with a destabilized or melted SH1-SH2
helix. If we assume next that the conformation of this helix
is responsible for (or contributes to) the disorder of acto-
S1.MgATP, then the strongly bound acto-S1 complexes
should show attenuated dynamics of the SHI-SH2 region.
Such a conclusion, on actin stabilization of the SH1-SH2
helix, was reached in a previous study (Polosukhina and
Highsmith, 1997). However, because in that study the steps
of reagent attachment to SH1 and its cross-linking to SH2
were not separated, and the rate of SH1 modification was
estimated to be ~0, it is difficult to determine accurately, if
at all, the effect that actin has on the cross-linking in such a
reaction. Therefore, measurements of the actin effect on the
conformation of the SH1-SH2 helix were designed to test
more rigorously the expectation that actin stabilizes the
helix.
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Stabilization of the SH1-SH2 helix in the
actin-bound states

To probe the conformational changes occurring within the
helix in the actin-bound states, we first established the
conditions for almost complete acto-S1 binding during the
cross-linking experiments. The results presented for pPDM
(Fig. 1) and all of the cross-linking reagents (Table 1)
demonstrated that the cross-linking of SH1 to SH2 is
strongly inhibited when actin is bound to S1. Because actin
has little effect on the rate of monofunctional modification
of SH2 on SHI-NEM S1 by any of the cross-linking re-
agents (see Table 2), our results point to the stabilization of
the SH1-SH2 helix by actin. The reactivation of cross-
linking with the addition of MgATP+S to acto-S1 confirms
that the actin-induced inhibition of cross-linking is due to
the inability of the reagent on SH1 to react with SH2 and not
the loss of the reagent to another reaction (Fig. 2). Our
results indicate that actin greatly inhibits the ability of these
residues to approach each other (within 5-15 A).

In the presence of both actin and MgADP, the cross-
linking of SH1 to SH2 remains inhibited. Because MgADP
alone accelerates this reaction (Nitao and Reisler, 1998), the
inhibition of cross-linking shows that the effect of actin is
dominant, and the helix is stabilized also in the acto-
S1.MgADP state. Interestingly, the SH2 modification reac-
tions on acto-S1(SH1-NEM).MgADP reveal local differ-
ences around the SH2 residue between acto-S1 and acto-
S1.MgADP. Although the SH1-SH2 helix is stabilized in
both complexes, the inhibition of monofunctional SH2
modification is observed only for acto-S1.MgADP. The
accelerated modification of SH2 on S1.MgADP precludes
the possibility that the acto-S1.MgADP result is due to some
S1.MgADP free of actin (Nitao and Reisler, 1998).

Effect of temperature on the SH1-SH2 helix

Another goal of this work was to determine the role of
temperature in the stability of the helix. Previous studies
have shown that S1 may adopt two different conformations,
which are temperature sensitive (Shriver, 1986; Aguirre et
al., 1989). The temperature-dependent change in the equi-
librium population of these two S1 conformations led to the
prediction that SHI-SH2 cross-linking would be faster at
low than at high temperatures (Shriver, 1986). Consistent
with this, the comparison of the cross-linking reactions
reveals significant kinetic differences between 4°C and
25°C. The cross-linking rate constants, k,, are about four-
fold greater (except for the shortest reagent, oPDM) and
show a greater range of values at 4°C than at 25°C. Yet the
modification of SH2 on SHI-NEM SI, using the same
reagents, is about sixfold slower at 4°C than at 25°C (Table
4 of this work and Table 2 in Nitao and Reisler, 1998).
Together, these strikingly opposite kinetic trends show that
in the absence of nucleotides the SH1-SH2 helix is less
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stable at 4°C than at 25°C. The lower intrinsic stability of
the SH1-SH2 helix at 4°C also results in lower k,\/k, ratios
(Table 3) than those observed for 25°C (Nitao and Reisler,
1998). Clearly, the differences in the stability of the SH1-
SH2 helix between the nucleotide-bound and free states of
S1 are decreased at the lower temperature. In contrast to
this, the differences in the local environment and SH2
reactivity between these states (as measured by k,\/k, ra-
tios) are greater at the lower temperature.

The above temperature effects make possible a clearer
distinction between local changes in the SH2 accessibility
and reactivity and the stability of the SH1-SH2 helix. Be-
cause the nucleotide-induced changes in this helix are
smaller at 4°C than at 25°C, these results raise the possi-
bility that the crystallization process contributes to the trap-
ping of specific helix conformations. It is also conceivable
that the stability of the helix and the equilibria between the
two S1 conformations depend on the S1 isoform, the pres-
ence or absence of the light chains on S1, the truncation
point on the S1 heavy chain, and other factors. The success-
ful trapping of the melted SHI1-SH2 helix in scallop
S1.MgADP crystals (Houdusse et al., 1999) may result from
a greater destabilization of this helix in scallop S1 than in
Dictyostelium S1.

Alternative view of the SH1-SH2 helix

An alternative depiction of the SHI-SH2 helix has been
offered in a recent study by Kliche et al. (1999). These
authors utilize a series of aliphatic bifunctional reagents
with cross-linking spans ranging from ~2 to 20 A. They
interpret their results as indicating that the separation be-
tween SH1 and SH2 is about the same (=15 A) in the
presence or absence of MgADP. However, there are two
reservations regarding this work. First, the longer reagents
used in that study have extended -CH,- linkages, which
means that their structures are not rigid. For example,
Monte Carlo simulations of C4 dynamics indicate that this
reagent may adopt conformations such that its cross-linking
span between SH1 and SH2 can vary from 6.5 to 12.5 A.
Obviously the flexibility of these reagents complicates any
attempt to correlate the cross-linking results with distances
(or reagent length). Second, there is no obvious reason for
normalizing the rates of cross-linking, which is essentially
the modification of SH2 on SH1-modified S1 to SH1 mod-
ification rates. Thus conclusions drawn from this work must
be called into question.

SUMMARY

Currently, the cross-linking method has been used to probe
several states of the SH1-SH2 helix in the myosin head,
which are relevant to the cross-bridge cycle. When actin is
bound to S1 or S1.MgADP, the SH1-SH2 helix is stable. As

3079

ATP binds to form S1.MgATP (as represented by
MgATPYS), the helix becomes very flexible. After hydro-
lysis, the myosin head reattaches to actin filament and the
helix returns to a more rigid conformation, as viewed in the
acto-S1.MgADP state. The state yet to be investigated is the
post-hydrolysis state, represented by the transition state
analogs, MgADP.AIF,- and MgADP.V,. Because of the
time needed for the formation of these nucleotide and phos-
phate analog complexes in S1, the cross-linking method
used in this study could not be applied to examine these
states. Work is now in progress to devise another method to
obtain the cross-linking rates of these important states of the
cross-bridge cycle and to construct a map of the SH1-SH2
helix states throughout the cross-bridge cycle. Clearly, to
assist in comparing the crystal and solution S1 structure and
dynamics, cross-linking experiments on scallop S1 will also
have to be done.
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