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ABSTRACT: The fluorescence properties ofDictyostelium discoideum(Dd) myosin II constructs containing
a single tryptophan residue have revealed detailed information regarding nucleotide binding and hydrolysis
steps. Here we extend these studies to investigate the influence of actin on nucleotide-induced fluorescence
transients. The fluorescence from native actin tryptophan residues is not significantly perturbed on binding
to myosin, although an apparent signal is detected as a consequence of a light scatter artifact. Actin has
a minor effect on the response of W129, located at the entrance to the nucleotide-binding pocket, and
reduces the forward rate constants for the isomerization(s) associated with binding of ATP, ATPγS, and
ADP by 3-fold or less. The isomerization detected by W129 clearly precedes the dissociation of actin in
the case of ADP and ATPγS binding. The fluorescence from the conserved W501 residue, located at the
distal end of the relay helix, is very sensitive to the switch 2 and/or lever arm disposition. Consequently,
the observed fluorescence emission intensity can be used to estimate the equilibrium constant between
the pre- and post-power stroke conformations. Actin modulates this equilibrium by no more than 2-fold
in the presence of nucleoside triphosphate. These data have implications for the mechanism of product
release and suggest that actin activates another process in the mechanism, such as switch 1 movement
and Pi release, rather than influencing the switch 2 equilibrium and lever arm position directly.

Understanding the molecular mechanism of actomyosin-
based motors entails relating structural states with kinetically
determined states. Prior to the availability of high-resolution
structures of the myosin motor domain, tryptophan fluores-
cence was used as an empirical signal for transient kinetic
measurements to define biochemical states (1-4). In light
of the crystal structures, this signal can now be interpreted
in greater detail (5). In particular, by engineering myosin
constructs to contain just one tryptophan, the origin of the
signal can be defined specifically. Such an approach has
enabled the properties of a conserved tryptophan (W501 in
Dictyostelium discoideum(Dd),1 W510 in chicken fast
skeletal myosin), located at the end of the so-called relay
helix, to be partly rationalized in terms of two basic
conformations of the myosin motor (6). These conformations,
termed the open- and closed-states refer to the position of
the switch 2 loop. The switch 2 loop defines the proximal
end of the relay helix, whereas W501 is located on a loop at
the distal end of the helix. In the open conformation, first

defined in an ADP‚BeFx complex with theDd myosin II
(7), the switch 2 loop was several angstroms away from the
putativeγ-Pi position occupied by the BeFx moiety. In the
closed conformation, first defined by the ADP‚AlF4 complex
with Dd myosin II (7), the switch 2 loop moved in toward
the AlF4. This movement results in the rotation of the relay
helix, but steric clashes with residues at the end of an adjacent
â-sheet causes the helix to kink about halfway along its
length at residue F487 (Figure 1). The kink amplifies the
movement of the distal end of the relay helix (5, 8).
Throughout this movement, the converter domain maintains
close contact with the distal end of the relay helix and
therefore it moves accordingly (9). In turn, the converter
domain maintains rigid contact with the C-terminal light
chain binding helix and swings through around a 60° angle,
so that the latter acts as a lever arm to amplify the initial
small movement of switch 2. This mechanism underlies the
basis of the lever arm swing from the postpower stroke (lever
down) to the prepower stroke (lever up) states. The question
remains in the detail as to how actin binding to the myosin
head in the prepower stroke state causes it to return to the
post stroke position, thereby executing relative movement
of the actin and myosin molecules (5, 8).

The conserved tryptophan at the end of the relay helix
(Dd W501) is ideally placed to report these events (Figure
1). If the switch 2 position and lever arm orientation are
tightly coupled via the relay helix, then the fluorescence
emission intensity of W501 can be interpreted in terms of
the two crystal structures alluded to above. Thus nucleotides
that favor the switch 2 open state give a lower fluorescence
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yield than those that favor the closed state (6, 10, 11). During
the turnover of ATP itself, the initial ATP binding step leads
to a low fluorescent form, but the hydrolyzed tightly bound
products complex, which represents the predominant steady-
state intermediate, shows a high fluorescence. This transition
gives rise to the fluorescence enhancement associated with
the hydrolysis step, first noted in the 1970s (3, 12, 13), and
appears to be a property of all myosins with a conserved
relay-loop tryptophan. More recent kinetic analysis indicates
that the fluorescence enhancement is actually associated with
the step immediate prior to hydrolysis (6, 10, 14) and
supports the notion that switch 2 must move first to bring
the catalytic residues close enough to theγ-Pi to allow the
chemical reaction to proceed (5, 7). In particular, non- or
slowly hydrolyzable analogues, such as AMP‚PNP and
ATPγS, give intermediate fluorescence enhancements be-
cause the switch 2 closed state is partially occupied (6, 10).
Temperature- and pressure-jump experiments show that the
W501 side chain rapidly fluctuates between these two
environments on the time scale of 1 ms, with an equilibrium
constant between the open and closed states of the order of
0.5 (6, 14). To date, these two analogues have led only to
crystal structures in the switch 2 open form, but it would
not be surprising if crystals were produced in the closed state.
Indeed, the ADP‚BeFx state has been crystallized in both
forms (15), supporting the finding that they are energetically
similar states. In the case of ATP, the subsequent hydrolysis
step pulls the equilibrium over toward the closed state, but
this reaction also is reversible (16).

There is no indication that ADP induces the closed state.
No relaxations transients were detected in perturbation
experiments (6). Likewise apo myosin is essentially exclu-
sively in the open state. However, in the case ofDd myosin
II, the W501 environment is altered on ADP binding and
gives rise to a rapid 10-20% quench in fluorescence of the
single tryptophan construct (W501+) (10). This change
reflects an earlier transition (step 2) in the scheme. These
findings led to the following scheme for theDd myosin
ATPase, where† represents a 10-20% quench and * a 50-

100% enhancement in W501 emission intensity (the mag-
nitude depends on the band-pass of the detector).

The equilibrium constantK3a can be assessed from the
observed fluorescence signal for any nucleotide bound state,
using the ADP complex as a reference for the 100% (†) open
switch 2 state and the ADP‚AlF4 complex as a reference for
the 100% (*) closed switch 2 state (6, 11, 17). In addition,
the isomerization step 2 has been monitored with a single-
tryptophan construct, W129+, in which the probe is located
at the entrance to the nucleotide-binding pocket. W129
revealed a large (55%) fluorescence quench on either ATP
or ADP addition that allowed the resolution of step 2 into at
least two processes, 2a and 2b, with forward rate constants
of the order of 1000 and 350 s-1, respectively (18).

In principle, the tryptophan fluorescence can be used also
to characterize the equivalent reactions in the presence of
actin. There are, however, a number of practical difficulties.
Actin contains four tryptophan residues per G-subunit that
contribute to background fluorescence, so reducing the
signal-to-noise of the measurement. Furthermore, it is
possible that the actin trypyophan residues are themselves
perturbed on interaction with myosin, giving rise to additional
transient signals. Even if the actin tryptophans are not
significantly perturbed, the association and dissociation steps
are accompanied by large changes in light scatter that can
give rise to artifacts in the fluorescence detection channel.
A final general problem is that actomyosin-nucleotide ternary
complexes are inherently unstable, leading to dissociation
of the actin or the nucleotide. Conditions are required to
stabilize such ternary complexes for a sufficient period to
characterize their fluorescence properties. Here we address
these problems and find that actin has a relatively minor
influence (less than 3-fold) on the forward rate constant of
the isomerization step 2 and the equilibrium constantK3a.

FIGURE 1: (a) The structure of theDd M‚ADP‚Vi complex (50) to show the location of the key subdomains and tryptophan residues. Color
scheme: 25K N terminal domain, green; upper 50K domain, red; lower 50K domain, pink; 20K C-terminal domain, blue. ADP, cyan; Vi,
magenta. tryptophan, yellow. (b) Main chain restricted to switch 1 loop, switch 2 loop and the relay helix (in a slightly different rotation
to (a)) to show the connectivity between switch 2 and W501. The switch 1 and 2 are both closed in this complex and are within bonding
distance of the Vi.
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We also report on a tryptophanless myosin construct (W-)
as a control for contribution from the actin tryptophan
residues and artifacts arising from light scatter.

Our findings have implications for the mechanism of actin
acceleration of product release and the coupling to the return
lever arm swing that constitutes the working stroke. Previous
considerations led to the view that actin binding favored the
switch 2 open state to facilitate phosphate release (5). We
offer an alternative view in which actin has no direct
influence on the position of switch 2 nor the lever arm, but
coupling is achieved indirectly by activation of Pi release
via switch 1 movement (i.e., switch 2 opens in response to
loss of Pi). More recently, structural evidence has been
advanced to suggest that actin binding and subsequent
rotation of the upper 50K domain, to yield the strong binding
state, decouples the switch 2 position from the lever arm
orientation (8). In this scenario, the working stroke occurs
concomitantly with strong actin binding and prior to phos-
phate release. We evaluate this model in the light of our
W501 fluorescence data.

METHODS

Proteins. Ddmyosin motor domains (M761) were pre-
pared as described previously (10, 18). The constructs used
here are W- (W36F, W432F, W501F, and W584F), W501+
(W36F, W432F, and W584F) and W129+ (W36F, F129W,
W432F, W501F, and W584F). Yields were typically 10 mg
per preparation (30 g of cells). F-actin was prepared from
rabbit skeletal muscle by the method of Spudich & Watt
(19).

Fluorescence Measurements.Steady-state fluorescence
measurements were carried out using an SLM 48000
fluorometer equipped with a 200 W Hg-Xe lamp. Stopped-
flow transients were recorded on an Applied Photophysics
SX18MV instrument with either a 150 W Hg-Xe lamp or a
150 W Xe lamp with excitation at 297 or 295 nm,
respectively. Generally, WG335 and UG11 filters were used
in the emission channel. A WG320 filter, as used in our
previous studies (10, 18), was not suitable for measurements
in the presence of actin. Polarized light intensities were
measured using the Applied Photophysics T-adapter with a
Glans-Thomson prism in the excitation path. In this arrange-
ment, the emission filters were placed between the polaroid
filters and the detectors. Light scattering was measured at
90 degrees, either by setting the excitation monochromator
to g330 nm or by removing the emission filter and
illuminating at 297 nm. On limited occasions, light scattering
was measured simultaneously with fluorescence via two
independent photomultipliers housed in a custom-built
holder, based on the same T-geometry as the polarization
attachment. This enabled a direct comparison of the signals
but, because of the 10-fold lower light throughput and
reduced signal-to-noise, this method was not used routinely.
For the data shown here, a 20µL observation cell with a
1.5 ms dead time was used to maximize the measured signal
relative to the scattering background and to avoid mixing
artifacts. Most transients shown are averages of 10 to 15
records. This was necessary in view of the increased
background with actin present and the correspondingly
smaller relative fluorescence changes. The raw signal was
minimally filtered (time constant generally from 200µs to

1 ms and always with a time constant<1/5 of that of the
fastest process to be monitored). Records were usually
captured on a logarithmic timebase with oversampling, such
that processes on both the millisecond and second time scales
could each be fitted with similar weighting. Within individual
figure panels, the high voltage on the photomutiplier was
kept constant and a known offset applied, so that the signals
in the presence of actin remained on scale. In the records
shown, the total signal voltage is plotted after correction for
the offset, so that the magnitudes of the changes in amplitude
can be compared directly in the presence and absence of
actin. Stated concentrations refer to the reaction chamber.
Buffer conditions were 40 mM NaCl, 2 mM MgCl2, 20 mM
HEPES, pH 7.5 at 20°C, unless otherwise stated.

Kinetic Analysis.Data were analyzed by fitting to one or
more exponential functions using Kaleidagraph (Synergy
Software, Pennsylvania). Simulations and numerical fitting
to kinetic schemes were carried out using Berkeley Madonna
software (www.berkeleymadonna.com).

RESULTS

Contribution of Actin Fluorescence to the Signal.A
comparison of the integrated fluorescence emission intensity
of actin and the W501+ construct at equimolar concentra-
tions gave a ratio of about 4:1, in line with their tryptophan
contents. The W129+ construct showed about 56% the
emission intensity of the W501+ construct (18). It is
therefore to be expected that the equimolar actin will
passively reduce the relative change in any signal from a
single tryptophan in a myosin construct by 5-10-fold. The
large nucleotide-induced changes in fluorescence intensity
observed previously with myosin alone (10 to 100%,
depending on the construct, nucleotide and filters used)
should therefore still be detectable, but the relative amplitude
will be reduced to within the range of 1 to 20% of the total
fluorescence plus or minus any actin-mediated changes in
the tryptophan fluorescence.

Controls with the W- Construct.To interpret any fluores-
cence changes observed with W129 and W501, it is
necessary to assess the relative contribution from sources
other than the tryptophan residues within the myosin heads.
Previous studies showed that the W- construct has a
fluorescence emission spectrum characteristic of tyrosine and
that for excitation atg295 nm, the emission intensity at 340
nm was negligible (e10%) compared with that from W501
and W129 (10). This construct therefore provides a suitable
control.

On mixing actin with equimolar W- in the stopped-flow
apparatus, an apparent fluorescence enhancement was ob-
served whose amplitude was 3-4% of the signal (Figure
2a). The enhancement appeared in phase with the ac-
companying increase in light scattering attributed to protein
association and had an apparent second order rate constant
of approximately 1µM-1 s-1. Addition of 1 mM ATP to
the preformed actoW- gave a quantitative reversal of the
apparent enhancement as expected for complete dissociation
of the protein complex. The quenching process, also,
appeared in phase with the corresponding light scattering
transient (Figure 2b).

The apparent fluorescence changes could reflect changes
in actin tryptophan fluorescence and/or a light scattering
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artifact. The scattered light signal from actoW- is about 10
times more intense than the fluorescence signal and decreases
by a factor of 2 on actoW- dissociation. Therefore, a
breakthrough of just 1% stray light from scattering would
be sufficient to give a 5% change in the total signal in the
fluorescence channel, and this would dominate the profiles
recorded in Figure 2. There are three potential light scatter
artifacts that might contribute to a signal in the fluorescence
channel. (1) The 297 nm excitation light may contain stray
light at wavelengths>335 nm, which is transmitted by the
emission filter. (2) The emission filter may transmit a small
but significant amount (around 1%) of 297 nm light. (3) The
scattered 297 nm light may induce fluorescence or phos-
phorescence in the emission filter (20), which is then detected
by the photomultiplier. The first source was ruled out by
including a 297 nm narrow band-pass interference filter
(297FS10-25 Andover Corporation, LOT Oriel Ltd.) in series
with the excitation monochromator. Although the overall

emission signal was reduced, the relative change in the
fluorescence channel was unaffected compared with the
records in Figure 2. The second source was ruled out by
independent measurement of the transmission of the WG335
nm cutoff filter in a Cary 50 spectrophotometer. This
measurement showed the transmittance at 297 nm was
e0.005%, close to the detection limit of the instrument. This
would be sufficient to block 297 nm light itself. However,
the transmission reading increased as the filter was moved
closer to the detector. This suggests there was significant
light emission from the filter. When excited at 297 nm in a
fluorescence spectrophotometer, emission from the WG335
filter was detected across the near UV-visible region, peaking
at 415 nm (Figure 3a). Emission from a WG320 filter was
40 times more intense and peaked at 385 nm. This filter was
therefore avoided. In the case of the stopped-flow apparatus,
the photomultiplier faceplate is within 5 mm of the emission
filter to maximize photon capture and hence this apparatus

FIGURE 2: Stopped flow transients on interaction of tryptophanless
myosin construct (W-) with F-actin. (a) The apparent tryptophan
fluorescence transient (upper trace) and light scattering transient
(lower trace) acquired on mixing 3µM W- construct with 2µM
actin, each fitted to a single exponential with a sloping end-point
to yield rate constants of 2.0 and 1.3 s-1, respectively. The data
were also well fit by a hyperbola as might be expected because the
reactants in the second-order reaction had similar concentrations.
(b) The apparent tryptophan fluorescence transient (upper trace)
and light scattering transient (lower trace) acquired on mixing 1
µM acto-W- with 50 µM ATP, fitted to double exponentials to
yield rate constants of 16 s-1 plus 2.4 s-1 (fluorescence) and 15
s-1 plus 3 s-1 (light scatter). The experiment was conducted at 297
nm Hg-Xe excitation. Control experiments with scattering solutions
suggest that the observed signal in the tryptophan channel has a
significant contribution from emission filter fluorescence induced
by scattered light (see text).

FIGURE 3: (a) Fluorescence emission spectra for WG335 and
WG320 cutoff filters. The filters were excited at 297 nm and
positioned to minimize direct reflection of the excitation light toward
the detector channel. Note the different scales for the two filters.
(b) Fluorescence transients observed upon mixing 2µM actin with
3 µM W- (lower trace), 5µM W501+ (middle trace) and 3µM
W129+ (upper trace). The absolute amplitudes of the observed
transients, 0.016 V (W-), 0.017 V (W501), and 0.025 V (W129)
can be compared directly because the instrument parameters were
the same. Control experiments with scattering solutions suggest that
the observed signals have a significant contribution from emission
filter fluorescence induced by scattered light. The experiment
provides an upper limit on the extent to which W501 and W129
fluorescence is specifically perturbed by actin on forming the rigor
complex. (<5% with respect to a single myosin tryptophan residue).
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is very susceptible to filter fluorescence. Substitution of a
365 nm band-pass interference filter (Omega 365HT25, Glen
Spectra Ltd) in front of the emission detector did not improve
the situation significantly, and the tests described above
indicated that this filter also suffered from fluorescence
emission.

With a glycogen scattering solution in the stopped flow
apparatus, at a concentration that matched the scattering from
a 2 µM actoW- solution, the stray light detected in the
fluorescence channel through the band-pass filter was
comparable to the changes in signal detected in Figure 2.
The use of cross polarizers to block the scattered 297 nm
light from reaching the emission filter was also examined,
and appeared to reduce the artifact, but the overall transmis-
sion of the true fluorescence signal was so low that the
changes of the magnitude in observed in Figure 2 could not
be reliably detected. Overall, we conclude that a scatter
artifact arising from far-UV-induced fluorescence in the
emission filter could account for the signals observed in the
tryptophan channel of Figure 2 and, therefore, that there is
no reason to invoke any change in actin tryptophan fluores-
cence on binding the W- construct. Nevertheless, this signal
is important to characterize, as it will occur in all experiments
involving actomyosin samples described below and will be
coincident with the protein association or dissociation phase
of the reaction.

On mixing either W129+ or W501+ constructs with actin,
similar transients were observed (Figure 3b) to those seen
with W- (Figure 2a). The amplitudes of the signals were
marginally larger for the W129+ construct (by 1.5-fold) and
the W501+ construct (by 1.1-fold) than for W-, which could
indicate that the myosin tryptophans were perturbed. How-
ever, variations in the scattering signal with different
preparations are a more likely cause.

The Effect of Actin on Step 2 (M† Formation). ATP
Binding.Figure 4 compares the effect of mixing the W129+
construct with 1 mM ATP in the presence and absence of
equimolar actin. In the absence of actin, a quench in
tryptophan fluorescence occurred with an observed rate
constant of 295 s-1 and amplitude of 0.1 v. This corresponds
to the slower of the two subcomponents observed previously
(18), because with the larger cell used here most of the faster
subcomponent of 1800 s-1 is lost in the dead-time. The latter
would be expected to have an amplitude of around 0.2 v,
based on previous measurements (18). When 1 mM ATP
was mixed with acto-W129+, the observed fluorescence
quench had a larger amplitude (0.3 v) and slower rate
constant (86 s-1). The latter was similar to the rate constant
for the light scattering signal (100 s-1) that monitors the
dissociation reaction. The observed rate constants were near
saturated with respect to [ATP] under these conditions. It
appears that the process involved in step 2 (or at least step
2b) is slowed so that it now controls the rate of dissociation
of the ternary acto-W129+‚ATP complex. However the
tryptophan fluorescence signal observed in the presence of
actin has a significant contribution (2-4% of the total
fluorescence) from the dissociation process itself (as char-
acterized in the experiments with W- above). Comparison
of the observed (0.3 v) and expected total (0.2 v{2a}+ 0.1
v {2b} + e 0.1 v {dissociation}) amplitude suggests that
step 2b is slowed 3-fold in the presence of actin, while the
fast phase may also contribute (cf. in the absence of actin

where 2a is largely lost in the dead-time). Nevertheless, the
variability of the scattering signal amplitude and its effect
on the fluorescence signal precludes an unambiguous conclu-
sion. Fortunately, more definitive information about the effect
of actin on step 2a and 2b can be obtained with other
nucleotides, as described below.

ADP Binding.Figure 5 compares the effect of mixing the
W129+ construct with ADP in the presence and absence of
equimolar actin. In the absence of actin, the processes
observed are similar to those seen with ATP, as noted
previously (18). ADP induces only limited actin dissociation
(<10% dissociation, as judged by the relatively small
amplitude of light scattering transient), and this occurs on a
much slower time scale (kobs< 0.1 s-1 cf. 100 s-1 for ATP).
Consequently, the more rapid processes induced by nucle-
otide binding per se can be readily resolved. In this case, it
is clear that actin had no significant effect on the amplitude
of the W129 signal and the observed rate constant was
slowed by less than 2-fold. A 10-fold lower nucleotide
concentration was used in this case (100µM ADP cf. 1 mM
ATP in Figure 4) to minimize the contribution from
contaminating ATP. However, similar findings were ob-
served at 1 mM ADP, with only marginal (2-fold) increases
in the observed rate constants. The data clearly demonstrate

FIGURE 4: Stopped-flow transients on mixing W129+ with ATP
in the absence and presence of actin. Single-exponential fits are
shown superimposed. (a) 2µM W129+ was mixed with 1 mM
ATP to yieldkobs) 295 s-1 (amplitude) 0.1 V). (b) 2µM acto129
was mixed with 1 mM ATP. Fluorescence (upper trace) yielded
kobs) 91 s-1 (amplitude) 0.29 V) and light scattering (lower trace),
kobs ) 97 s-1. Excitation was at 295 nm with a Xe lamp. Absolute
amplitudes of tryptophan signals are directly comparable in (a) and
(b).
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that step 2 equivalent, as sensed by W129, does not become
rate-limiting for dissociation.

ATPγS Binding. Figure 6 shows the corresponding experi-
ment with ATPγS. In the absence of actin, the observed
tryptophan fluorescence quench appeared similar to that
observed with ATP, but the rate constants for the steps
equivalent to 2a and 2b were slowed by about 2-3-fold.
Consequently, less of the fast phase was lost within the dead-
time of the stopped-flow apparatus. Nucleotide-induced
actomyosin dissociation is similar in its extent to that
observed with ATP, but occurs on a 50-100-fold slower
time scale, intermediate between that observed for ATP and
that for ADP. Thus, the more rapid processes induced by
nucleotide-binding per se can be resolved from dissociation.
The data shown here at 100µM ATPγS revealed two
subcomponents in approximately equal proportions withkobs

values of around 700 and 105 s-1, together with a slow phase

(0.8 s-1) with a small amplitude (22% of the total). In the
presence of actin, the corresponding rate constants were 380
and 39 s-1, but now the slowest phase (0.76 s-1) had a 6-fold
larger amplitude and was near coincident with the dissocia-
tion reaction (1 s-1). The increase in amplitude of the slowest
phase in fluorescence is accounted for by the contribution
from the dissociation reaction itself (i.e., the light scatter
artifact). The biphasic fast process appear to be directly
related to that observed in our previous studies with ATP
and ADP in the absence of actin (18), because the amplitude
ratio of the two subcomponents titrated with [ATPγS] in a
qualitatively similar manner and no additional faster process
became apparent when the 5µL cell (with a 0.5 ms dead
time) was used. Our previous data were modeled with a two-
step expansion of step 2, together with an additional off-
line binding step (18). The latter gave rise to a small rapid

FIGURE 5: Transients observed on mixing 1µM W129+ or acto-
W129+ with 100 µM ADP. The latter was pretreated with
hexokinase and glucose to remove contaminating ATP (2 mM
glucose plus 2µg hexokinase per 5 mL of 200µM ADP for 5
min). (a) Comparison the light scattering (upper trace) and
fluorescence (lower trace) transients for acto-W129+ on the time
scale of actin dissociation. Single-exponential fits for data points
> 2 s are shown superimposed, withkobs values of 0.06 s-1

(fluorescence) and 0.09 s-1 (light scatter), although these are not
well defined because of the small amplitudes. (b) Comparison of
W129+ and acto-W129+ on mixing with ADP on a faster time
scale. The Y-axes are displaced owing to the extra fluorescence
signal from actin but the scales are directly comparable. Single-
exponential fits are shown superimposed, withkobs values of 168
s-1 (lower trace- actin) and 103 s-1 (upper trace+ actin) and
fitted amplitudes of 0.053 V (- actin) and 0.045 V (+ actin).
Excitation was via 297 nm Hg-Xe lamp with emission monitored
via the dual wavelength attachment.

FIGURE 6: Transients observed on mixing 1µM W129+ or acto-
W129 + with 100 µM ATPγS. (a) Comparison of the light
scattering (upper trace) and fluorescence (lower trace) transients
for acto-W129+ on the time scale of actin dissociation. Single-
exponential fits yielded rate constants of 1.2 s-1 (light scattering)
and 0.7 s-1 (fluorescence). (b) Comparison of tryptophan fluores-
cence on mixing W129+ (lower trace) and acto-W129+ (middle
trace) with 100µM ATPγS on a faster time scale. The Y-axes are
displaced owing to the extra signal from actin but the scales are
directly comparable within this panel. Double exponential fits are
shown superimposed, withkobs values of 723 s-1 (amplitude 0.035
V) and 104 s-1 (amplitude 0.020 V) (- actin), and 377 s-1

(amplitude 0.024 V) and 39 s-1 (amplitude 0.020 V) (+ actin).
The dashed line shows there was no light scattering change on this
time scale (plotted on same scale as light scatter in panel (a)).
Excitation was via 297 nm Hg-Xe lamp. The UG11 was omitted
in this case, thus explaining the small relative signal changes
compared to other experiments.
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transient at all nucleotide concentrations, but this would be
lost in the longer dead-time cell used in the presence of actin.

These data lead to an overall similar conclusion to those
deduced from experiments with ATP and ADP. Namely,
actin has a minor effect on step 2a and step 2b, and the latter
is slowed by no more than 3-fold and the process sensed by
W129 does not limit the rate of dissociation of actin by
ATPγS.

Nucleotide Binding to the acto-W501+ Construct.In the
absence of actin, ATP binding to the W501+ construct
results in a large (50-100%) fluorescence enhancement.
Essentially, this process monitors the effective hydrolysis
step (i.e., overall step 3 in Scheme 1). The more rapid
formation of M†‚ATP is accompanied by 10% quench, but
this is offset by an enhancement owing to formation of a
limited amount of M*‚ATP (K3a ∼ 0.3). The rate of
formation of both states is controlled byk+2 at around 350
s-1, with M†ATP and M*‚ATP remaining in rapid equilib-
rium. Overall, this initial process is almost optically silent
at 20 °C because the signal from M*ATP formation
practically balances that from M†ATP (10, 17). In practice,
a brief lag phase or a small burst in the enhancement phase
may be observed depending on the exact conditions and
preparation. The amplitude of this phase is, however, small
compared with the subsequent slower enhancement associ-
ated with the hydrolysis phase. At low temperatures,K3a is
reduced to<0.1, allowing the transient formation of M†-
ATP to be partially resolved as a small quench in fluores-
cence before the slower rise due to limited hydrolysis (6,
10).

ATP Binding. Figure 7 shows the results of mixing ATP
with the W501+ construct at 20°C. In the presence of actin,
the light scatter signal indicates that dissociation occurs more
rapidly than the W501 enhancement (Figure 7a), although
the processes are not well resolved. The light scatter signal
also has a slow phase, possibly related to dissociation of
bundled filaments (21, 22). Note that the expected light
scatter artifact is now operating in the opposite direction to
the W501 enhancement and thus will reduce the observed
fluorescence amplitude, particularly in the early phase. The
tryptophan signals on mixing the W501+ construct with ATP
in the absence and presence of actin are compared in Figure
7b, which, when fitted to a single exponential, yieldedkobs

values of 36 and 19 s-1, respectively. However, in the
absence of actin the profile fitted better to a double
exponential to yield rate constants of 235 and 20 s-1 (with
an amplitude ratio of 1:1.5). On the other hand, with actin
present, the total amplitude was reduced and only a single
process was observed similar to the slower of the two phases
observed in its absence. The lack of effect on the observed
rate constant of the latter is consistent with actin dissociation
preceding hydrolysis, as in the classical Lymn-Taylor scheme
(23). The observed effects on the fast phase can be reconciled
with the light scatter artifact that occurs on actin dissociation
nullifying the enhancement arising from limited M*ATP
formation. As a more direct test of this explanation, the
experiment was carried out at 2°C where, in the absence of
actin, an initial fluorescence quench is observed (Figure 7c)
owing to the M*ATP state being much less occupied
compared with M†ATP. In the presence of actin, the initial
quench does become more prominent and provides a more
direct indication of a second quenching process with an

additive contribution. Given the relatively large subsequent
enhancement phase, the underlying quenching process(es)
cannot be precisely quantified, but the observed effects are

FIGURE 7: Transients observed on mixing 1µM W501+ or acto-
W501+ with 1 mM ATP at (a, b) 20°C or (c) 2°C. (a) Comparison
of the tryptophan fluorescence signal and light scatter when acto-
W501+ was mixed with 1 mM ATP. The light scatter transient
was fit with a biexponential with rate constants 56 s-1 (amplitude
0.98 V) and 6.6 s-1 (amplitude 0.42 V) while the fluorescence trace
was fit to a single exponential with rate constant 18 s-1. (b)
Comparison of the tryptophan fluorescence transients in the presence
and absence of actin. This was a different preparation to that used
in (a). The transients were fitted to a double exponential in the
absence of actin (lower trace) to yield rate constants of 235 s-1

(amplitude) 0.08 V) and 20 s-1 (amplitude 0.12 V) and to a single
exponential in the presence of actin (upper trace) to yield a rate
constant of 19 s-1 (amplitude 0.11 V). (c) Same experiment as (b)
and with the same instrument settings but conducted at 2°C. Note
the small quench at the start of the reaction in the absence of actin,
as noted previously (10) becomes much more pronounced in the
presence of actin owing to a contribution of the signal from the
actin dissociation reaction and/or shift in myosin conformation to
the open state.
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in line with the expected magnitude of the contribution from
actin dissociation alluded to above.

ADP Binding. Figure 8 shows the corresponding experi-
ment with the W501+ construct and ADP. In the absence
of actin, a 10% quench is observed with kinetics similar to
the process observed from W129. Previous studies have
shown that there is no significant occupancy of the closed
state under these conditions i.e., step 3a is highly unfavorable,
and hence the observed quench has been attributed to step 2
(6, 10). The data presented here demonstrate a similar process
occurs in the presence of actin. The quench is 1.5-fold larger
with actin present and the rate constant reduced by 2, but
this is within experimental variability. The lack of any major
effect is perhaps not surprising given that none was observed
with W129, which is assumed to be monitoring the same
step. However, these data do indicate that W501 responds
to step 2 in a qualitatively similar manner when actin is
bound and that the closed state remains unoccupied. Nucle-
otide-induced dissociation does not contribute to the tran-
sients shown here because it occurs on a much slower time
scale, as with the acto-W129+ construct.

ATPγS Binding.Previous studies with ATPγS showed
neither a significant quench nor enhancement of W501
fluorescence at 20°C and suggested that the major steady-
state species existed in equilibrium between open and closed
states withK3a of the order of 0.3 in the absence of actin
(10, 11). This analogue therefore offers a good opportunity
to measure the effect of actin on the open-to-closed equi-
librium, particularly as the data with the W129+ show that
the dissociation reaction is 2 orders of magnitude slower than
the binding isomerizations. No major effect on this equilib-
rium was apparent with ATP (Figure 6), but this may reflect
the relatively rapid dissociation of actin, such that the open-
to-closed transition could reequilibrate according to its
position in the absence of actin. Consequently, no rigorous
conclusion can be drawn as to the effect of actin on theK3a

other than that A.M*‚ATP does not become a dominant

intermediate. The relatively slow actin dissociation with
ATPγS presents a convenient approach to address this
ambiguity.

Figure 9a shows the scaled fluorescence transients induced
on mixing the W501+ construct with ATP and ATPγS. At
20 °C, ATPγS yields only a small enhancement compared
with that of ATP, in line with earlier studies (10). Compari-
son of the ATPγS record with simulated data (17) indicates
that K3a is between 0.2 and 0.3 and that the hydrolysis
reaction (step 3b) is slow and reversible such that it does
not “pull” the step 3a equilibrium over toward the enhanced
M* ‚ADP‚Pi state to any great extent. In the presence of actin,
the fluorescence transient shows an overall small reduction
in intensity on this time scale. At 2°C, ATPγS shows a
clear quench in W501 fluorescence, the magnitude of which
is similar to that observed with ADP (10), which indicates
that the 3a equilibrium lies strongly toward the open state
(K3a < 0.05). A similar profile was observed in the presence
of actin at 2°C. The latter is an important result as it supports
the conclusion that at 20°C, where an intermediate fluo-
rescence signal is observed, theK3a equilibrium is poised
between the two extremes both in the presence and absence
of actin.

The effect of actin can be quantified by assuming that the
ATP induces a predominantly (80%) closed state, while
ATPγS at 2°C is in a near fully open state. Comparison
with simulated data suggest that actin has approximately a
2-fold effect on the equilibrium constant of step 3a at 20°C
(17). However, it is important to determine that this conclu-
sion is not significantly affected by the values assigned to
other rate constants in the scheme. This was done by
numerical fitting of the fluorescence profiles to the mecha-
nism shown in eq 2, but with an expanded step 2. The
relatively slow initial quench in fluorescence could be
modeled if W501 fluorescence was sensitive to step 2b only,
leaving step 2a fast but undefined. Figure 9b shows the same
records for ATPγS at 20°C as in the middle traces of Figure
9a but on an expanded and absolute voltage scale. To
constrain the fitting to the W501+ data, the values for steps
2a and 2b were initially set according to those reported by
the W129+ construct, but allowing them to float did not
alter the overall conclusion. Floatingk2b for the fit in the
presence of actin yielded 30 s-1. k2a was not uniquely defined
as the transition was optically silent with respect to W501,
but its value was. k2b in all solutions. The rate constant
k-3a was fixed at 1000 s-1 to ensure that step 3a remained
in equilibrium relative to step 2b.k3a was floated and the
fitted value used to defineK3a () k3a/1000). The hydrolysis
stepsk3b and k-3b were also floated, while the subsequent
product isomerization step was initially set at 0.5 s-1

(although over the time scale shown in Figure 9b it does
not contribute significantly). In the absence of actin, fitting
yielded a value ofK3a ) 0.26 and values ofk3b ) 4 s-1 and
k-3b ) 5 s-1. The latter rate constants account for the slight
rise in fluorescence over the time scale of Figure 9b, with
kobs ) 9 s-1, and suggest that hydrolysis of ATPγS is not a
rate-limiting step per se (kcat ) 0.05 s-1) (10). In the presence
of actin, the fit required a decrease inK3a to 0.15 and an
apparent increase ink3b to 12 s-1 and k-3b to 15 s-1.
However, the latter is probably due to the influence of the
subsequent dissociation reaction (Figure 9c), which reverses
the direction of the profile and hence results in an apparent

FIGURE 8: Transients observed on mixing 1µM W501+ or acto-
501+ with 100µM ADP. The latter was pretreated with hexokinase
as in Figure 5. The Y-axes are displaced owing to the extra signal
from actin but the scales are directly comparable. Single-exponential
fits are shown superimposed, withkobs values of 189 s-1 (- actin)
and 90 s-1 (+ actin) and fitted amplitudes of 0.0165 V (- actin)
and 0.0247 V (+ actin). Only data points beyond 2 ms are fitted.
Light scattering is not shown but was similar to that in the
corresponding W129+ experiment (Figure 5) as was the instru-
mentation used.
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increase in the rate constant of the enhancement phase. Note
that the light scatter trace in Figure 9c shows that actin
remains largely bound over the early phase of the reaction
used to defineK3a (<0.1 s), but because of its influence on
the fluorescence profile, it does affect the presumed hy-
drolysis phase (0.1-1 s) even though the half time of the
dissociation reaction is an order of magnitude longer still.
The reactions were therefore fitted over the entire 10 s time
course with an additional fluorescence change included to
model that arising from the dissociation reaction (which fitted
to a rate constant of 1.5 s-1). As a result of this correction,
the values fork3b andk-3b in the presence of actin became
3 and 4 s-1, respectively, similar to their values in the absence
of actin, whileK3a remained unchanged at 0.15. Although
the best-fit rate constants depended on the precise values
assigned to the fluorescence of each species and uncertainties
in the initial offset of the records, by exploring a range of
conditions, it was clear that the change in profiles observed
in Figure 9b in the presence of actin could be fit by a 1.5-
2-fold change in the value ofK3a and that this was a robust
and necessary feature of the modeling.

In the above analysis, we assumed that the rising phase
in fluorescence in Figure 9b corresponds to hydrolysis (kobs

) 8 s-1) and therefore this step is not rate-limiting for the
overall turnover of ATPγS (kcat ) 0.05 s-1) (10). The
unfavorable equilibria of theK3a and K3b steps result in a
limited thiophosphate burst (0.15 mol/mol M) that would
be difficult to detect. The possibility of a rapid but unfavor-
able hydrolysis equilibrium was raised in the first study that
characterized ATPγS kinetics with skeletal muscle myosin
(12). However, subsequent oxygen exchange studies found
no evidence for rapid reversal of ATPγS hydrolysis (24),
although this could be due to restricted rotation of the
thiophosphate group. If hydrolysis were slower than the
observed 8 s-1, it would not alter the conclusions concerning
K3a, but would require an additional isomerization after the
open-to-closed transition. Indeed, an alternative interpretation
of our data is that in the presence of ATPγS the open-to-
closed transition is slowed by 2 orders of magnitude
compared with other nucleotides and that the rising phase
in fluorescence in Figure 9b reflects this process rather than
hydrolysis. However, the conclusion that the value ofK3a is
reduced by less than 2-fold by actin still holds based on the
relative fluorescence level after 60 ms.

DISCUSSION

In this work, we have characterized the influence of actin
on the nucleotide-induced conformational transitions with
Dd myosin II motor domain. The control experiments with
the Dd tryptophanless construct, W-, demonstrate that the
actin tryptophans are not greatly perturbed by myosin
binding, but nonetheless, a significant signal is observed
owing to a light scatter artifact. This problem appears to be
caused by fluorescence induced in the emission filter and
thus specifically affects instruments, such as the stopped-
flow apparatus, where the photomultiplier is in close proxim-
ity to the filter. Polarization optics may help to reduce this
problem, but multiple scattering within the cell reduces the
effectiveness of this approach. In addition, the reduction in
overall signal by the polarizers makes it difficult to charac-
terize the low amplitude transients under investigation here.
The problem of the high background fluorescence from actin

FIGURE 9: Transients observed on mixing 1µM W501+ or acto-
W501 + with 100 µM ATPγS. (a) A comparison of the fluores-
cence profile on mixing the 1µM W501+ construct with 1 mM
ATP (top trace) and 100µM ATPγS (other traces). The data were
normalized to show the fluorescence change relative to the apo
myosin state and illustrate the relatively small enhancement induced
by ATPγS at 20°C in the absence of actin (kobs) 9 s-1). Addition
of actin caused a small decrease in amplitude of the signal change
on this time scale with a notable lag or slight initial quench (note
the fluorescence contribution from actin was subtracted before
normalization). At 2°C in the absence of actin, ATPγS induced a
net quench in fluorescence (bottom trace;kobs) 36 s-1) very similar
to that observed with ADP (cf.10) and is indicative of a largely
open state (i.e.,K3a < 0.05). Increasing the ATPγS to 1 mM had
a minor effect on the overall profiles. (b) ATPγS binding to W501+
in the absence and presence of actin. These are the same records
as the middle traces in (a) but presented on an amplified and
absolute voltage scale. The dashed lines are the numerically fitted
profiles for the scheme shown in eq 2 to yieldK3a ) 0.26 in the
absence of actin and 0.15 in its presence (see text for details). (c)
The same records on a logarithmic time scale to show the
dissociation phase (1.5 s-1). The dashed line was the recorded light
scatter signal, normalized to match the change in tryptophan
fluorescence and demonstrates that very little (<5%) actin dis-
sociation occurred on the time scale of the transients shown in (a)
and (b). The instrumentation was the same as in Figure 6.
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tryptophans may be circumvented by the use of actin
constructs with reduced tryptophan content. Doyle et al. (25)
explored the use of a tryptophanless actin construct, but this
failed to polymerize normally. They were able, however, to
prepare a single tryptophan actin mutant (W79) that had
considerably reduced fluorescence emission compared with
the wild-type F-actin. This would assist in the present studies
to reduce the overall background signal, but it would not
overcome the scattering artifact. The lack of any detectable
change in signal from the actin tryptophans does not imply
that actin does not change conformation during interaction
with myosin (cf.26), merely that this probe is not sensitive
(or changes in individual residues cancel out).

As far as can be detected, actin has little or no direct effect
on the fluorescence emission of W129 and W501. Previous
work showed that actin binding to apo myosin to give a rigor
complex was associated with little change in the lever arm
position (27), and thus lack of perturbation of W501 is to
be expected. Evidence for specific conformational changes
induced by actin have been obtained at other locations. It is
of interest to compare the present findings with the W129+
construct with our previous studies using a double cysteine
mutant (S436C/N537C). Pyrene labeling of these cysteine
residues allowed the movement of the actin-binding cleft to
be monitored via changes in excimer fluorescence (21). A
large amplitude fluorescence change was observed on
formation of the actomyosin complex, and this was reversed
on nucleotide-induced dissociation of actomyosin. We con-
cluded that the cleft movement occurred prior to or coincident
with nucleotide-induced actin dissociation. However, much
smaller amplitudes were observed on nucleotide binding to
the myosin construct in the absence of actin, suggesting the
cleft was largely open in apo state of myosin. Structural
studies indicate that cleft closure is coupled to switch 1
opening at the nucleotide site (28-30). The finding that the
W129+ construct shows similar fluorescence amplitudes on
nucleotide binding with and without actin suggests that this
probe is not sensitive to rearrangements at the active site
associated with switch 1 movements. We are now exploring
other tryptophan substitutions in the active site, such as W239
in the switch 1 region, to define this relationship further (17).

Previous studies using tryptophan fluorescence revealed
net changes on actomyosin interaction with other types of
myosin. Johnson and Taylor (3) concluded there was a 14%
enhancement in protein fluorescence when skeletal muscle
subfragment 1 bound to actin in the absence of nucleotide,
although the relative contributions from myosin and actin
tryptophans could not be defined. From our results, it would
appear that a myosin residue near the actin-binding interface
(e.g., skeletal W595) is the likely source. Yengo et al. (31-
33) have embarked on an extensive study of the actin binding
interface of smooth muscle myosin and concluded that W546
(equivalent toDd V534) showed a 10 nm blue shift on
binding actin, while W625 (equivalent toDd F612) was
insensitive to actin binding. Mutations were made elsewhere
in the actin-binding region of myosin and revealed that
V413W (equivalent toDd L404) showed a 3-9 nm red shift.
The myosin cleft mutant F425W (equivalent toDd S416)
showed a fluorescence enhancement that paralleled actin
binding and which was reversed in the presence of ATP.
The latter study (33) was proposed to support the idea of
cleft closure on actin binding. However, the measurements

were carried out in a stopped-flow apparatus using a WG320
cutoff filter (cf. Figure 3a), and therefore it would be of
interest to determine magnitude of the fluorescence change
compared with a tryptophanless myosin as a control, to assess
the contribution from light scatter artifacts.

The effects of actin on nucleotide-induced changes in
W501 fluorescence reveal details of the dissociation mech-
anism. Equation 2 represents the initial steps of the myosin
ATPase (eq 1) expanded to include the equivalent actin-
bound states.

Note the arrow length represents the approximate equi-
librium position and the bold pathway shows the likely
dominant route of dissociation of actin induced by ATP.
From the signals reported by W129, located at the entrance
to the nucleotide-binding site, we conclude actin has a minor
effect (e3-fold) on the forward rate constant for the
isomerization step 2 (or its substeps 2a and 2b where
resolved). This result is most clearly seen with ADP and
ATPγS binding (Figures 5 and 6). With ATP itself, rapid
dissociation of the actomyosin complex complicates the
signal, but even here it is clear that step 2 is slowed by no
more than 3-fold. W501, located at the distal end of the relay
loop, also reports on the isomerization step 2 with a 10-
20% quench, but with nucleoside triphosphates, the subse-
quent rapid step 3a usually nullifies the quench so that its
kinetics cannot be resolved. ADP shows no tendency to
undergo a reaction equivalent to step 3a, so that steps
equivalent to 2 and 2′ leading to the†-state can be resolved
and again show actin has only a 2-fold effect on this stage
of the reaction (Figure 8).

The rapid dissociation of the A‚M†‚ATP complex pre-
vented definition of the value ofK′3 with ATP as substrate.
This problem was overcome by the use of ATPγS, because
this substrate showed only slightly slower kinetics of binding
and isomerization cf. ATP, but the rate of actomyosin
dissociation is much reduced (kc, kd, ke ≈ 1 s-1). Furthermore,
because the ATPγS hydrolysis rate is slow, the early phase
of the reaction reports on theK3a equilibrium directly. Given
the near correspondence between light scattering and cleft
opening, as monitored by a pyrene excimer probe (21), it is
expected that complex remains in the cleft-closed state, i.e.,
with strong binding to actin. In the absence of actin, the value
of K3a of 0.26 at 20°C is close to that with ATP. In the
presence of actin,K′3a is 0.15 with ATPγS. By thermody-
namic balance, it can be concluded actin binds to M†‚ATPγS
twice as tightly than M*‚ATPγS. Previous studies with other
types of myosin have estimated the relative binding affinity
of actin to myosins in different bound nucleotide states. Thus,
Rosenfeld & Taylor (34) concluded that M‚ATP (i.e., M†‚
ATP/M* ‚ATP mixture) binds to actin about 3.5 times tighter
than M*ADP‚Pi with rabbit skeletal myosin at 20°C.

Our measurements have implications for the mechanism
of the reversal of the working stroke during muscle contrac-
tion. In the classic Lymn-Taylor (23) model, the repriming
of the crossbridge stroke was depicted to occur after
dissociation from actin. Subsequently, it was suggested that
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this step could occur prior to dissociation, provided the
lifetime of the A‚M‚ATP state was very short so that it made
little contribution to net force in an ensemble of crossbridges
(35). Recent optical trap studies have attempted to address
this issue by investigating whether actomyosin bond forma-
tion is intrinsically coupled to a power stroke and whether
dissociation of this state by non- or slowly hydrolysable
analogues leads to a reverse stroke (36, 37). These studies
led to the conclusion that there was no discernible stroke
(to within 1 nm) with ATPγS compared with the 5 nm stroke
estimated for ATP itself. The lack of a measurable displace-
ment is in accord with our own data which suggest that, at
20 °C, 20% of the actin-free myosin motors are in the M*‚
ATPγS state, but these may only contribute to 10% of the
observed events because of the 2-fold selectivity in binding
to the open state (i.e., 90% of the dissociation events go via
route c compared with d in eq 2). Thus, the expected mean
displacement in the optical trap would be 0.5 nm, which is
just below the detection limit.

Our findings also have implications for actin-activation
of the product-release steps. Figure 10 shows a general model
for phosphate release as a result of opening switch 1 and
switch 2. The status of the switches is indicated by the
subscripts o and c. We assume that the quenched fluorescence
state, M† is indicative of an open switch 2, while the
enhanced fluorescence state M* is indicative of a closed
switch 2. However, the status of switch 1 is not defined by
the fluorescence of W129 nor W501. If we assume that actin
has little or no effect on the rate and equilibrium constants
of the switch 2 open-closed transition (as we observe for
the nucleoside triphosphate complex), how does actin activate
Pi release? The kinetics of the M*‚ADP‚Pi T M†‚ADP‚Pi
transition (i.e., Mcc‚D‚P T Mco‚DP in Figure 10) are not
fully defined (11). If the transition is rapid compared with
subsequent steps then the equilibrium must lie to the left
because M*‚ADP‚Pi is the predominant steady-state inter-
mediate. Even if the reaction is slow, then there is still
evidence that the reaction is poised to the left, or at least is
not strongly poised to the right, because significant equilib-
rium concentrations (25% total M) of M*‚ADP‚Pi can be
synthesized by adding subsaturating (25 mM) concentrations
of Pi to M†‚ADP (11). The value at saturating Pi concentra-
tions is difficult to determine because of the influence of
the ionic strength. Nevertheless, the equilibrium position is
sufficiently well defined to conclude that the corresponding
equilibrium constant for the actin-bound states (A‚Mcc‚D‚P
T A‚Mco‚DP) cannot lie strongly to the right either. This
transition, although accompanied by a lever arm swing, is

unlikely to provide an effective working stroke on the
grounds that (1) A‚Mcc‚D‚P and A‚Mco‚DP are weakly
bound states that rapidly dissociate from actin and thus could
not bear tension. (2) The reaction would need to be “pulled”
by the subsequent Pi-release step to make it energetically
favorable, which gives a potential problem with futile cycling
(i.e., via Mcc‚D‚P T Mco‚DP T A‚Mco‚DP), unless the
kinetics of actin-bound pathway are somehow selectively
accelerated. What alternative route exists?

Structural studies indicate that strong actin binding results
from closure of the 50K cleft and concomitant opening of
switch 1 (28-30). There is also kinetic evidence for such
coupling in that actin binding affects the rate and/or
amplitude of fluorescence signals arising from cleft probes
(21), as well as tryptophan residues within the switch 1 loop
(17). We propose that, following actin binding, switch 1
opens before switch 2 and therefore A‚Mcc‚D‚P T A‚Moc‚
D‚P is the preferred route in Figure 10. A‚Moc‚D‚P has a
high affinity for actin because cleft closure gives increased
contacts, but the equilibrium constant A‚Moc‚D‚PT A‚Moo‚
D‚P remains similar to that for the Mcc‚D‚P T Mco‚D‚P
transition (on the grounds that theK3a equilibrium constant
for the M.ATPγS complex is practically independent of
whether actin is strongly bound or not). Similarly, the A‚
Moc‚D‚P T A‚Moo‚D‚P transition is unlikely to produce
an effective working stroke for the second reason alluded to
above. Provided Pi can escape on switch 1 opening, then
the preferred route to A‚Moo‚D would be via A‚Moc‚D, i.e.,
Pi release occurs before the lever arm swing associated with
switch 2 opening. It is known that the Moc‚D T Moo‚D
equilibrium (i.e., M*‚ADP T M†‚ADP) lies strongly to the
right (6) and therefore the equivalent A‚Moc‚D T A‚Moo‚
D will share this property and have sufficient energy to drive
the working stroke. If, on the other hand, Pi cannot escape
until switch 2 opens as well, then the lever arm swing
associated with the relatively unfavorable A‚Moc‚D‚PT A‚
Moo‚D‚P transition will require the subsequent Pi release
step to “pull” the equilibrium over. The first route (i.e., Pi
release prior to lever arm movement) has the advantage that
the relatively irreversible Pi release step (at physiological
Pi concentrations of< 1 mM) results in a commitment that
minimizes futile cycling.

What support can be offered for the route via A‚Moc‚D
with Pi release preceding the working stroke at physiological
Pi concentrations? The A‚Moc‚ADP state cannot be gener-
ated by addition of ADP to A‚Moo to any significant degree.
This property is shared by the so-called Sleep-Hutton AM′-
ADP state (38), which exists at detectable concentrations only
during the steady-state turnover of ATP. This state was
proposed on the basis of the ATPT Pi exchange kinetics
during ATP turnover by skeletal muscle myosin being about
50 times faster that expected for Pi binding to the A‚M‚
ADP state formed at equilibrium. Moreover, the scheme of
Figure 10 requires that the A‚Moc‚D state must bind Pi more
tightly than the predominant state at equilibrium (A‚Moo‚
D) to account for the change in the switch 2 equilibrium
constant from being unfavorable (or at most weakly favor-
able) in the A‚Moc‚D‚P T A‚Moo‚D‚P transition to being
strongly favorable in the A‚Moc‚D T A‚Moo‚D transition.
This makes structural sense in that the Pi would be stabilized
by interaction with the closed switch 2. Furthermore, if the
lever arm movement is restrained, as in an isometric muscle,

FIGURE 10: Kinetic scheme for actin activation of Pi and its
coupling the lever arm swing. The status of the switch 1 and switch
2 are indicated by the first and second subscripts respectively (e.g.,
A‚Moc‚D‚P has an open switch 1 and closed switch 2, T) ATP,
D ) ADP, PdPi). The most likely pathway is shown in bold,
assuming that switch 1 and switch 2 operate independently (see
text for argument).

15414 Biochemistry, Vol. 43, No. 49, 2004 Conibear et al.



the A‚Moc‚D state would be more favored, leading to the
potential for increased ATPT Pi exchange in organized
systems compared with proteins in solution, as is observed
(38). Our assumption that actin has little effect on the switch
2 equilibrium constant requires the A‚Moc‚D and A‚Moo‚
D states to have similar affinities for actin, and the latter is
known to be relatively tight binding. Thus, A‚Moc‚D would
likely dissociate from actin slowly, which is important to
prevent the futile cycle that would result from the A‚Moc‚
D T Moc‚D T Moo‚D route. Taylor (39) identified a minor
A‚M‚ADP species (denoted A*M‚D) which had a relatively
fast dissociation rate and he equated this species with the
Sleep-Hutton AM′-ADP state (38). However, apart from its
equilibrium concentration being in the correct range, there
is no direct evidence for this assignment. The Taylor A*M‚
D state has enhanced actin-pyrene fluorescence and hence
presumably is a weak binding state with an open cleft. As
discussed by Steffen & Sleep (37), the reported properties
of the Taylor A*M‚D state (39) would lead to inefficient
coupling owing to rapid actin dissociation.

Recently, Rosenfeld & Sweeney (40) have characterized
the myosin V ATPase mechanism and concluded that the
working stroke occurs after Pi release. They proposed that
actin-activated Pi release is the primary step following actin
binding and that Pi release occurs via switch 1 opening, as
evidenced by the coincidence of the signal from the Pi
binding protein sensor and the change in methylanthraniloyl
nucleotide fluorescence. The latter appears to act as a probe
of switch 1 movement because the methylanthraniloyl
fluorophore lies on the protein surface close to switch 1 (41).
Indeed, many years earlier, Woodward et al. (42) concluded
that the strong binding of actin to myosin II was associated
with a global conformation change in myosin owing to the
coincidence of the pyrene actin and methylanthraniloyl
nucleotide signals. Modeling the actomyosin complex from
crystal structures (28-30) subsequently revealed these sites
to be located about 5.6 nm apart. The myosin V mechanism
proposed by Rosenfeld & Sweeney (40) shares a key feature
with our proposed scheme forDd myosin II, that Pi can
escape without the need for switch 2 opening. However, the
ADP release steps of myosin V are somewhat modified to
give a high duty motor with additional lever arm movement.

Many experiments on the effects of phosphate on tension
transients in muscle have led to models in which the
crossbridge stroke precedes Pi release (43-47). Interestingly,
for a feasible set of rate constants to describe the two routes
of decay of A‚Moc‚D‚P to A‚Moo‚D in Figure 10, the flux
can be made to switch from the A‚Moc‚D route at low Pi
(i.e., < 5 mM, theKd assigned to the A‚Moc‚D‚P complex)
to the A‚Moo‚D‚P route at high Pi (i.e.,>250 mM, theKd

assigned to the A‚Moo‚D complex). In a muscle the fluxes
are more difficult to calculate because of the strain depen-
dence of the rate constants confound this issue further, and
tension changes can arise from redistributions of a dispro-
portionately small population of crossbridges. Nevertheless,
the above modeling indicates that the preferential route can
change depending on conditions.

The apparent discrepancy with the physiological data could
also arise if the working stroke arose from transitions other
that those associated with opening of switch 2. Tension
generation before Pi release could occur if the crossbridge
stroke (or at least part of it) arose from rotation of the whole

motor domain such as that associated with the weak
(disordered) to strong (stereospecific) binding of actin (48,
49). It is likely that W501 fluorescence is insensitive to such
rearrangements at the actin-binding interface, and therefore
our data neither support nor exclude this kind of mechanism.
However, recently Holmes et al. (8) suggested that actin
binding is directly coupled to lever arm movement without
the need for switch 2 opening. This proposal was based on
the crystal structure of myosin V, which shows the 50K
domain cleft is closed in its apo state (29), as predicted for
the structure for myosin II when bound to actin in a high
affinity (rigor-like) state (28). Cleft closure is accompanied
by a twisting of the centralâ sheet, and this relieves the
potential steric clash with the relay helix, and so uncouples
the switch 2 movement from the lever arm swing (8). Thus,
in the closed-cleft (rigor-like) state, the lever-arm is in the
post-power stroke (down) state, while switch 2 remains
closed. The structure leads to a new idea for coupling to
mechanics in that when M*‚ADP‚Pi (switch 2 closed, relay
loop kinked) binds to actin, the subsequent cleft closure
increases the affinity to actin and, concomitantly, theâ-strand
movement allows the relay loop to unkink, so allowing the
lever arm to swing back to the post-power stroke state (cf.
the earlier idea (5) that the power stroke involved the lever
arm movement accompanying the opening of switch 2).
Thus, in the scheme of Figure 10, the lever arm swing would
accompany the A‚Mcc‚D‚P T A‚Moc‚D‚P transition. This
mechanism would also allow ATP to dissociate the acto-
myosin rigor complex without any change to the lever arm
position from its post-power stroke position.

The Holmes et al. (8) model has implications for our
interpretation of W501 fluorescence because the latter cannot
be assumed to report on the position of the switch 2 loop in
actin-bound states, as we have done previously for myosin
states. Rather, it seems more accurate to relate W501
fluorescence to the position of the lever arm because W501
is located distal to the kink induced in the relay loop (Figure
1). Regardless, our data indicate that when the myosin motor
is bound to actin in the presence of nucleoside triphosphate
(i.e., a ternary complex), the W501 fluorescence is interme-
diate between the extreme† and * states, as a result of rapid
exchange between them, with an equilibrium constant only
2-fold lower than that observed in the absence of actin. The
Holmes et al. (8) model would predict that the lever arm
would show much less tendency to occupy the prepower
stroke state when the myosin is strongly bound to actin in
the bound ATP state. The expected W501 fluorescence
transient on mixing A‚M with ATPγS at 20 °C would
therefore show a quench phase as seen at 2°C (Figure 9a).
This is not observed. Thus, there is no support from our data
that the status of the cleft and switch 1 has any marked effect
on the position of the lever arm, as sensed by W501. This
has yet to be tested directly for the case quaternary complexes
of actin with the myosin-ADP‚Pi intermediate.
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