952 Biophysical Journal Volume 73 August 1997 952-958

Light Chain-Dependent Myosin Structural Dynamics in Solution
Investigated by Transient Electrical Birefringence
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ABSTRACT The technique of transient electrical birefringence was used to compare some of the electric and structural
dynamic properties of myosin subfragment 1 (S1(elc, ric)), which has both the essential and regulatory light chains bound, to
S1(elc), which has only an essential light chain. The rates of rotational Brownian motion indicate that S1(elc, ric) is larger, as
expected. The permanent electric dipole moment of S1(elc, ric) is also larger, indicating that the regulatory light chain portion
of S1(elc, ric) has a dipole moment and that it is aligned head-to-tail with the dipole moment of the S1(elc) portion. The
permanent electric dipoles decrease with increasing ionic strength, apparently because of ion binding to surface charges.
Both S1{elc, ric) and S1(elc) have intrinsic segmental flexibility, as detected by the ability to selectively align segments with
a brief weak electric field. However, unlike S1(elc), which can be structurally distorted by the action of a brief strong electric
field, S1{elc, ric) is stiffer and cannot be distorted by fields as high as 7800 V/cm applied to its ~8000 D permanent electric
dipole moment. The S1 - MgADP - P, analog S1 - MgADP - V, is smaller than S1 - MgADP, for both S1(elc, ric) and S1(elc).
Interestingly, the smaller, stiffer S1(elc, ric) - MgADP - V, complex retains intrinsic segmental flexibility. These results are
discussed within a framework of current hypotheses of force-producing mechanisms that involve S1 segmental motion

and/or the loss of cross-bridge flexibility during force production.

INTRODUCTION

Two roles of myosin cross-bridge segmental motion appear
in many of the current hypotheses of the mechanical mech-
anism of force production by the actin-myosin-ATP system.
The most common is a reorientation of one segment of
myosin subfragment 1 (S1) to produce force while another
segment is bound firmly to actin. In some cases this force-
producing reorientation is a reversal of a energized S1
conformation produced by ATP binding and/or hydrolysis
before S1 - MgADP - P, binds to actin. The second hypo-
thetical role of segmental motion in force generation is to
provide some or all of a high degree of S1 flexibility that
exists when S1 first binds to actin and is then lost as Sl
becomes more rigid and force is produced. These force-
producing transitions are accompanied by the dissociation
of the ATP hydrolysis products from the actin-bound S1.

Computer graphical visual docking of S1 on actin, using
the atomic structures of actin and S1, provides a complex
that has the S1 catalytic domain (which includes the ATP
and actin-binding sites) closest to actin and the regulatory
domain (which includes the essential and regulatory light
chains bound to a long strand of heavy chain a-helix) more
distant from actin (Rayment et al., 1993a). These high-
resolution structural data suggest that if S1 segmental mo-
tion is involved in force generation, it is the segment that
includes the light chains that is likely to move.
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Indications of segmental motion have been observed for
S1-actin complexes. Comparison of image reconstructions
from electron micrographs of actin filaments saturated with
smooth muscle S1 and S1 - MgADP indicates that only the
segment of S1 distal to actin is displaced when ADP is
absent (Whittaker et al., 1995). S1 segmental motion in
skinned muscle fibers has also been inferred from measure-
ments using orientation-reporting probes attached to the
catalytic and regulatory domains. During ATP hydrolysis,
probes attached to the myosin catalytic domain (Thomas
and Cooke, 1980; Cooke et al., 1982; Fajer, 1994) or to
actin itself (Ostap and Thomas, 1991; Naber and Cooke,
1994) do not rotate, in contrast to changes in the orientation
of probes attached to the regulatory light chain (Allen et al.,
1996; Ling et al., 1996). Although the degree of correspon-
dence between probe and protein motions (Ajtai et al., 1989,
1994), and the effects of nucleotide on contributions from
local probe motion (Tanner et al., 1992), can complicate inter-
pretation, the probe data are consistent with segmental motion.

Functional studies support a mechanical role for segmen-
tal motion of the regulatory domain. The in vitro velocity of
actin translocation by S1 increases progressively as the
essential and regulatory light chains are included with the
catalytic domain (Lowey et al., 1993), consistent with the
3-4-nm additional length of the regulatory domain per light
chain (Rayment et al., 1993b). Experiments using mutant
myosin that has an artificial regulatory domain confirm its
involvement in the mechanics of force production (Anson et
al., 1996). The catalytic domain, by itself, provides very
little if any actin translocation, although it has actin-acti-
vated ATPase activity (Waller et al., 1995).

There are many reports of segmental motion for isolated
S1 preparations. S1 in solution has been shown by transient
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electric birefringence (TEB) to display intrinsic segmental
flexibility (Highsmith and Eden, 1986) and by fluorescence
anisotropy decay spectroscopy (Aguirre et al., 1989), x-ray
scattering (Wakabayashi et al., 1992), neutron scattering
(Stone et al., 1995), and TEB (Highsmith and Eden, 1990,
1993) to change shape in response to ATP and ATP analog
binding. Segmental flexibility of the myosin head has also
been shown for myosin filaments (Adhikari et al., 1997).
These segmental motions and shape changes have been
adequately modeled as bending of S1 near the center of its
long axis between the catalytic and regulatory domains.

Much of the important dynamic structural data for S1
shape changes in solution, where the effects of ATP on Sl
structure can be studied in greatest detail, were obtained by
using S1(elc), which has only an essential light chain bound.
This is unfortunate, given the likely importance of the light
chain-containing segment of S1 as a lever arm during force
production. Reported here are results from TEB measure-
ments used to investigate some of the electrical and dy-
namic structural properties of isolated S1(elc, ric) that has
both light chains bound, which are compared to results for
the smaller S1(elc). Sl(elc, rlc) in solution is larger and has
a larger, ionic strength-dependent, permanent electric dipole
moment. It retains its intrinsic flexibility when free and
when converted to the smaller ADP-vanadate complex.
Interestingly, the larger Sl(elc, rlc), although intrinsically
flexible, is stiffer than S1(elc) in response to electromechan-
ical distortion.

MATERIALS AND METHODS
Proteins and chemicals

Myosin was isolated from New Zealand rabbit dorsal muscle (Nauss et al.,
1969). Sl{elc, ric) was prepared from myosin by using papain (Margossian
and Lowey, 1982). S1(elc) was prepared from myosin by using a-chymo-
trypsin (Weeds and Taylor, 1975). In both cases the St was purified by size
exclusion chromatography (Sephacryl S-400) followed by anion exchange
chromatography (DE-52) (Highsmith and Murphy, 1992). Si(elc, rlc) is a
mixture with about equal amounts of either essential light chain 1 or
essential light chain 2 bound, in addition to the regulatory light chain.
Sl(elc) is also a mixture, with about equal amounts of S1 with either
essential light chain 1 or light chain 2 bound. MgATPase activities at 25°C
were 0.050 + 0.015 s,

TEB Instrumentation

The basic instrument and configuration used to measure decay times from
partial and steady-state birefringence signals has been described (Elias and
Eden, 1981; Highsmith and Eden, 1993). The electric field pulse generator
and detection electronics have been modified to better characterize the
faster modes expected for segmental and internal dynamics investigations.
The photomultiplier has been modified by reducing the number of active
dynodes and increasing the potential drop per dynode, while maintaining a
comparable gain. Its output is amplified with two Comlinear CLC100
amplifiers with DC-500 MHz bandwidth in series and sent to a LeCroy
6880A transient digitizer with a 0.742 ns sampling interval. Excitation via
the cable pulse generator is facilitated by using up to four Tektronix type
113 delay cables in series. These units have subnanosecond rise times, and
each can provide a pulse with a length of 120 ns. The system provides a
half-microsecond pulse with rise and fall times of less than 1 ns. System
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rise and decay times are 2 and 3 ns, respectively, when evaluated using
water.

For low-ionic-strength solutions with impedances as high as 350 Q, the
Velonex 360 pulse generator can deliver pulses of up to 3300 V, consid-
erably higher than the rated 2500 V into 200 ). The fall times are
considerably longer, typically 100 ns for an impedance of 400 (), rather
than the 20 ns for a matched load of 200 ) using a special coaxial cable
with a 185 € impedance; so this configuration is not suitable for measuring
decay times. However, the higher voltage pulses have permitted the char-
acterization of dipole moment (p,) and saturation birefringence (Ang,1)
from steady-state Kerr experiments. Data were analyzed by fitting the
values of solution steady-state birefringence and applied electric field to
the equation (O’Konski et al., 1959)

An = Anga{1 — (3(coth B — 1/B))/B} (D

where An is the measured birefringence, Ang, is the value of the bire-
fringence when the S1 dipole is maximally aligned with the field, and 8 =
M E/kT (j, is the permanent electric dipole moment and E is the electric
field). The p, values reported here were calculated from the orientation
function values (= {1 — (3(coth B8 — 1/8))/B} in Eq. 1), which were as
large as 0.35 at a field of 1.3 X 10° V/m in the cell with an electrode
spacing of 0.27 cm for S1 in solutions of 1-3 mM ionic strength.

RESULTS

S$1 hydrodynamic size, specific birefringence, and
electric dipole moment

Typical data for S1 alignment to give a steady-state bire-
fringence signal, Angg, by a weak electric field are shown,
along with a typical electric field pulse, in Fig. 1. The
hydrodynamic size is determined from these data by ana-
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FIGURE 1 Birefringence signal and applied electric field. The birefrin-

gence signal, An, (A) for 3.18 uM Sl(elc, rlc) in 5.0 mM 3-(N-morpho-
lino)propanesulfonic acid:(MOPS), 10.0 mM KOAc, 0.10 mM Mg(OAc),,
0.050 mM EGTA, pH 7.0 at 3.7°C when exposed to a 12-us 1250 V pulse
(B).
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lyzing the rate of decay of An after the electric field is
removed. By using the program DISCRETE (Provencher,
1976), the decay of the birefringence signal, from its steady-
state value, for S1(elc, rlc) at 3.5°C was best fit by a single
exponential decay with a decay time of 465 * 3 ns. The
decay time for S1(elc) under the same conditions is 316 =
4 ns (Table 1). In both cases the decay times were indepen-
dent of ionic strength in the 3-20 mM range. The lengths of
Sl(elc, rlc) and Sl(elc) were estimated from the observed
rotational decay times and those for spheres of equal vol-
umes (94.4 ns and 80.4 ns, respectively, at 4°C). Assuming
that there is 0.30 g of water bound per gram of protein and
that the observed decay times (465 ns and 316 ns, respec-
tively) are due predominantly to rotation about the minor
axis, calculations were made, using Perrin shape factors for
prolate ellipsoids (Cantor and Schimmel, 1980). For S1(elc,
rlc), the length of the hydrated protein was 22.9 nm, with an
axial ratio equal to 5.2. For Sl(elc), the length and axial
ratio were 19.7 nm and 4.5. If the hydration layers are
subtracted, the protein lengths are 20.4 nm and 17.6 nm,
respectively.

The dependence of the steady-state birefringence signal
on the square of the electric field is linear for S1(elc, rlc) for
applied voltages between 0 and 2.5 X 10° V2 (Fig. 2). The
Kerr constant, determined from the dependence of the bi-
refringence signal on the square of the field (Highsmith and
Eden, 1985) in 5.5 mM ionic strength solutions, is 8.1 X
10~7 cm?/statvolt®. Kgp for S1(elc) in 3.0 mM ionic strength
is 4.5 X 1077 cm?/statvolt® (Table 1).

The signal for S1(elc, rlc) increases slowly compared to
its decay (Fig. 1), indicating that the alignment of S1 in the
applied electric field is dominated by the electric field
acting on a permanent electric dipole (Tinoco and Yamaoka,
1959; Highsmith and Eden, 1986). The magnitude of the
permanent electric dipole moment, p,, can be measured by
analyzing the data at fields beyond the Kerr law regime,
using Eq. 1, as shown in Fig. 3 for Sl(elc, rlc). Values of
K, = 8100 = 2000 D and 2452 + 720 D were obtained for
Sl(elc, rlc) and Si(elc), respectively, in 1.8—6 mM ionic
strength buffer (Table 1).

TABLE 1 Electric and hydrodynamic properties of S1(elc)
and S1(elc,ric)

Si(elc) Sl(ele,ric)
7 (ns), 10-12 us pulse 316 + 4 465 * 3
7 (ns), 0.40 ps pulse 2503 414 x 4
! (nm) 17.6 £ 0.4 204 0.5
up (D) 2452 *+ 720 8100 = 2100
Kgp (cm?/statvolt®) 45%0.6 %1077 81+19x% 1077

Data are for 1-3 uM S1 at 3.7°C in 1.8—6 mM ionic strength solutions.
The length of S, /, is the length of an unhydrated prolate ellipsoid with 7
equal to that observed for Sl after a long pulse. The permanent electric
dipole moment, pp, was determined from data as shown in Fig. 3. The ionic
strengths were 1.8 mM and 2.0 mM for Sl(elc,ric) and Sl(elc), respec-
tively. The Kerr constant, Kgp, was determined from data as shown in Fig.
2. The ionic strengths were 3.0 and 5.5 mM for Sl(elc,rlc) and Sl(elc),
respectively.
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FIGURE 2 Kerr plot for Sl(elc, rlc). The steady-state birefringence
signal, Angg, obtained for 2.78 uM S1(elc, rlc) in 5.0 mM MOPS, 0.10 mM
Mg(OAc),, 0.010 mM EGTA, pH 7.0, at 3.7°C, was measured for increas-
ing applied voltages of 12 us duration. The birefringence signal in the
11-11.5 us region of the applied electric field is averaged and plotted
against the square of the applied voltage. The slope of the linear portion of
the plot, at low electric field strength, is used to compute the specific Kerr
constant, Kgp, which for the above data is (8.1 * 1.9) X 1077 cm?/
statvolt®.

The permanent electric dipole moments of Sl(elc, ric)
and S1(elc) decrease as the ionic strength increases (Fig. 4),
as does the Kerr constant (data not shown). There were no
significant changes in the rise and decay times of the bire-
fringence signal, indicating that the electric dipole moment
is permanent in all cases, with negligible induced dipole
moment contributions. This observation suggests that as the
ionic strength increases, the structure of S1 is changing to
one with a smaller electric dipole moment and/or less in-
trinsic birefringence. Because 7 is independent of ionic
strength (see above), S1 does not change its hydrodynamic
size. It is possible that as the ionic strength increases, ions
are binding to sites on S1. This would neutralize some
surface charge, which would reduce the permanent electric
dipole moment and possibly change its alignment with
respect to the long principal S1 hydrodynamic axis. A
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FIGURE 3 Orientation function. The data in Fig. 2 are replotted as
specific birefringence, An/[S1], as a function of the applied electric field
strength, E. The solid line is the best fit to Eq. 1 (see text). The permanent
electric dipole moment, g, is 2835 D at 3 mM ionic strength.
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FIGURE 4 Jonic strength dependence of pp. The permanent electric
dipole moments of Sl{elc, ric) (O) and Sl(elc) (@) were determined for
solutions of different ionic strengths from the dependence of the measured
specific birefringence on the applied electric field (see Fig. 3 for an
example). The up value for Sl{elc, ric) at the lowest ionic strength was
determined by using data from an earlier investigation (Highsmith and
Eden, 1986).

reduced dipole moment would reduce the Kerr constant,
which is consistent with the data.

S$1 segmental flexibility

If a molecular structure includes segments that are displaced
by Brownian motion, a short-duration, weak electric field
pulse can selectively align those flexibly attached segmental
domains. For example, the S1 portions of heavy meromy-
osin can be selectively aligned by a 0.40 us, 3000 V/cm
pulse, and their decay resolved from that of the subfragment
2 portion of the molecule, which requires a much longer
pulse to produce a significant signal (Highsmith and Eden,
1985). It is not always possible to resolve the segmental
decay times. When the rate of motion of the segment is
close to the rate of rotation for the whole molecule, the
segmental motion and rotation motion are coupled and the
decay times are convoluted. However, the relative contri-
bution from the faster segmental motion to the observed
signal can be enhanced by using a shorter pulse. It is also
possible to observe a shorter relaxation time after a short
pulse if the dipole axis and the long principal hydrodynamic
axis of rotation are not coincident and if the birefringence is
not symmetrical about the long axis. In this case, the rise
and decay kinetics can include contributions from rigid
body rotation about the shorter axis (Wegener et al., 1979).
However, there are many reports indicating that S1 is seg-
mentally mobile (see the Introduction), and it seems likely
that the faster decay times observed after short pulses are
due to segmental motion, for both S1 and heavy meromy-
osin (Highsmith and Eden, 1985, 1986).

For Sl1(elc, rlc), when a 2850 V/em pulse was shortened
from 10 to 0.40 us, the single exponential decay decreased
from 465 ns to 414 ns, and for Sl(elc) the decrease was
from 316 ns to 250 ns (Table 1). In an earlier experiment, a
decrease in 7 from 320 to 252 ns was observed for S1(elc)
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when the duration of an applied field was decreased from 7
to 0.4 us (Highsmith and Eden, 1990). The decay times for
segment motion cannot be resolved, but these results indi-
cate that both St(elc) and S1(elc, ric) have flexibly attached
segmental domains.

Structural distortion by electric
field-dipole interaction

When the strength of the short-duration electric field pulse
applied to S1(elc) is increased above a certain level, further
increases in the electric field-free decay rate are observed
(Highsmith and Eden, 1986). This field strength dependence
of the decay time suggests that, at early stages of the
alignment of the components of the total electric dipole
moment with a strong enough field, the S1(elc) structure is
transiently distorted by the interaction energy of the field
and the dipole. When the field is removed, the distorted S1
then “springs back” to its undistorted structure. This recov-
ery from the distortion introduces a deterministic compo-
nent into the birefringence decay that presumably is not
available by thermally driven fluctuations. The additional
relaxation mode increases the rate of birefringence decay
and decreases the observed decay time.

A decrease in the average decay time is observed for
Si(elc) after a 0.40 us E > 3700 V/cm pulse, but not for
S1(el, rlc) after 0.40 us pulses as high as 8100 V/em (Fig.
5). Because pp is larger for Sl(elc, rlc), the interaction
energy and distorting force are larger for it than for S1(elc)
in an equivalent electric field. It appears that adding the
regulatory light chain to Sl(elc) stiffens the S1 structure.

500
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FIGURE 5 Electric field strength dependence of the Sl(elc, rlc) and
Sl1(elc) field-free rotational decay times after a short pulse. Solutions of S1
at 3.7°C in 5.0 mM MOPS, 0.10 mM Mg(OAc),, 0.010 mM EDTA (pH
7.05) were exposed to 0.40 us-long applied voltage pulses, and the decay
time of the birefringence signal was determined with the program DIS-
CRETE (see text). For Sl(elc) (@) the decay time decreases with increas-
ing voltage above 800 V. This reflects the introduction of a deterministic
component to the relaxation by the action of the electric field on the S1
permanent electric dipole moment (see text). For Si(elc, rlc) (O), the decay
time does not decrease as the applied voltage is increased, within experi-
mental uncertainty, suggesting that the presence of the regulatory light
chain stiffens the S1 structure.
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Nucleotide-induced shape changes

It is well established that Si(elc) is converted to a more
compact structure when S1(elc) -+ MgADP - P; or its analog
Si(elc) - MgADP - V; is formed (Aguirre et al., 1989;
Wakabayashi et al., 1992; Highsmith and Eden, 1993; Men-
delson et al., 1996). When only MgADP is bound to S1(elc,
rlc), the decay time measured by TEB is unchanged within
the experimental uncertainty (Highsmith and Eden, 1990).
The addition of orthovanadate to Si(elc, ric) - MgADP to
form Sl(elc, ric) - MgADP  V,; reduces the decay time,
after a 10 us 4630 V/cm pulse, from 468 to 421 ns (Table
2). After a 0.40 us pulse, the decay time is reduced from
420 to 371 ns, by the binding of vanadate. The decay time
after the longer pulse is smaller for the Sl(elc,
rlc) - MgADP - V, complex because it is more compact
than Sl(ele, ric) - MgADP - . The additional reduction in
decay time after the shorter weak pulse indicates that S1(elc,
rlc) - MgADP - V, retains intrinsic segmental flexibility
(Table 2).

Increasing the strength of the short pulse did not decrease
the decay time of Slelc, ric) - MgADP or Sl(elc,
ric) - MgADP - Vi (Fig. 6). The data indicate that Si(elc,
ric), Sl(elc, rlc) - MgADP, and Sl(elc, rlc) - MgADP - Vi
are all too stiff to be distorted by the highest electric field
used (see above and Fig. 5).

DISCUSSION

The presence of the regulatory light chain increases the
hydrodynamic size of S1 (Table 1), as expected from its
location in the atomic structure of the S1 heterotrimer
(Rayment et al., 1993b). Using a prolate ellipsoid as a model
for the structure of S1 in solution, the increase in decay time
(Table 1) is quantitatively consistent with the 16% increase
in the length of Si estimated from the sizes of the S1(elc)
and the regulatory light chain in the atomic structure. This
quantitative consistency between the dynamic TEB results
and the known static structural properties of S1 supports the
validity of the TEB technique for investigating S1 structure.

The presence of the regulatory light chain in S1(elc, rlc)
increases the permanent electric dipole moment by 30—
300%, depending on the ionic strength (Table 1 and Fig. 4).
This result suggests that the permanent electric dipole mo-
ment of the regulatory light chain is aligned head-to-tail
with that of S1(elc). The exceptionally long stretch of a-he-

TABLE 2 Decay times, 7, for S1{elc,ric) and
S1(elc,ric) - MgADP - V, after long and short electric field
pulses

Pulse length, us -V, +V,
10 468 = 4 421 *3
0.40 420+ 6 371 £5

Data are for 2-3 uM St at 3.7°C in 5.0 mM MOPS, 0.10 mM Mg(OAc),,
0.010 mM EDTA (pH 7.05). A 1250 V pulse was applied to the sample in
a 0.27 cm gap cell.
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FIGURE 6 Electric field strength dependence of the Sl(elc,
rlc) - MgADP and Sl1(elc, rlc) - MgADP - V; field-free decay times after a
short pulse. Solutions of Slelc, rlc) - MgADP (O) and Sl(elc,
rlc) - MgADP - V; (<) at 3.7°C in 5.0 mM MOPS, 0.10 mM Mg(OAc),,
0.010 mM EDTA (pH 7.05) were exposed to 0.40 us applied voltage
pulses, and the decay time of the birefringence signal was determined with
the program DISCRETE. Neither complex had a faster decay time for
stronger electric field pulses, indicating that, as was the case for Sl(elc,
ric), neither Slelc, ric) - MgADP - V, nor Si(elc, ric) - MgADP is dis-
torted by the action of the electric field on its electric dipole moment. At
all field strengths, the rotational decay time for Sl(elc, ric) - MgADP - V;
is smaller than for S1(elc, ric) or Sl(elc, ric) - MgADP, indicating that the
vanadate complex is a more compact structure.

lix that provided the binding site for both light chains
(Rayment et al., 1993b) may contribute a substantial portion
of the increase in up for Sl(elc, rlc).

Increased ionic strength decreases both up (Fig. 4) for
both Sl(elc, rlc) and Sl(elc). These changes in pp are
consistent with higher ionic strength reducing electric
charge on the surface and/or changing S1 structure. The
steady-state value of the birefringence also decreases with
increasing ionic strength (data not shown), which is also
consistent with both possibilities. Changes in the values of
Ang . might have revealed a structural change, but unfor-
tunately as the dipole changes magnitude, it may also
change orientation relative to the molecular axis. However,
the rotational decay time for S1(ele, ric) in the absence of
the electric field is ionic strength independent, indicating
that the hydrodynamic size of S1 does not change. More
subtle shape changes might not be detected, but this result
suggests that S1 shape changes are not occurring and favors
reduced surface charge as the cause of the reduced pp,
presumably due to ion binding. Which ions might be bind-
ing to S1 cannot be determined from the data. However, this
putative ion binding to change the electric dipole moment is
consistent with reports that anions bind to S1 to change its
net electric charge (Bartels et al., 1993).

The largest dipole moments, observed at the lowest ionic
strengths, do not persist at the ionic strengths expected in
vivo (Fig. 4). Nonetheless, by extrapolation, an estimate of
p for Si(elc, rlc) in 200 mM ionic strength is still ~1000
D (Fig. 4). Interactions of this large electric dipole moment
with electrical charges on the surface of actin in fibers may
contribute to positioning the cross-bridge, or to fiber stiff-
ness, in the absence of van der Waals or hydrogen bond
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contributions to binding (Banos et al., 1996; Brenner et al.,
1996).

The stochastic segmental motion, observed earlier for
Sl(elc) (Highsmith and Eden, 1986), is retained in the
Slelc, rlc) and Sl(ele, rlc) - MgADP cases (Tables 1 and
2). These results suggest that segmental flexibility is an
intrinsic structural characteristic of isolated S1 and that it is
probably a property of S1 as part of the myosin cross-
bridge. The ability to distort the structure of S1 by the
application of an increasingly strong short electric field
pulse, as observed for Sl(elc), is lost when the regulatory
light chain is present (Fig. 5). The interaction energies, U; =
E + pp, are larger for S1(elc, ric), than for S1(elc), because
Sl(elc, rlc) has a larger pp and was subjected to higher
electric fields. It appears that the deterministic contribution
to the decay times for Sl(elc), which is introduced by
field-induced distortion of the structure (Highsmith and
Eden, 1986), although interesting, is unlikely to be relevant
to the contractile process. The difference in the stiffness of
S1(elc) and Sl(elc, rlc) detected here suggests that caution
should be exercised in applying structural properties mea-
sured for S1(elc) to more complete portions of myosin or to
myosin itself.

The reduced hydrodynamic size observed for Sl(elc)
when it forms a MgADP * V, complex (Highsmith and
Eden, 1990) is also observed with S1(elc, ric) (Table 2). If
Sl(elc, ric) - MgADP - P, is also more compact, as this and
several other reports suggest (Aguirre et al., 1989; High-
smith and Eden, 1990, 1993; Wakabayashi et al., 1992;
Stone et al., 1995), the Sl(elc, ric) - MgADP - V, data sup-
port models of force generation that have involve unbending
of a bent energized cross-bridge as a contributor to the
actin-displacing mechanics (Highsmith and Eden, 1990;
Rayment et al., 1993a). The displacement of the tip of
S1(elc) for the Sl(elc) - MgADP * V; to Sl(elc) - MgADP
transition, assuming that it bends at its center, was estimated
to be 5.2 nm (Highsmith and Eden, 1990). Using the same
approach for S1(elc, ric), the displacement is 6.0 nm, which
is the distance that actin would be moved by the conforma-
tional change associated with V; (and perhaps P;) dissocia-
tion, if it occurred while S1 was bound to actin.

It is interesting that the stochastic flexibility is retained
when V; is bound to produce the smaller Sl(elc,
rlc) - MgADP - V; (Table 2). The internal motions of S1
backbone and side chains, monitored by proton NMR lin-
ewidth, also persist when S1 - MgADP - P, forms, and are
only frozen out by actin binding (Highsmith et al., 1979).
Again assuming that S1 - MgADP *V, is an analog of
S1 - MgADP : P;, binding of an internally mobile and seg-
mentally flexible intermediate to actin first is consistent
with models of force production that involve a disorder-to-
order transition (Hambly et al., 1991; Raucher and Fajer,
1994; Thomas et al., 1995).
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