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Interactions between the two myosin heads were studied in skinned rabbit slow-twitch
muscle fibers activated in thepresence of vanadate (V|), a phosphate analog. The strong
complex between V,, MgADP, and myosin trapped the myosin in an inactivated myosin •
MgADP-V, state. Electron paramagnetic resonance spectroscopy was used to quantitate the
fraction of myosin heads trapped in the presence of a spin labeled analog of ATP (SLATP).
Force was found to depend directly on the fraction of untrapped heads. At high [V,] (low
force), most untrapped heads would have a trapped partner. The equivalence of force with
the proportion of untrapped heads shows that the isometric force produced by a single
untrapped myosin head on a molecule with a trapped partner is equivalent to that produced
by either head of a myosin molecule with neither head trapped. The actin-activated
MgATPase activities of one-headed and two-headed skeletal myosin species were inhibited
similarly by V,, suggesting that trapping one head did not preclude trapping its partner.
These data indicate that the two skeletal muscle myosin heads can function without
interacting during maximal Ca2+-activated force generation.

Key words: electron paramagnetic resonance spectroscopy, muscle, myosin, nucleotide
analog, vanadate.

The myosin molecule is comprised of a coiled-coil tail from
which protrude two globular heads (1). In spite of consider-
able effort in several laboratories, the reason why verte-
brate skeletal muscle myosin has two heads and whether
the heads interact during contraction remain unclear {2-6).
Cooperativity has been observed between the heads of
myosin from animals which use thick filament Ca2+-regu-
lation (7), and both heads are necessary for phosphoryla-
tion-dependent regulation of smooth muscle myosin (8).
However, a number of observations have proven that
cooperative interactions between the two heads of verte-
brate skeletal muscle myosin are not necessary for it to
retain enzymatic and mechanical functions. For example,
single-headed myosin and single myosin heads (myosin
subfragment 1) can hydrolyze MgATP {9-11), move actin
filaments {12, 13), and generate force {14-16).

Although most observations have suggested that cooper-
ative interactions are not necessary for force generation,
some results have suggested that such interactions between
the heads of mammalian skeletal muscle myosin can occur.

1 This work was supported by USPHS grant AR42895, by a Neuro-
muscular Disease Research Fellowship to GJW from the Muscular
Dystrophy Association of America, and by a grant-in-aid from the
Muscular Dystrophy Association to RC.
2 To whom correspondence should be addressed at the present
address: Cooperative Research Centre for Cardiac Technology, Block
4, Level 3, Royal North Shore Hospital, St Leonards, NSW 2065,
Australia. Phone: +61-2-9926 6123, Fax: +61-2-9901 4097, E-
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Therefore, this aspect of contraction remains controversial.
It is important to use muscle fibers to try to characterize
these possible interactions because the myofilament arrays
are still intact. In a study using this preparation, it has been
suggested that the myosin heads in skinned mammalian
skeletal muscle fibers cannot function independently and
that blocking the function of one head of a myosin molecule
totally inhibits force production by the other head (5).
From protein studies, it has also been found that the
presence of nucleotides or divalent cations can modify the
two heads of a single myosin molecule differently, suggest-
ing that the binding of nucleotide, Ca2+, or Mg2+ to one head
modifies the properties of the other head {4, 17).

Therefore, the possibility exists that subtle interactions
might occur which modulate myosin function in intact
myofilament arrays. A number of possible relationships
could exist between the myosin heads. One possibility for
interaction could arise if only one head of the pair could
generate force at a time. This could happen if for example
there were steric constraints placed upon the second head
from interacting with the thin filament at the same time as
its partner. For this case trapping of one head in a non-force
generating state would inhibit force by less than 50%, since
the remaining head could take up the slack by cycling more
rapidly. Other possible relationships between the heads
could include cooperative enhancement or inhibition of
function to varying degrees, or independent functioning by
the two heads with no interactions. Solving the nature of
these interactions will have implications for the indepen-
dent cross-bridge model of force generation {18).

Vol. 122, No. 3, 1997 563

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


564 G.J. Wilson et al.

To investigate possible myosin head interactions, we
have used vanadate (Vi), an analog of inorganic phosphate
(Pi), to specifically inhibit myosin head function in skinned
rabbit skeletal muscle fibers. Myosin heads are trapped by
V| in the myosin•MgADP-Vi state, analogous to the
myosin-MgADP-Pi state (8, 19-21), which cannot hydrol-
yze MgATP or produce force (19, 22-26). Trapping is
stable in myosin in the absence of actin, or in the relaxed
state in muscle fibers, with a long half-life (19, 23, 27). It
is highly specific for the nucleotide hydrolysis site on
myosin and is completely reversible (21, 23, 26), unlike
covalent modifiers which can label several sites (5, 28).

The Ca2+-activated trapping reaction was followed by
monitoring isometric force generation in the fibers. It was
then important to correlate the proportion of trapped heads
with fiber mechanical properties after they had been
trapped at various Vi concentrations. For this reason a spin
labeled analog of ATP (SLATP) was used so that myosin
heads were trapped in myosin -MgSLADP'Vi complexes
which could then be quantitated by electron paramagnetic
resonance (EPR) spectroscopy of the fibers (22, 24, 27).

We have found that force production was diminished
when fast-twitch fibers were treated with Vi, and that the
decline in force was consistent with a simple binding
isotherm (26). This result indicates that the myosin heads
were trapped in a non-cooperative manner. Therefore, at
very high [V, ] most of the myosin molecules would be in a
form in which both heads are trapped and most of the
remainder would be in the form having one head trapped.
The data show that the isometric force produced by one
myosin head is unchanged when its partner has trapped a
nucleotide and is unable to interact with actin. This indi-
cates that a myosin head does not preclude the function of
its partner during maximally Ca2+-activated isometric
contractions.

MATERIALS AND METHODS

Fiber Mechanics—Muscle fibers were obtained from
rabbit soleus (slow-twitch) muscles, and glycerinated to
remove the sarcolemma. Fiber force generation was
measured as previously described (26, 29) using a sensitive
solid state force transducer coupled to a PC (IBM). Initial
sarcomere lengths were determined by He-Ne laser diffrac-
tion to be between 2.4 and 2.6 ^m (26, 30).

MgATPase Activity—The MgATPase activities of actin-
activated heavy meromyosin (a two-headed species), myo-
sin SI (a one-headed species) and myosin (a two-headed
species) were determined at 23°C in the presence of V,
using the modified Malachite Green assay for P, generation
over time (11) as previously described (26). Previously
described methods were also used to prepare actin (9), myo-
sin (10), heavy meromyosin (31), and myosin SI (31, 32).

Solutions—The solution composition, pH, and ionic
strength for fiber activation were determined from stan-
dard binding constants as previously described (25, 26,
29). The solutions used for relaxing (and activating) fibers
comprised magnesium acetate (MgAc2, 5 mM), ethylene-
glycol - bis - (p - aminoethy 1 ether) - N, N, N', N' - tetraacetic acid
(EGTA, l m M ) , iV-tris(hydroxymethyl)-2-aminoeth-
anesulphonic acid (TES, pH 7.0, 25°C, 100 mM), ATP (4
mM), and K2HPO4 (5mM). Creatine phosphate (20 mM)
and creatine phosphokinase (1 mg/ml) were used to regen-

erate ATP, but were ineffective for regeneration of SLATP
from SLADP. KAc was added to bring the ionic strength to
210 mM. To make activating solutions, calcium ions were
added to the relaxing solution as a stock solution of CaCl2 so
that the final [free Ca2+] of the activating solutions was
^0.03mM(2S, 29).

Vanadate Solutions—Stock solutions of sodium meta-
vanadate (NaV03), or of vanadium oxide (V2O5) of around
100 mM were made as previously described (19, 25, 26).
The stock solutions were raised to pH 10 to reduce poly-
merization and were boiled prior to being used to hydrolyze
polymerized species. When Vi in this stock solution was
added to activating solutions containing high [TES] (100
mM) over the range of experimental [Vi] used in this
study, increases of not more than 0.1 pH unit were ob-
served. Polymerization, indicated by yellow coloration
(29), was not observed. When the [V,] in the experimental
solutions was as high as 15 mM, corrections were made to
the contents of the rigor and ATP solutions to account for
changes in ionic strength and solute concentrations.

Synthesis and Properties of Spin-Labeled ATP—The
electron paramagnetic resonance (EPR) spectra were
derived from the TEMPO spin-labeled (SL) analog of ATP
[3'-deoxy-2'- (2,2,5,5-tetramethyl pyrrolidine-l-oxyl-3-car-
boxylate) adenosine 5'-triphosphate], which was synthe-
sized as previously described (24). The TEMPO moiety
was linked to the ribose ring by an ester bond. A hydrogen
atom replaced the hydroxyl group at the 3' position of the
ribose ring to prevent isomerization of the TEMPO spin
label moiety between the 2' and 3' positions. This SLATP
analog binds specifically at the nucleotide binding site of
myosin (24).

Slow-twitch fibers were used for EPR experiments. We
have found that slow-twitch fibers bind SLATP much
tighter than fast-twitch fibers do, with a K&m of 105 M~' for
slow-twitch fibers, compared with a Kapp of 104 M"1 for
fast-twitch fibers (24). Another reason for using only slow-
twitch fibers is that SLATP is not a good substrate for
creatine kinase. Therefore it cannot be regenerated during
active contraction. Fast-twitch fibers would use the
MgSLATP faster than it could diffuse into the fibers, which
would result in a build-up of rigor cross-bridges in the
center of the fibers. However, since slow-twitch fibers
hydrolyze MgATP (and MgSLATP) more slowly, this is
less likely to happen.

This SLATP analog elicits contractile responses of slow-
twitch fibers which are similar to results obtained using
normal ATP. Therefore the conclusions derived from
experiments using this analog can be extrapolated to the
physiological properties of the fibers under normal condi-
tions. However, fibers were not relaxed until the
[MgSLATP] reached around 400 //M. Therefore at concen-
trations lower than this the fibers were activated. Maxi-
mum Ca2+-activated tension generation at the saturating
concentration of [SLATP] (400//M) is 60±15% (mean±
SE, n — 5) of that attained using normal ATP at the same
temperature, and the velocity of shortening under zero load
and the Ca2+-activated MgATPase activities are around
30±10% (mean±SE, n=5) of the maximum. SLATP has
a Kaiss for binding to the active site during maximal
Ca2+-activation of around 17 //M in slow-twitch fibers.

Determination of Fiber Myosin and MgSLADP • Vt

Contents—The fiber bundles were removed from the flow
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cell for determination of myosin content and V, -trapped
MgSLADP content. After washing extensively in a relaxing
solution containing MgATP (4 mM), the fibers were
sonicated in 50^1 of either guanidine-HCl (6 M) and
MgATP (1 mM), or in KC1 (0.6 M), MgATP (1 mM), and
urea (6 M), to denature the heads and thereby liberate all of
the trapped SLADP. The amount of SLADP released was
determined by EPR spectroscopy. This was compared with
the amount of myosin present in the bundles, determined
using Coomassie Brilliant Blue G. It was assumed that
myosin comprised 45% of the total protein content of the
fibers (14). The number of trapped heads was then compar-
ed with the EPR spectra obtained for the same sonicated
fiber bundles after activation in the presence of Vi. These
values were then compared with the level of force decline
for fibers on the tensiometer maximally Ca2+-activated in
the presence of MgSLATP at the same [V,].

Recording Electron Paramagnetic Resonance (EPR)
Spectra—The techniques used to collect EPR spectra were
similar to those described previously (24, 33). First
derivative X-band microwave absorption spectra were
recorded using an ER/200D EPR spectrometer (IBM
Instruments, CT, USA). The following instrument settings
were used: microwave power 27 mW; modulation 0.2
millitesla at 100 kHz. Fiber experiments were performed
using a flow cell in a TEU0 cavity. The cell comprised a
narrow (0.7 mm internal diameter) capillary in which the
fibers (~50) were isometrically suspended using surgical
silk (Deknatel No. 10). The capillary was aligned parallel
with the static magnetic field (Ho) and solutions could be
passed into and out of this capillary through the top of the
cell. The EPR spectrometer was interfaced to a PC (IBM)
with an analog/digital board. Spectra were collected at 22-
24°C and averaged on the PC (IBM) using software written
in PC/FORTH (Version 3.2, Laboratory Microsystems,
CA, USA).

The fraction of active myosin heads was calculated from
EPR spectra (see Figs. 3 and 4). The fraction of active heads
(1 minus the proportion of disordered heads) was the
difference between the total number of labeled heads
(calculated from peaks 2 and 3, Fig. 3) and the proportion
of disordered (trapped) heads (calculated from peak 3, Fig.
3). Any peak height of the down-field peak (peak 3)
representing trapped heads in the EPR spectrum of this
spin probe represents twice the number of spin labels as an
equivalent peak height of the more up-field peak (peak 2)
representing ordered heads (24).

RESULTS

Effects of Vanadate upon Maximally Ca2+-Activated
Force—V, inhibited the ability of skinned rabbit slow-
twitch muscle fibers to generate force in the presence of
both MgATP and MgSLATP. Figure 1 shows a typical trace
obtained for a fiber activated in the presence of MgSLATP.
The fiber was first immersed in a rigor solution. When
SLATP (200//M) was added to the fiber well, force was
initially generated rapidly. At this [SLATP] the fibers did
not relax (see "MATERIALS AND METHODS"). Force-veloc-
ity data were collected under these circumstances, showing
that the fiber could contract with a maximum contraction
velocity of 30±10% (mean±SE, ra=12) of that found for
MgATP. This suggests that the fiber was generating active

force rather than generating rigor force. When Ca2+ ions
were added, no substantial increase in force generation was
detected other than the slow increase observed prior to the
addition of Ca2+. Similar forces were obtained when V, was
added at low concentrations (2//M), indicating that this
concentration was too low to appreciably inhibit force.
However, when V! was added at a high concentration (16
mM), force declined rapidly as the myosin heads in the
fibers were trapped by V,, reaching a steady state in this
case at around 28% of maximal force. The time to half force
inhibition (tU2) was 5 s, as was found for fast-twitch fibers
activated in the presence of MgATP and trapped at high
[V|] (26). We also found that the tU2 for force inhibition in
slow-twitch fibers activated in the presence of MgATP was
around 5 s at the [V(] where force was reduced to less than
30%. Thus the kinetics of Vi binding to the myosin heads
also suggested that the fiber myosin heads were cycling
actively in the presence of MgSLATP.

EPR experiments were performed on bundles of fibers
that were secured inside a capillary and perfused rapidly by
a solution flowing through the capillary, with a flow rate of
approximately 2 cm/s. In contrast, the forces shown in Fig.
1 were produced by a single fiber activated in the well of the
tensiometer. The rapid flow in the capillary was thought to
force the solution through the bundles, producing perfusion
that was similar to that observed for the single fibers. To
test this hypothesis we measured the force and the
MgATPase rate for bundles of fibers in the capillary. Fiber
bundles were mounted as for the EPR experiments and
perfused with a solution as described in Fig. 1. One end of
the capillary was open and the thread securing the fiber
bundles was connected to a glass rod that was fixed to a solid
state force transducer, allowing the tension of the bundle to
be measured. In the presence of 200 fiM MgATP the
bundles generated a large Ca2+-activated tension, 300±75
kN/m2 (mean±SE, «=5). The Ca2+-activated tension

Fig. 1. Trace showing a typical protocol for Ca2+-activating
skinned rabbit slow-twitch muscle fibers in the presence of
MgSLATP and then trapping myosin heads with V, and
MgSLADP. The fiber was first kept in a rigor solution (R,) with the
length adjusted so that the fiber was just taut. It was then activated by
the addition of MgSLATP (200 /iM) in the absence of Ca2+ (A). To
ensure that the fiber was fully activated, Ca2+ ions ([Ca2+]s0.03
mM) were then added (C). V| was then added at two concentrations
(Vi), first at 2 //M and then at 16 mM, until steady state force was
reached. The temperature was 25'C. The ticks on the horizontal axis
represent 1 min each and those on the vertical axis represent 200 kN/
m2 of force.
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generated in the presence of 200//M MgSLATP was
approximately 140±45kN/m2 (mean±SE, n=5), i.e.,
close to 50% of that generated in the presence of MgATP.
The force rose to a maximum in 30 s, which is only a little
slower than for a single fiber, and addition of 16 M V,
decreased the force to 10% of the control level in 20 s.
These rates of force change are only a little slower than for
a single fiber, showing that perfusion of the fibers in the
EPR cell is rapid. The hydrolysis rate of the MgSLATP by
bundles of soleus fibers was measured by collecting the
solution that had passed through the capillary and deter-
mining the concentration of P,. The hydrolysis rate was
found to be 0.2±0.05 s"1 per myosin head (mean±SE, n =
5) at 20°C, which was close to the value of 0.3 ±0.05 s~' per
myosin head (mean ± SE, n = 5) at 20°C measured for single
fibers in solution in the presence of MgSLATP, where
perfusion was less of a problem. Together these results
suggest that the myosin heads were cycling in the fibers in
the EPR cell in a fashion that was similar to those in single
fibers for which the mechanics were measured. Although
some rigor core in the fibers in the EPR cell cannot be
excluded, the results suggest that most of the heads are
actively cycling. The problem of the rigor core will be
diminished at higher concentrations of V, where the hydro-
lysis rate of the fibers is also diminished, as outlined in the
"DISCUSSION." These results also suggest that the fibers
were able to maintain large forces for extended periods,
without loss of Ca2+-activated MgATPase activity. This
suggests that the fibers were in good condition throughout
these experiments.

Force generation was inhibited by V, in a concentration-
dependent manner, as was found previously for fast-twitch
fibers (23, 25, 26). Figure 2 shows that there were differ-
ences in the effects of V, upon isometric force generation in
slow-twitch fibers activated in the presence of either
MgATP or MgSLATP.

- 6 - 5 - 4 - 3 - 2 - t

Fig. 2. Relative maximally Ca2+-activated isometric force vs.
logioLV,] for slow-twitch skinned rabbit skeletal muscle fibers
in the presence of P, (5 mM) and either MgATP (•, 4 mM) or
MgSLATP (O, 200 ^M). Relative force was determined at 25"C by
comparing the force obtained during Ca2+-activation in the presence
of V, to that obtained either before or after this when the fiber was
activated in the absence of V,. The bars represent the standard error
about the mean [3 ̂  n ̂  8 fibers for each data point, and in some cases
each fiber was activated in the presence of more than one [V(] (see
Fig. 1)]. Curves were fitted by linear regression to the points for [V,]
between 3/^M and 1.2 mM for MgATP (^ = 0.96) and between 53
MM and 17 mM for MgSLATP (^ = 0.98).

ATP—The inhibition by Vi of force generation in slow
twitch fibers in the presence of MgATP (4 mM) was
examined using a similar protocol to that shown in Fig. 1 of
Wilson et al. (26). The maximally Ca2+-activated force
generated by slow-twitch fibers in the presence of MgATP
remained fairly high until the [V,] reached about 3 //M. As
the [V|] increased above this level, maximally Ca2+-
activated isometric force declined fairly linearly in propor-
tion to the log10[V,]. A line of best fit was therefore
calculated from values obtained between [V,] of 3 jxM and
1.2 mM. At around 1.2 mM V,, the decline in force began to
level out and at 3 mM Vi, the force had declined to around
10%.

Spin-Labeled ATP—In the presence of MgSLATP the
curve fitted to the force decline as [V,] increased was
similar in shape to that obtained using MgATP. Thus the
range of [V,] required to titrate the force from its maximal
level to zero was the same for MgATP and MgSLATP in
slow twitch fibers. However, while the [VJ at which force
generation was reduced to half was 90 /JM using MgATP, it
was around 1.1 mM for MgSLATP. Thus the fibers were
approximately 12 times less sensitive to Vi when activated
in the presence of MgSLATP, and the curve was shifted
significantly to the right. The linear regression curves were
significantly different from each other at the 99% con-
fidence level when individual data points were analyzed.

This difference in inhibitory characteristics reflects
differences in the structure of the SLATP analog. It shows
that the effective binding constant of V, has been altered by
the spin label moiety attached to the ribose ring of ATP (see
"MATERIALS AND METHODS"). Covalent modifications to
the ribose ring have previously been found to affect binding
to the myosin active site, the magnitude of the effect
depending upon the specific modification. However,
although the effects were significant, they were not debili-
tating in this study.

EPR Spectra of Ca2+-Activated Fibers—To determine
the relation between force and the trapping reaction, the
proportion of trapped myosin heads was determined from
the electron paramagnetic resonance (EPR) spectra of
spin-labeled ADP (SLADP) trapped on the heads of slow-
twitch fibers using V,. The experiments were performed
with the fibers isometrically suspended within a flow cell in
the TE,10 cavity of the EPR spectrometer (24, 33). This
allowed solutions containing SLATP, V, at various concen-
trations, Ca2+ and other solutes to be passed around the
fibers under pressure. The turbulent flow generated aided
the perfusion of the fiber bundles. This led to the trapping
of myosin in the myosin -MgSLADP «V| complex during
Ca2+-activation in a [V,]-dependent manner, which was
analogous to the trapping reaction which occurred during
activation using normal MgATP (24-26). Only the down-
field portions of the EPR spectra are shown, since they
illustrated the pertinent data with better resolution than
did spectra recorded using a wider sweep (Figs. 3 and 4).
The large, up-field peaks indicate spin-labeled nucleotide
not bound to myosin (Peak 1). The other two peaks repre-
sent spin-labeled nucleotide which was bound to the myosin
heads.

The experimental protocol was as follows. Bundles of
slow-twitch fibers (~50) were first mounted in the flow cell
and an EPR spectrum was obtained with the fibers Ca2+-
activated in the presence of SLATP and in the absence of
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V|. Most of the bound probes in this situation were ordered
(Fig. 3). We then maximally Ca2+-activated the fibers in the
presence of MgSLATP at various [V|] until the spectra had
reached their steady states at each [VJ.

In the absence of V,, the more up-field of the bound EPR
peaks (Peak 2), representing the ordered spin probe, is the
predominant of the bound peaks, with a small disordered
peak representing about 10% of the probes. The second
peak represents myosin heads that are detached from actin
in the cycle. The fraction of ordered probes is greater than
seen for probes attached to Cys-707 (34). This shows that
the presence of the spin probe alters the myosin cycle, so
that a greater fraction of myosin heads are bound to actin.
The ordered peak diminished when V, was added to the
perfusing solution and continued to diminish as the [V,]
increased. Concomitantly the down-field disordered peak
(Peak 3) became larger. Peak 2 represents the amount of
spin-labeled nucleotide bound to force-producing cross-
bridges and not yet trapped by V,, while peak 3 arises from
labeled nucleotides (SLADP) trapped on the myosin heads
by Vi. The intensities of both of these peaks were measured
to determine the exact ratio of ordered to disordered heads
at different [Vi]. The amplitude of a unit peak height of a
disordered peak (Peak 3) represents twice the number of
spin labels as an equivalent peak height of an ordered peak
(Peak 2) (24).

Stoichiometry of Trapped SLADP—We addressed the
possibility that SLADP was being trapped on only a
fraction of the myosin heads. In particular, this would occur
if the trapping of one head prevented its partner from also
being trapped, or if not all of the heads are simultaneously
recruited during maximal Ca2+-activated force generation.
It was therefore necessary to determine the proportion of
heads trapped at high levels of V,. To measure this, the

fibers were Ca2+-activated in the presence of MgSLATP
and high [VJ. The free SLATP was then washed out of the
fiber bundles using MgATP, leaving only SLADP trapped
by Vi. To confirm this process the reaction was performed
in the flow cell inside the EPR spectrometer, since bound
and free spin labeled nucleotide could be distinguished, as
shown in Fig. 3.

To determine the stoichiometry of V,-trapped SLADP,
bundles of slow-twitch fibers were first Ca2+-activated in
the presence of V, (15 mM) and MgSLATP (200 /xM) and
then relaxed by several washes using relaxing solutions
containing MgATP (4 mM) with negligible free Ca2+.
Superimposed EPR spectra for an activated and washed
fiber bundle are shown in Fig. 4. The up-field peak (Peak 1),
representing free (unbound) SLATP, became markedly
reduced after washing with MgATP. An ordered peak
representing contracting heads (Peak 2) is visible for the
activated fibers since at this [V,] force is not abolished
during activation in the presence of SLATP (see Figs. 1 and
2). This peak disappears upon relaxation with MgATP,
since nucleotide is not trapped on this population of the
myosin heads. The disordered peak representing relaxed,
trapped heads (Peak 3) is not significantly changed in
position or magnitude after relaxation with MgATP, in-
dicating that the myosin-MgSLADP-V, complex is stable
for the duration of both our force and EPR experiments, as
was found for insect flight muscle (27). Similarly treated
single soleus fibers invariably returned to resting force
levels when activated and relaxed repeatedly using this
protocol on the tensiometer.

The fibers were removed from the flow cell and sonicated
for determination of the total amount of myosin trapped in
the myosin • SLADP -V* state. When fiber bundles were
Ca2+-activated in the presence of 15 mM V,, the molar ratio

downfield

bound
(disordered)

Peak 3

0

15 ^ " N ,

bound
(ordered)

Peak 2

upfield

V I
free

Peaki

Fig. 3. Superimposed EPR spectra of spin-labeled nucleotides
on the myosin heads of a bundle of isometrically Ca2+-activated
rabbit slow-twitch fibers in a flow cell at 22-24'C. The numbers
beside the spectra indicate increasing [V,] in mM. Spectra were taken
with a 20 Gauss sweep and a 3,465 Gauss center field. Gain and
modulation were the same in each case. The free peaks represent
MgSLATP in the activating solution not bound to myosin (Peak 1).
The bound and ordered peaks represent spin-labeled nucleotide on
contracting heads which were not yet trapped with V, (Peak 2). The
bound and disordered peaks represent cross-bridges trapped by V, in
the myosin •MgSLADP-Vi state which produces no force (Peak 3).
The broken line represents the baseline from which measurements
were taken.

downfield

bound
(disordered)

Peak 3

bound
(ordered)

Peak 2 Peaki

Fig. 4. Superimposed EPR spectra obtained for the same
bundle of rabbit slow-twitch fibers in the flow-cell shown in
Fig. 3 which were first activated at 22-24'C in the presence of V,
(15 mM) and MgSLATP (200 jxM) until the steady state was
reached, and then relaxed at 22-24'C for 65 min in the presence
of MgATP (4 mm) and the absence of V,. The sweep width was 20
Gauss and the center field was 3,450 Gauss. The gain and modulation
were the same for each spectrum. The broken line represents the
baseline from which measurements were taken.
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of SLADP: myosin heads detected using EPR after fiber
denaturation was 78 ±7% (mean ± range, n=2 bundles) of
the amount of myosin heads in the fibers. This is not
significantly different from the level of force inhibition
obtained at this [VJ using single fibers activated in the
presence of MgSLATP (86 ±4% inhibition, mean±SE, n =
3, Fig. 2). This shows that most or all of the myosin heads
in mammalian skeletal muscle fibers can bind MgSLADP
simultaneously during maximal Ca2+-activation, including
the two heads on the same myosin molecule. If the trapping
of one head precluded trapping of its partner, then less than
50% of the heads would be trapped. Therefore, the propor-
tion of heads with bound MgSLADP (both ordered and
disordered) in the EPR spectra (Figs. 3 and 4) represented
all of the myosin heads in the fibers.

Relation of Force to Proportion of Active Heads—The
proportion of heads trapped in the myosin • MgSLADP • V,
state was plotted against the log10[V,]. Slow-twitch fiber
bundles Ca2+-activated in the presence of MgSLATP in the
flow cell showed that the [V,] for achieving half maximal
trapping of MgSLADP (1.6 mM) is very close to that for
inhibiting force generation in the presence of MgSLATP by
half (1.1 mM) (Fig. 5A). To confirm the relationship
between the inhibition of force and the proportion of
disordered heads, the force was plotted as a function of the
fraction of ordered heads (not trapped; Fig. 5B). When
fitted by linear regression the data yielded a slope of 0:83
(r = 0.97) with the intercept at the origin. This line was not
significantly different from a slope of one. When the data
for force levels below 40% of the maximum were fitted, the
slope increased to 0.85 (r = 0.99). At these high [V,], the
lower force levels would be associated with much lower
MgSLATPase activities, providing more accurate data
(Fig. 6; Ref. 26).

The amount of trapped MgSLADP increased in close
proportion to the decrease in force generation as the [Vi ]
increased, especially at very high [V,], where the effects of

a possible rigor core in the fiber bundles would have been
diminished due to the relatively lower MgSLATPase rates.
This shows that the heads were trapped independently and
that the proportion of force generation is proportional to the
number of free heads. These results support the hypothesis
that the two myosin heads can act independently in force
generation.

MgATPase Activity—The possibility exists that either
positively or negatively cooperative Vi -trapping of the two
myosin heads might occur. One of our major hypotheses is
that the trapping by V, of one head of a myosin molecule
does not influence the trapping of the other. We have shown
that trapping one head does not prevent its partner from
being trapped. However, it was necessary to show that the
heads were not trapped simultaneously, which could occur
if there was total positive cooperativity between the heads
of a myosin molecule, and that there was no negative
influence upon trapping the second head by the trapping of
the first head.

In order to test the hypothesis that there is no cooper-
ativity in the trapping reaction, we studied the trapping by
V, during actin-activated MgATPase assays of single-
headed myosin subfragment-1 (Si), double-headed heavy
meromyosin (HMM) and double-headed myosin from fast
skeletal muscle. If the trapping of the two heads was highly
positively cooperative, then less Vi would be required to
trap HMM or myosin than Si. A lower [Vi] would also be
needed to inhibit the MgATPase activities of double-
headed species if the trapping of one head inhibited the
activity of its partner. We found however that the same
concentration of Vi (1.5 mM) was required to inhibit the
acto-HMM, actomyosin and acto-Sl MgATPase activities
to 50% of maxima (Fig. 6). In fact, the results in Fig. 6 show
that the trapping reaction proceeded in an almost identical
fashion for the three myosin species. Therefore, the func-
tion of one head of the pair does not alter the function of the
remaining head. The curves shown in Fig. 6 are steeper

1 0 0 1 00

Fig. 5. Relationship between force
generation and trapping of MgSLADP
on myosin heads in rabbit slow twitch
fibres. A: Relative proportion of ordered
(active) heads vs. logi0[Vi] for slow-twitch
fibers maximally Ca2+-activated in the
presence of MgSLATP (200 ^M). The
data for the proportion of disordered
heads were obtained from EPR spectra of
fiber bundles activated at 22-24"C in the
presence of V, in the flow cell (see Fig. 3)
as described under "MATERIALS AND
METHODS." The solid line is linear
regression fitted to data points represent-
ing individual measurements to fiber
bundles activated at different [V,]. The
broken line, included for easy comparison,
is the regression line from Fig. 2 fitted to
the data for force decline in slow-twitch
fibers in the presence of MgSLATP and various [V,]. B: Relationship between inhibition of force by Vi and trapping of MgSLADP on myosin
heads by V, (reduction in proportion of ordered heads). Data were obtained by comparing the proportion of disordered heads with force
generation at the same [V,]. At points where force and EPR spectra were measured at the same vanadate concentration the force is simply
measured directly. At points where EPR data were obtained and force was not measured extrapolation was made between different forces using
the solid line in A. The heavy straight line represents a linear fit to the data (r2 = 0.99). The straight broken line represents the relation expected
if force is exactly proportional to the fraction of heads not trapped. The upper and lower broken curves respectively represent the relation
expected if a myosin with one head trapped exerts full or zero force relative to that exerted by myosin with neither head trapped. They were
generated using a second order polynomial.
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Fig. 6. Effects of V, upon relative actin-activated MgATPase
activity for rabbit fast skeletal muscle myosin (20 /ig/ml,
dotted line), myosin SI (18 /ig/ml, long dashes), and heavy
meromyosin (20 /ig/ml, short dashes). Rabbit skeletal muscle
F-actin was used, with G-actin at a 4-fold molar excess as to the
myosin species in each case. The solid line represents the effects of V,
upon relative maximally Ca2+-activated MgATPase activity for
isometrically contracting rabbit fast-twitch fibers at 25°C (Ref. 26).
MgATPase activity was always measured using a Malachite Green
method for the determination of P, production through the hydrolysis
of MgATP at 23°C.

than expected for a simple binding reaction. The reason for
this is not clear, although tighter binding of polymeric
species of vanadate, which may be present at the higher
concentrations of V|, may account for some of the steep-
ness.

There is a difference in the inhibition by V, of the
MgATPase activity of the three myosin species compared
with the inhibition of fiber force generation or MgATPase
activity (Fig. 6; Ref. 26). Vanadate binds to the actin-
myosin'ADP state at the beginning of the power stroke.
The population of this state in isometric fibers is much
higher because the myosin heads in fibers cannot proceed
through the power stroke. In solution, myosin heads in this
state go immediately to the end of their power stroke, so
that the population of heads in the actin • myosin • ADP state
is very small. Because of its shorter lifetime in solution, a
higher [VJ is required to bind to this state (26).

DISCUSSION

Myosin Head-Head Interactions—Whether the myosin
heads cooperate during their functional interaction with
actin has long been a question in the field of contractility.
While a number of results exclude the possibility that
cooperative interactions between myosin heads are neces-
sary for function, they do not eliminate the possibility of
interactions under physiological conditions between the
heads which could play a role in modulating contraction.
Several results have suggested that binding of one head
strongly to actin prevents the second head from binding as
strongly (35). In the rigor interaction this is presumably
due to the conformational strain that would be required for
both heads to make a stereospecific interaction with actin.

Studies using spin-labeled muscle fibers in the presence of
pyrophosphate and AMPPNP have shown that one myosin
head of a pair could be dissociated more easily than the
other and that this did not change fiber stiffness (29, 36,
39). These results suggest the possibility that only one head
of a myosin molecule may form a strong force-producing
bond with actin at any one time. Thus elimination of the
function of one head may allow the other head to work more
efficiently by effectively taking up the slack. This possibil-
ity is also indicated by studies of fibers modified with spin
labels described below.

Some studies have suggested that chemical modification
of one of the heads can have a pronounced effect on the
function of the remaining head. In one such study myosin
heads were modified by cross-linking two reactive sulphy-
dryls, thus eliminating the ability of the myosin head to
interact with actin in skeletal muscle fibers (5). It was
concluded that covalent cross-linking of amino acids on one
myosin head effectively eliminated the ability of the other
head to generate force. Another recent study has suggested
that modification of the SH-1 groups on some myosin heads
in a fiber alters the ATPase activity of the remaining
unmodified heads (37). It is thus possible that the presence
of a modified or inactive head influences the action of its
neighbor. However, such an interpretation could also arise
because the chemical modifications are less specific than
thought. A covalent modifier was used to label the myosin
heads of skinned fibers (5), which does inhibit myosin head
function by affecting the MgATPase properties of the
myosin head (38), but which can produce complex effects in
the contractile proteins, including complex changes to Ca2+-
activation properties (28).

Our studies were also motivated by the need to assess the
effects of attaching spin labels to myosin heads in fibers. An
earlier study found that modification of 50% of the myosin
heads with a spin-label attached to the SHI has very little
effect on fiber tension (39). However, SHI modification is
known to modify the actomyosin interaction in solution (28,
38, 40), raising the possibility that the effect of modifying
one head was masked because the tension generated by the
remaining head was increased. We show below that this
possibility is very unlikely.

Could the Vi-Trapping Reaction be Cooperative?—We
found that the inhibition of force by V, followed the simple
binding isotherm expected for the non-cooperative binding
of a ligand to a protein (26). This result strongly suggests
that the trapping of nucleotides by V| is not a cooperative
process. However, it does not eliminate several possibil-
ities involving strong cooperativity between the heads.
Thus we examined the possibility that trapping of nu-
cleotides by the two heads is highly positively cooperative.
If such positive cooperativity existed, the trapping of a
myosin •MgADP-V, complex on one myosin head would
greatly facilitate the trapping of a similar complex on the
other myosin head. Similarly, if the trapping of one head
prevented its partner from being trapped by Vi but also
eliminated its ability to generate tension, this would also
suggest a degree of functional dependence between the
heads. Both of these possibilities would mean that the
trapping of the two heads was not independent.

If trapping of one head of a myosin molecule either
prevented or caused the trapping of its partner, then less Vi
would be needed to inhibit double-headed myosin species
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with equivalent moles of heads. Our results showed that the
relative actin-activated MgATPase activities of both
single-headed and double-headed myosin species have a
similar dependence upon [V, ] (Fig. 6). This indicates that
the trapping of one head neither prevents nor obliges
trapping of its partner on the same myosin molecule. This
indicates that the trapping of the two heads is not coopera-
tive, and that it is not necessary for the two heads to
function together. This provides further evidence that the
heads do not interact during interaction with the thin
filament.

Cooperative Interactions between the Heads of Myosin in
Active Fibers—Some of the observations discussed above
raise the possibility that myosin heads may interact in
some way during active force generation and shortening.
Our study addresses the possibility of cooperative interac-
tions in two ways. First, we have shown that selective
removal of the actomyosin interaction by trapping a
nucleotide on the cross bridges with V| causes a decrease in
isometric force that is stochiometric with the fraction of
heads trapped. We have also determined that the heads are
trapped independently by Vi (discussed above). Both of
these results suggest that no interactions occur either
between the two heads of the same molecule or between
heads in adjacent molecules. The data are most definitive at
high concentrations of V,.

We assumed that the trapping of nucleotides is a random
process and calculated the proportion of myosin molecules
which will have neither, one or both heads trapped at any
particular [V|]. These possibilities are plotted in Fig. 5B,
along with the data and the linear regression to the data.
Most of the data lie close to the line with a unit slope—that
is, the relation expected for no cooperative interactions.
For instance, at very low levels of force most myosin heads
would be trapped and most of the free myosin heads would
have a partner which is trapped. At a [V|] where 90% of the
myosin heads are trapped and 10% are free to cycle (p =
0.9), one would expect that 81% of the myosin molecules
would have both heads inactive, 18% would have one active
head, and 1% would have two active heads. Thus if both
heads are required for force generation the force expected
would be only 1%, and if one-headed myosin generated the
same force as two-headed myosin the force would be 19%.
Inspection of Fig. 5 shows that both of these possibilities lie
outside the experimental error. The observed force at p =
0.9 is 0.08±0.03 (n=5), which is not significantly different
from the value of 10% expected if trapping one head does
not affect the tension generated by its partner. That is, the
force generated was proportional to the number of un-
trapped heads. The data lie slightly below a direct propor-
tionality between force and the fraction not trapped,
particularly at high forces, although the deviation is not
statistically significant. This could be due to a small fraction
of SLADP'myosin complexes at low [V,], or could reflect a
slight tendency for a trapped head to negatively affect its
neighbor.

One question regarding the interpretation of the above
results concerns whether they apply to actively cycling
bridges or to rigor-SLADP bridges. Several results suggest
that at least a major fraction of the cross-bridges were
actively cycling in both preparations. The rate of tension
decrease upon addition of V| is a measure of the fraction of
active bridges, because addition of V, to rigor-ADP bridges

does not cause a change in tension, nor does it lead to
trapping of the nucleotide with V! (23). The rates were
similar for SLATP and for ATP, suggesting that a large
fraction of the myosin heads were cycling, even in the
absence of a regeneration system. The requirement for a
regeneration system is mitigated by the fact that we used
slow fibers, and that the hydrolysis rate for the SLATP is
only 1/3 that of ATP. The fibers in the EPR cell are both
generating tension, and are hydrolyzing the SLATP simi-
larly to observed for single fibers. These results were all
obtained in the absence of V|. In the presence of a high
concentration of V, there will be potentially many fewer
rigor-SLADP bridges, due to the decline of the hydrolysis
rate in the fibers. It is important that this is exactly where
our data are most meaningful, as discussed above. We
conclude that our results were obtained for fibers that have
a large fraction of active cross-bridges, particularly in the
presence of high V\, however the presence of some rigor-
SLADP cross-bridges cannot be excluded. We also note
that the actomyosin cycle in the presence of SLATP is
different from that in the case of ATP, with a higher
fraction of the myosin heads bound to actin. However the
basic mechanism of force generation appears to be similar
for the two nucleotides, so that if cooperative interactions
played a major role in force generation it would be evident
in both nucleotides.

We have shown that at very low levels of force (down to
1% of maximal) due to inhibition by high [V,], shortening
velocity in fast fibers remains high at temperatures above
22°C (25). Structurally the heads trapped by V, seem to
stay close to the myosin rod, away from the thin filament
(41), and fiber stiffness declines almost in proportion with
force (42). These results account for this lack of internal
drag. Since velocity remains high at these low force levels
where only one head of any myosin molecule is functioning,
a myosin molecule in a fast-twitch fiber under these
conditions with one functional head promotes the same
velocity of fiber shortening as either head of a myosin
molecule with neither head trapped.

CONCLUSION

The results obtained in this paper provide a rather defini-
tive answer to the questions on head-head interactions
discussed above. By eliminating myosin heads via the
trapping of a myosin-MgADP-Vi complex and measuring
the fraction of myosin heads that have been trapped, we
showed that elimination of one myosin head during maxi-
mal Ca2+-activation has no effect on the ability of its
neighboring head to generate isometric tension. Thus the
results suggest that there are no cooperative interactions,
either positive or negative, which modulate the ability of
one myosin head to interact with actin during maximal
Ca2+-activation. Therefore, why does myosin have two
heads? The myosin molecule might have two heads because
it needs two tails (3). In other words, it needs a coiled-coil
tail either for structural integrity of the myosin dimer or of
the thick filaments, or because this is an efficient way to
pack a maximal number of myosin heads into the defined
space within the myofilament lattice (14).
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