
Dynamic Docking of Myosin and Actin Observed with Resonance Energy Transfer†

Douglas D. Root,* Shaun Stewart, and Jin Xu

UniVersity of North Texas, Department of Biological Sciences, DiVision of Biochemistry and Molecular Biology,
P.O. Box 305220, Denton, Texas 76203-5220

ReceiVed October 18, 2001; ReVised Manuscript ReceiVed December 9, 2001

ABSTRACT: Atomic models of myosin subfragment-1 (S1) and the actin filament are docked together using
resonance energy-transfer data from both pre- and postpowerstroke conditions. The quality of the resulting
best fits discriminated between neck-region orientations of the S1 for a given set of experimental conditions.
For measurements of the postpowerstroke states in the presence of ADP, resonance energy-transfer data
alone are sufficient to dock the atomic models and provide evidence that S1 exists with at least two
neck-region orientations under these conditions. To dock the prepowerstroke state, resonance energy-
transfer data were used in combination with previous chemical cross-linking data to determine that a
neck-region orientation similar to that of a proposed prepowerstroke state best fit the data. The resulting
models determined independently from electron microscopy compare favorably with micrographs from
the recent literature. The docking models by resonance energy transfer suggest that the larger movements
in the light-chain binding domain are accompanied by twisting and rotating movements of the catalytic
domain, causing a tilt of approximately 30° during the weak-to-strong transition. This transition provides
the displacement necessary to support motility and force generation.

The molecular description of the contractile process in
muscle is a key goal for the detailed understanding of motility
and its relationship to numerous pathogenic conditions.
Atomic resolution models of myosin subfragment-1 (S1)
bound to actin in the absence of ATP have been assembled
from electron micrographs, crystallographic atomic models,
and X-ray diffraction of aligned actin filaments (1-4). These
models have largely used the earliest atomic model of skeletal
myosin S1 for the docking of myosin onto actin (2, 4). More
recently, new atomic models of myosin S1 have been
determined that have highly divergent neck-region orienta-
tions (5, 6). The light-chain binding domains in the smooth
muscle S1 and the ADP-bound scallop muscle S1 are
oriented in nearly opposite directions to each other, while
the light-chain binding domains of the other crystal structures
are more intermediate in their orientations. The discovery
of these new structures begs the question, is there any
physical evidence that each of these or closely related
structures exist when S1 is bound to actin?

The possibility that these structures represent different
stages in the actomyosin ATPase cycle has been proposed
in different forms (5, 7, 8). The actomyosin cycle is described
as a process of cyclic interactions between myosin and actin
that is guided by the transitions of myosin between weak
and strong actin binding states. The weak binding state is
hypothesized to exist as or be a prelude to a prepowerstroke
conformation of S1 on actin and can be mimicked by the
use of phosphate analogues that bind with ADP to myosin.
Spectroscopic studies report a greater disorder of the myosin
head orientations in the weak binding state that change in

average orientation by just over 30° during conversion to
the strong binding state (9). As the strong binding state
follows from the weak binding state, a strain develops that
results in the force driving displacement between the
filaments. If the terminal postpowerstroke conformation of
S1 and actin were compared to the prepowerstroke confor-
mation, one could measure the contributions of the different
structural orientations and calculate the overall displacement
that occurs. Some proposed models designate the orientation
of the neck region found in the smooth muscle S1 atomic
model as a prepowerstroke conformation and those of the
skeletal muscle S1 or related scallop muscle S1 structures
as postpowerstroke conformations (5, 7, 8). The overall
displacement associated with the powerstroke depends on
the orientations of these structures on the actin filament. The
determination of these orientations requires the docking of
the existing atomic models of myosin onto actin.

The previous docking of atomic models has relied
primarily on data from electron microscopy (EM)1 three-
dimensional reconstructions (2). While the strong binding
states are relatively easier to identify by cryo-EM producing
nominal resolutions to just under 2 nm, glimpses of the
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prepowerstroke state at less optimal resolutions have been
reported from insect flight muscle (10). Two-dimensional
electron micrographs of myosin V have provided further
clues to the nature of the pre- and postpowerstroke confor-
mations of the myosin head on actin (11). These studies
indicate substantial changes in the orientation of the light-
chain binding domain, with less rotation of the catalytic
domain on actin. Atomic models from higher resolution
structural data of the prepowerstroke state of S1 on actin
would provide a clearer view of the molecules in the step-
generating transitions.

Alternatively, biochemical and spectroscopic structural
measurements can be used independently from EM to dock
atomic models at high resolution. Chemical cross-linking
identifies direct contacts, even if they might be transient.
The recent luminescence resonance energy-transfer (RET)
method provides quantitative measurements of distant prox-
imities between specific labeled sites, even between tran-
siently interacting molecules (8). These techniques signifi-
cantly improve upon conventional RET used previously for
structural determinations (12, 13).

In this paper, the possible contribution of a catalytic
domain rotation in addition to the reorientation of the neck
region is tested using RET measurements and molecular
modeling. Methods are developed to dock atomic models
of S1 onto actin filaments using RET measurements or
chemical cross-linking data. New RET data are collected and
pooled with previously published RET and chemical cross-
linking data to provide a sufficient database to generate
unique fits of existing atomic models of S1 onto models of
F actin. For the first time, both pre- and postpowerstroke
states of S1 using ADP and transition-state analogues were
docked onto actin. The resulting models are compared to
electron micrographs and previous atomic models of S1 on
actin. They demonstrate excellent agreement with postpower-
stroke state models while providing potentially enhanced
resolution and reveal a unique transitional form of the
prepowerstroke state.

MATERIALS AND METHODS

Organic Synthesis and Reagents Used.The RET donors
were freshly synthesized terbium chelates with a cytosine-
enhancing ligand and functional groups for the specific
protein labeling. Three functional groups were attached: (1)
anhydrides to label the N-terminal residues of RLC, (2)
ethylenediamine to label Gln41 on actin, or (3) maleimide
to react with myosin Cys707 or actin Cys374. The RET
acceptor probes were versions of conventional fluorophores
to specifically label the myosin nucleotide site, the N-terminal
residues of RLC, actin Cys374, or the phalloidin binding
site. Procured reagents included CY3 (Amersham Pharmacia
Biotech, Piscataway, NJ), terbium chloride hexahydrate,
cytosine (Aldrich, Milwaukee, WI), tetramethylrhodamine-
phalloidin, papain, maleimide, DTNB, ATP, sodium ortho-
vanadate, beryllium, aluminum chloride, sodium fluoride,
DTPA (Sigma, St. Louis, MO), 5-aminotetramethylrhodamine,
(Research Organics, Cleveland, OH), and fluorescein-5-
maleimide (Molecular Probes, Eugene, OR).

CY3-maleimide was prepared by combining 0.1 mM
monoreactive CY3 with 1 mM 2-aminoethylmaleimide
(Molecular Probes) in 0.1 M sodium phosphate (pH 7.8) for

1 h. The mixture was immediately diluted 10-fold with 50
mM TEA (pH 7.0) and loaded on a pepRPC column
equilibrated with 50 mM TEA (pH 7.0), and after unreacted
2-aminoethylmaleimide eluted from the column, a step
gradient to 100% methanol was used to elute the CY3 in a
single sharp peak which was collected and dried. CY3-ATP
was prepared as previously described (14).

An ethylenediamine-modified cytosine terbium chelate was
synthesized by incubating 10 mM cytosine with 10 mM
DTPA in DMSO for 1 h, followed by the addition of
ethylenediamine to 0.1 M for 1 h. The mixture was dissolved
in running buffer and then separated by a DEAE Sepharose
fast flow FPLC. The ethylenediamine-modified cytosine
terbium chelate eluted with 60 mM NaCl and 20 mM
phosphate (pH 6.5). The structure of the ethylenediamine-
modified cytosine terbium chelate was verified by MALDI-
TOF mass spectroscopy and also by reactivity with fluores-
camine. The concentration of the chelate was determined
from titration with a known concentration of terbium, and
the molar extinction coefficients of E243 nm ) 20 000 M-1

cm-1 and E295 nm ) 9300 M-1 cm-1 were measured.
A maleimide-modified cytosine terbium chelate was

synthesized by incubating 10 mM cytosine with 10 mM
DTPA in DMSO for 1 h, followed by the addition of
2-aminoethylmaleimide to 0.1 M for 1 h. The mixture was
dissolved in running buffer and then separated by a DEAE
Sepharose fast flow FPLC. The structure of the maleimide-
modified cytosine terbium chelate was verified by MALDI-
TOF mass spectroscopy. The reactivity of the maleimide was
determined by incubation with an equal molar concentration
of 2-mercaptoethanol, followed by assaying the remaining
mercaptoethanol with DTNB. Typically, more than 50%
reactivity was retained.

Protein Labeling.Rabbit skeletal myosin was prepared by
the method of Godfrey and Harrington (15). S1 was digested
from myosin with papain and separated according to Weeds
and Pope (16). The protein concentrations were determined
using absorbance coefficients at 280 nm of 0.55, 0.60, and
0.75 (mg/mL)-1 cm-1 for myosin, RLC, and S1, respectively,
and at 290 nm of 0.63 (mg/mL)-1 cm-1 for actin.

DTNB dissociated RLC from rabbit skeletal myosin and
the RLC was collected by ethanol precipitation and Superdex
75 FPLC (14, 17). The purified RLC was labeled either with
a cytosine-DTPA terbium chelate as described previously
(18) or by aminotetramethylrhodamine-DTPA prepared in
a similar fashion but with aminotetramethylrhodamine used
in place of cytosine. The labeled RLC was exchanged back
into S1 by first dissociating bound RLC with 0.5 M KCl, 2
mM EDTA, and 10 mM imidazole (pH 8.0) and separating
the stripped S1 by Superdex 75 gel filtration. The labeled
RLC was immediately exchanged into the S1 in 0.5 M NaCl,
5 mM MgCl2, and 10 mM imidazole (pH 8.0) and separated
from free RLC by Superdex 75 FPLC. Titration of the
exchanged S1 with known concentrations of terbium indi-
cated that approximately 20% of the S1 was labeled with
the cytosine-DTPA RLC (originally 95% labeled). In other
experiments, UV-vis spectroscopy indicated that approxi-
mately 5% of S1 was labeled when exchanged with amino-
tetramethylrhodamine-DTPA RLC (originally 21% labeled).

In different experiments, either the maleimide-modified
cytosine terbium chelate or the CY3-maleimide at 50µM
was reacted with approximately 10µM F-actin in 0.1 M KCl,
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2 mM MgCl2, and 10 mM imidazole (pH 7.0) at 4°C
overnight (8). Centrifugation and subsequent dialysis of the
F-actin separated it from unreacted reagent. After recycling
of the actin back to its monomeric form as verified by
ultracentrifugation at 100 000g for 1 h, the actin was
repolymerized.

Enzymatically catalyzed labeling of actin at Gln41 with
the ethylenediamine-modified cytosine terbium chelate fol-
lowed standard procedures used for other ethylenediamine-
modified probes (19). The efficiency of the actin labeling
was measured to be 79-100% in separate labeling experi-
ments. The modification was mapped using cyanogen
bromide cleavage of the labeled actin and isolation of the
labeled fragment by reversed-phase FPLC. Measurement of
cysteine reactivity with fluorescein-5-maleimide at pH 7 and
the lack of detectable tryptophan or tyrosine fluorescence
verified that the labeled peptide was the fragment containing
Gln41 (see Table 1).

RET. RET measurements were determined by methods
described previously (20). Lifetime measurements were used
to determine the efficiency of RET (E) for the distance (R)
between the donor and the acceptor according to the equation

In this equation,τda is the apparent long-lived lifetime of
the acceptor in the presence of the donor,τd is the lifetime
of the donor in the absence of acceptor, andR0 is the critical
transfer distance. The critical transfer distance was calculated
according to the equation

In this equation,J is the calculated overlap integral for
the acceptor with terbium and has values of 9.3× 1014, 3.6
× 1015, and 5.1× 1015 for fluorescein-5-maleimide, tetra-
methylrhodamine, and CY3, respectively;κ2 is the dynamic
average value of the orientation factor,2/3; η ) 1.4 is the
refractive index of the medium; andφD ) τd/4.75 ms is the
quantum yield of the donor (18, 20). Uncertainty in the
orientation factor will cause, at most, a 10% error in the
separation distance, because terbium has an isotropic emis-
sion, and this error is comparable to or less than other sources
of error in the measurements of this study (21). The effects

of the sizes of probes used in this study have been examined
on model compounds that indicate a typical error of
approximately(0.5 nm (20). The distances from theR
carbons of myosin models were measured to the appropriate
side-chain atoms of actin for the docking calculations, so
the probe size error might be slightly larger due to the
uncertainty in myosin side-chain orientations. The RET
measurements were performed in 0.1 M KCl, 2 mM MgCl2,
and 10 mM imidazole (pH 7.0). The S1 concentrations were
0.5-2.0 µM, and equal molar actin was used.

Calculation of Molecular Docking Models.The RET
efficiency measurements were compared with atomic models
of S1 on F-actin by calculating the expected RET efficiency
for each atomic model (Figure 1). The calculation of the RET
efficiency, as described in eq 1, took into account the multiple
acceptors per donor due to the polymeric structure of actin.
The difference between the RET efficiencies measured
experimentally (Eexp) and those calculated from atomic
models (Ecalcd) were used to generate a loss function,L:

The squared difference was normalized to the standard
deviation squared (σ2) based on at least three measurements.

The docking of S1 on actin was guided by minimizing
the loss function in a computational fitting process. Rotation
and translation matrices corresponding to specific rotations
around or translations along theX, Y, andZ axes of the S1
atomic models were applied in Microsoft Excel. The solver
function using a quasi-Newtonian algorithm determined the
parameters for rotating the models following each iteration
until the best fit was achieved. Macros were written to export
the coordinates generated in the spreadsheet to PDB format
for viewing with RASMOL.

For postpowerstroke (ADP) data, only RET data were used
for docking purposes. When the prepowerstroke (ADP‚AlF4)
data were fit, chemical cross-linking data between the
N-terminus of actin and the lysine-rich region on S1 were
also used, because RET data did not produce a unique fit on
its own. These regions can be cross-linked by EDC in the
enzymatically active complex of acto-S1 (22, 23). Specif-
ically, the average coordinates of theR carbons from the
four amino terminal residues of actin were constrained to

Table 1: Mapping the Labeling of Gln41 (Q41) on Actin with a Terbium Chelate

cyanogen bromide fragment sequence of actin Q41 Q C W Y

DEDETTALVCDNGSGLVKAGFAGDDAPRAVFPSIVGRPRHQGVM Y Y Y N N
VGM N N N N N
GQKDSYVGDEAQSKRGILTLKYPIEXGIITNWDDM N Y N Y Y
EKIWHHTFYNELRVAPEEHPTLLTEAPLNPKANREKM N N N Y Y
TQIM N Y N N N
FETFNVPAM N N N N N
YVAIQAVLSLYASGRTTGIVLDSGDGVTHNVPIYEGYALPHAIM N Y N N Y
RLDLAGRDLTDYLM N N N N Y
KILTERGYSFVTTAEREIVRDIKEKLCYVALDFENEM N N Y N Y
ATAASSSSLEKSYELPDGQVITIGNERFRCPETLFQPSFIGM N Y Y N Y
ESAGIHETTYNSIM N N N N Y
KCDIDIRKDLYANNVM N N Y N Y
SGGTTM N N N N N
YPGIADRM N N N N Y
QKEITALAPSTM N Y N N N
KIKIIAPPERKYSVWIGGSILASLSTFQQM N Y N Y Y
WITKQEYDEAGPSIVHRKCF N Y Y Y Y

E ) 1 - τda/τd ) ∑
i

(R0
6/Ri

6)/(1 + ∑
i

(R0
6/Ri

6)) (1)

R0 ) (8.79× 10-11 Jκ2η-4
φD)1/6 nm (2)

L ) ∑
i

(Eexp - Ecalcd)
2/σi

2 (3)
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be within 1 nm of the approximate location of the lysine-
rich region on S1. The lysine-rich region location, which is
flexible in the crystal structures, was estimated on the basis
of the average of the position between the two nearestR
carbon coordinates present in the crystallographic atomic
model.

Labeling sites on the different atomic models of S1 were
determined by multiple alignment of the sequences using
MACAW software (Figure 2). The position of the N-terminus
of RLC was determined by combining published RET
measurements with our own data and using a triangulation
method on the skeletal muscle S1 atomic model (13, 14).
The R carbon coordinates of the homologous S1 residues
were used to approximate the probe locations in the different
S1 species.

The probe sites on actin were approximated by using the
coordinates of appropriate side-chain atoms that are fluo-
rescently labeled, because no variations in the amino acid
sequence are present in the actin models tested. The residues
Cys374 and Gln41 were labeled directly; however, the
phalloidin binding site was inferred from published photo-
cross-linking data to a modified phalloidin (24). The
coordinates of residue Glu117 was used for docking pur-
poses, because it should best approximate the position of a
fluorophore on the bound phalloidin.

FIGURE 2: Multiple sequence alignment of skeletal, smooth, and
scallop muscle myosins used for the docking. Approximately 40%
of the residues are identical across all three structures, with the
greatest amount of identities in the heavy-chain (HC) region. Still
higher degrees of identity are found between any pair of structures,
with most of the differences being conservative substitutions.
Sequence alignments were performed using MACAW software. The
labeling sites used for RET are indicated. Also shown are some of
the key structural features of myosin.

FIGURE 1: Illustration of how docking models were determined.
Each available atomic model of S1 from three different states, as
shown at the left, were docked independently onto an atomic model
of the actin filament using the same RET data. The best fit of each
atomic model of S1 on actin was determined by computer automated
rotation and translation of the model until a minimal loss function
was obtained (eq 3). On the right, outlines of the three best-fit
models to the ADP‚AlF4 data were obtained; however, only the
smooth muscle S1 model had a tolerable amount of collisions with
actin and was selected as the overall best model. Similar procedures
were performed for RET data collected in the presence of other
nucleotide analogues. The shaded regions indicate regions of contact
or overlap between the S1 model and the actin filament that is
oriented perpendicular to the page.
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RESULTS

These experiments use RET assisted by chemical cross-
linking data to generate docking models of different myosin
states bound to actin (Figure 1). First, new RET measure-
ments between actin and S1 were collected and combined
with our previous measurements to generate a pool of data
that was sufficiently large for mathematical modeling.
Calculated efficiencies of RET from each atomic model were
compared to the experimental data to guide the docking
process by a quasi-Newtonian search method. Best-fit models
were evaluated for their plausibility based on the resulting
loss function and the amount of contacts or collisions
between the docked molecules. No constraints to prevent
collisions were included during the actual docking simula-
tions. After the new models were determined, they were
compared with electron micrographs, because these atomic
models are generated independently from the electron
micrographs.

RET Data.To acquire RET efficiencies between probes
on actin and S1 in the presence of nucleotide analogues that
weaken their binding, lifetimes of the sensitized emission
were used to isolate the signal from the transient complex.
In these RET experiments, there is no time-resolved fluo-
rescence from the acceptor unless energy is transferred to it
from the slowly decaying lanthanide donor (21). The apparent
long lifetime of the sensitized emission of the acceptor reports
the lifetime of the quenched donor. Therefore, the structure
of the transient acto-S1 complex can be measured from RET
through the elimination of background fluorescence from the
dissociated or partially labeled actin and S1 molecules by
isolating the time-resolved signals.

In addition to our previously published measurements, new
data were collected for this study (see Tables 2 and 3) which
included RET measurements from Gln41 on actin to each
of three different labeling sites on S1: the nucleotide binding
site, Cys707, and the N-terminus of RLC. In addition, RET
was measured between Cys374 on actin and myosin Cys707
or the N-terminus of RLC. Furthermore, measurements were
made from the phalloidin binding site on actin to Cys707 or
the N-terminus of RLC. Our previously published data that
aided the docking process included measurements from the
N-terminus of RLC to Cys374 on actin or to the nucleotide
binding site on myosin (8).

Best-Fit Docking Models of Different S1 States.The pre-
and postpowerstroke states were simulated with ADP or
ADP‚AlF4 bound, respectively (Figures 3 and 4). Results
using ADP‚BeFx or ADP‚V i for the prepowerstroke state
yielded results similar but not quite identical to those for
which ADP‚AlF4 was bound (RMSDs of 0.4 and 1.0 nm,
respectively) which gives a rough approximation of the
resolution of the docking process. The measurements in the
absence of nucleotide were not used for docking experiments,
because labeling the nucleotide site of S1 requires the
presence of the fluorescently labeled ADP. The measure-
ments from Cys707 were only used for the ADP state,
because the modification of this residue might influence
transitions to or from the prepowerstroke state (25). In the
place of this RET data, chemical cross-linking data between
the lysine-rich loop and the N-terminus of actin was used as
a constraint to dock S1 on actin for the prepowerstroke state
(23).

Three atomic models of S1 were docked to actin using
the RET data (Figure 1). The best-fit model for each state
was determined and then evaluated based on the loss
function, the distance between the N-terminus of actin and
the lysine-rich region on myosin, and the plausibility of any
collisions at the acto-S1 interface. Of the fits to the RET
data from acto-S1 in the presence of ADP, the scallop
muscle ADP-S1 atomic model yielded the most plausible
result. The skeletal muscle S1 model showed too many
collisions with the actin filament (Figure 1), and the smooth
muscle S1 model did not make enough contacts with the
actin filament to be consistent with a strong binding state.
Examination of some of our data raised the possibility that
multiple states might coexist in the presence of ADP. Our
previous intramolecular measurements between RLC and the
nucleotide site on S1 in the presence of actin indicated that
an orientation of the light-chain binding domain similar to
that of skeletal S1 was present but did not rule out the
coexistence of additional neck-region orientations giving
weak RET efficiencies (14). Taken together, these data
suggest that, in the presence of ADP, neck-region orientations
similar to skeletal muscle S1 and scallop muscle ADP-S1
coexist on actin. When two states coexist, the state with a
significantly higher RET efficiency will dominate the
detected signal and may appear to be the only structure
present. Therefore, the varying designs in the two experi-
ments can detect the presence of at least two different states,
because the alternative geometries are sensitive to different
states.

In the presence of phosphate analogues that mimic the
prepowerstroke states, only smooth muscle S1 orientation
of the neck region produced a plausible best-fit model. The
best-fit models of skeletal muscle S1 and scallop muscle
ADP-S1 were unrealistically embedded within the actin

FIGURE 3: Prepowerstroke model of S1 on the actin filament. The
smooth muscle S1 atomic model is docked onto refined actin
filament using chemical cross-linking data in combination with RET
data. The model illustrated is fit with RET data acquired in the
presence of ADP‚AlF4. Not shown are closely related models from
RET data acquired in the presence of ADP‚BeFx (RMSD ) 0.4
nm) and ADP‚V i (RMSD ) 1.0 nm). The actin filament is oriented
parallel to the page at the bottom of the figure.
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filament (Figure 1). Intriguingly, the direction of the best-
fit smooth muscle S1 model is ideally oriented as a
prepowerstroke state with the neck region directed toward
the pointed end of the actin filament model. Data from each
of the phosphate analogues tested generated a similarly
oriented model with only a few minor differences. The ADP‚
BeFx data produced the weakest fit of the data sets and might
be consistent with a greater heterogeneity of the states under
this condition. In each model, the catalytic domain of the
prepowerstroke state is rotated relative to the model of the
postpowerstroke (ADP) state. This rotation displaces the
catalytic domain alone by approximately 3 nm toward the
barbed end of the actin filament and could contribute to the
powerstroke along with the more pronounced rotations of
the neck region.

Comparing Actin Filament Models.Different models of
the actin filament were also tested by the fitting process (see
Tables 2 and 3). The initial model of the F-actin filament as
presented by Holmes et al. (1) and the refined model as
reported by Lorenz et al. (3) both produced reasonable fits
to the data. Nevertheless, differences in the quality of the
resulting models, as perceived by the loss function and the
extent of agreement between the model and various bio-
chemical and EM data, were detected. The refined actin
filament generated the most plausible models in each case.
Although the initial actin filament model (1) produced

slightly better fits with the postpowerstroke (ADP) state data
than with the prepowerstroke state data, the distances
between the lysine-rich region on myosin and the N-terminus
of actin in the strong (ADP) binding model were less
consistent with chemical cross-linking data than those from
the models using the refined actin filament (Table 2).
Furthermore, the refined actin filament model produced better
fits with the prepowerstroke state data both in terms of the
lower loss function and the fewer collisions between actin
and S1.

Comparisons with Results from EM.The RET results can
be compared with those from EM. Cryo-EM has been used
to dock atomic models skeletal muscle S1 on actin in the
absence of nucleotide (2). Either visual methods (2) or best-
fit computational methods (4) produced slightly different fits
to the electron-density map from three-dimensional recon-
structions. The expected efficiencies of RET from each of
these models was calculated and compared to the measured
efficiencies of RET of the postpowerstroke (ADP) state
(Table 2).

The position of RLC in the cryo-EM docking models of
skeletal muscle S1 was quite distant from the actin filament,
so the calculated efficiencies of RET were weaker than
observed (Table 2). Greater correlations were found with the
RET data between sites on the catalytic domain and actin;
however, there were distinct differences. In general, models

Table 2: Comparisons of Calculated Efficiencies from RET and EM Docking Models of S1 on Actin

postpowerstroke-state data

best fitb EM vise EM calcdf
sites

actin-S1
RET S1ADPa

to F-actin refinedc initiald refined initial tefined initial

Q41-RLC 0.35( 0.07 0.31 0.35 0.03 0.04 0.03 0.04
PH-RLC 0.26( 0.04 0.31 0.28 0.03 0.03 0.04 0.04
C374-RLC 0.37( 0.03 0.35 0.36 0.05 0.04 0.05 0.03
Q41-NUC 0.67( 0.08 0.61 0.61 0.40 0.31 0.34 0.28
C374-NUC 0.37( 0.11 0.54 0.52 0.31 0.30 0.29 0.27
Q41-C707 0.54( 0.13 0.48 0.59 0.60 0.74 0.52 0.69
PH-C707 0.53( 0.14 0.63 0.68 0.61 0.61 0.56 0.57
C374-C707 0.40( 0.06 0.40 0.37 0.38 0.33 0.34 0.29
NT-LRg 0 1.8 nm 3.2 nm 1.8 nm 1.5 nm 2.4 nm 1.8 nm

a Observed RET efficiencies measured in three or more separate experiments with ADP present.b Best-fit RET docking models were used to
calculate these efficiencies of energy transfer. TypicalR0 values from donor to acceptor were 4.3 nm (from terbium on C707 to fluorescein-5-
maleimide on C374), 5.1 nm (from terbium on RLC to tetramethylrhodamine-phalloidin (PH) or from terbium on Q41 to tetramethylrhodamine on
RLC), and 5.4 nm (from terbium on RLC to CY3 on C374 or from terbium on C374 or Q41 to CY3-ADP). c Refined model of the F-actin
filament (3) was used for docking.d Initial model of the F-actin filament (1) was used for docking.e Efficiencies calculated from EM docking
models that were visually docked (2). f Efficiencies calculated from computationally docked EM docking models (4). g Approximate distances
between actin’s N-terminus and the lysine-rich region in each model.

Table 3: Comparisons of RET Efficiencies from RET Docking Models and Observed Measurements

prepowerstroke-state data

sites
actin-S1

RETa

ADP‚AlF4

refinedb

AlF4

initialc

AlF4

RET
ADP‚BeFx

refined
BeFx

initial
BeFx

RET
ADP‚V i

refined
V i

initial
V i

Q41-RLC 0.50( 0.11 0.54 0.45 0.50( 0.04 0.51 0.49 0.38( 0.08 0.40 0.36
PH-RLC 0.30( 0.04 0.36 0.38 0.27( 0.05 0.40 0.41 0.22( 0.05 0.33 0.32
C374-RLC 0.63( 0.06 0.49 0.50 0.66( 0.05 0.52 0.53 0.52( 0.09 0.45 0.31
Q41-NUC 0.76( 0.06 0.75 0.71 0.80( 0.01 0.80 0.80 0.75( 0.04 0.67 0.65
C374-NUC 0.43( 0.09 0.44 0.58 0.36( 0.11 0.48 0.66 0.32( 0.11 0.39 0.54
NT-LRd 0 1 nm 1 nm 0 1 nm 1 nm 0 1 nm 1 nm
a Observed RET efficiencies measured in three or more separate experiments in the presence of the indicated nucleotide analogue.b Refined

model of the F-actin filament (3) was used for docking. Best-fit RET docking models were used to calculate these efficiencies of energy transfer.
Typical R0 values from donor to acceptor were 5.1 nm (from terbium on RLC to tetramethylrhodamine-phalloidin (PH) or from terbium on Q41
to tetramethylrhodamine on RLC), and 5.4 nm (from terbium on RLC to CY3 on C374 or from terbium on C374 or Q41 to CY3-ADP). c Initial
model of the F-actin filament (1) was used for docking. Best-fit RET docking models were used to calculate these efficiencies of energy transfer.
d Approximate distances between actin’s N-terminus and the lysine-rich region in each model.
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from cryo-EM that used the refined actin filament model
agreed better with the RET data than those based on the
initial model of Holmes et al. (1). Furthermore, the original
visual docking model (2) agreed slightly better with RET
data than the calculated fit (4), although neither model agreed
quite as well with the RET data as the best-fit docking
models of scallop muscle ADP-S1 on actin. Notably, the
largest degrees of variation between the RET docking models
and the EM docking models for the position of the catalytic
domain on actin were in the axial location of the head.
Because two-dimensional electron micrographs, from which
the three-dimensional constructions are generated, are taken
longitudinally with respect to the actin filament, it can be
argued that the greatest degree of uncertainty could be
expected in the azimuthal position of S1 on actin. Neverthe-
less, the RET docking models largely confirm the location
of the catalytic domain in the cryo-EM docking models with
a few important refinements.

DISCUSSION

The docking of atomic models generated from X-ray
diffraction has been recently used to produce models of the
postpowerstroke state of S1 on actin based on electron
micrographs. RET is demonstrated as an alternative method
for docking atomic models at high resolution and has an
advantage that the structures can be measured in liquid
solution. Recently, it has been shown that this RET technique
can measure structural data on transiently associating mol-
ecules that are used here to provide a unique glimpse of the
prepowerstroke state of S1 interacting with actin (8). The
RET docking models described here support many of the
fundamental observations from EM. In particular, these data
provide support for the theory that the prepowerstroke state
corresponds to a neck-region orientation of S1 that is similar
to that observed in atomic models of smooth muscle S1 in
the presence of transition-state nucleotide analogues (5).

RET Versus EM Docking Models.The molecular models
based on RET provide an independent view of the acto-S1
interface from that of EM. In these models, the catalytic
domain of S1 occupies a slightly adjusted position on actin
relative to the cryo-EM docking models under strong binding
conditions (2). Although cryo-EM has not been used to
model the weak binding state, tomographic EM images from
insect flight muscle have been used to dock both pre- and
postpowerstroke states of the myosin head on actin that imply
an axial tilting of the catalytic domain (10). A remarkably
similar degree of axial tilting between the RET docked pre-
and postpowerstroke states is also apparent (Figure 4).
Another similarity between these models is the detection of
a twisting of the catalytic domain on actin between the pre-
and postpowerstroke states.

The most striking differences between the pre- and
postpowerstroke states are in the orientations of the neck
regions. The RET docking models support the existence of
multiple neck-region orientations on actin in the presence
of ADP. Variations in neck-region orientations under dif-
ferent strong binding-state conditions has also been reported
in EM studies (26-28). Detectable changes in RET are
observed in the presence of phosphate analogues that are
most reasonably fit by a neck-region orientation similar to
the smooth muscle S1 model. Pre- and postpowerstroke

images of myosin V on actin support this large variation in
the orientation of the neck region (Figure 5). The RET
sensitized emission efficiencies are heavily weighted toward
the closest approach of the neck region to the actin filament,
so it is not surprising that the RET docked model superim-
poses well in the catalytic domain region while the neck

FIGURE 4: Superimposition of the best-fit pre- and postpowerstroke
models on the refined actin filament. Note the attachment of the
weak-state catalytic domain at an approximately 90° angle followed
by tilting over 30°, which contributes several nanometers to the
overall displacement between filaments depending on the orientation
of the neck region. The combination of neck-region movement and
catalytic domain tilting and twisting could produce an interaction
distance of up to 19 nm if the crossbridge remains attached to actin
for this entire series of conformational changes. The force generating
working stroke might be substantially shorter than the interaction
distance, so the postpowerstroke conformation shown might easily
be removed from actin during rapid filament shortening. This figure
was prepared using Maestro software (Schro¨dinger, Inc., Portland,
OR).

FIGURE 5: Comparisons of the RET docking models with outlines
of the published EM images of myosin V on actin. The refined
F-actin model was rotated to achieve the best fit within the outlines
of the published EM images of myosin V on actin (11). The
comparison of the models suggests a hypothesis that myosin binds
weakly to actin (upper half of figure), followed by a tilting and
twisting of the catalytic domain into the postpowerstroke orienta-
tions (lower half of figure). A neck-region orientation similar to
that in the skeletal muscle S1 atomic model should occur first and
might accompany the primary force generating step. The neck-
region orientation for skeletal muscle S1 on actin is estimated from
alignments of the catalytic domains of skeletal and scallop muscle
S1s on actin.
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region assumes a location at the end of a distribution of
observed neck-region orientations approaching the actin
filament.

Comparisons of the myosin V EM images with RET
docking yield the most exceptional agreement in the post-
powerstroke case, while the RET prepowerstroke state
exhibits a greater tilt in the catalytic domain orientation (11).
One possible interpretation of this difference is that the
catalytic domain rotation is a distinct step in a two-stage
powerstroke that has already been completed in myosin V
when the EM images are taken. The kinetics of myosin V
are very different from skeletal muscle myosin, because a
large fraction of myosin V is bound in the presence of ATP
(11). Such kinetic differences may enable distinct stages
during the powerstroke to be detected between the two
species of myosin, even if the fundamental progression of
these stages were similar. Alternatively, differences could
arise from the intrinsic biases of the image averaging
procedures on EM images versus the use of weighted
efficiencies of RET, each of which could affect the docking
of an atomic model.

Details of the Acto-S1 Interface during the Pre- to
Postpowerstroke Transition.The general structures involved
at the acto-S1 interface are similar to those that have already
been identified by EM docking models; however, the degree
of interaction is somewhat different and varies significantly
depending on the pre- or postpowerstroke model. The key
regions on S1 and actin that contribute to this interface are
summarized in Table 4. The N-terminus, the C-terminus, and
amino acids 90-100 of actin make significant contributions
to both the pre- and postpowerstroke interfaces. Not surpris-
ingly, the cardiomyopathy loop on S1 also plays a role in
both the pre- and postpowerstroke interactions. Variations
in this region that induce hypertrophic cardiomyopathy may
well be linked to these contacts.

The modeled transition from the pre- to postpowerstroke
interfaces agrees well with biochemical and physiological
evidence in the literature (29, 30). Table 4 describes how
some of the interactions vary between the two models. The
most pronounced change is in the contact between the lysine-
rich region and the N-terminus of actin in the prepowerstroke
model, which decreases in intensity in the postpowerstroke
model. This decrease in interaction is in correspondence with
mutagenesis, chemical labeling, and antibody competition
studies (31-33). Conversely, the hydrophobic helix-turn-
helix of S1 increases its interactions with actin in the
postpowerstroke model and correlates with the perturbation

of tryptophan fluorescence in single tryptophan mutants (34).
The limited interaction of the actin binding loop 3 with the
region around amino acids 90-100 on actin is supported by
mutagenesis studies in Dictyostelium myosin (35). Cross-
linking of the light chains to actin is also consistent with
their close proximity, as found in the scallop muscle S1
model (36). Fluorescence polarization reports rotations in
the catalytic domain of myosin (37). Furthermore, the strong
changes in interactions of the actin C-terminus with S1
correlate well with changes in the fluorescence of probes
attached to Cys374 on actin (38, 39).

Models of the Actin Filament and Conformational Change.
The initial model of the actin filament was based on the
G-actin structure as seen in its complex with DNAse I and
was later refined in its conformation to improve the fit to
X-ray diffraction data (3). While previous fluorescenceRET
studies have independently verified by docking methods the
general validity of these actin filament models (40), the fine
differences in conformation are significant for the RET
docking models proposed here, and their comparisons
provide clues to possible structural changes in the actin
filament. The RET models based on the refined actin filament
produced better fits and structures more consistent with the
biochemical and EM data from the literature. This observa-
tion suggests that at least some of the features of the refined
actin filament model are likely to be representative of the F
actin structure, although substantial flexibility in its structural
components appears likely.

One of the key differences between the models is in the
location of Gln41 in subdomain 2. Although this residue can
be chemically cross-linked with Cys374 on an adjacent actin
protomer, which is more consistent with the original actin
filament model, its location is quite variable in a number of
X-ray crystallographic structures of G-actin (41). Heteroge-
neity of this residue’s position in the actin filament could
increase the observed efficiencies of energy transfer between
the myosin nucleotide site and Gln41, because higher RET
efficiencies tend to dominate the sensitized emission signal
(42). Such heterogeneity might even be influenced by the
interactions of S1 with actin, so future studies with RET
measurements between additional probe labeling sites on
actin and S1 might clarify the precise nature of such induced
structural changes and refine the current models.

Implications for Conformational Selection.Previous re-
ports have indicated that the dissociated myosin head has a
broad distribution of neck-region orientations with respect
to the catalytic domain rather than a single precocked
orientation (8, 43, 44). Our conformational selection hy-
pothesis proposed that one of these conformations would
preferentially bind to actin in an orientation that would allow
conversion to the strong binding state (8). The docking model
of the prepowerstroke state suggests that a neck-region
orientation similar to the smooth muscle S1 atomic model
is preferentially detected in the RET data. These results
support our conformational selection hypothesis that de-
scribes an important structural transition enabling the sub-
sequent development of force at the molecular level.

The accuracy and precision of the docking models gener-
ated based on RET depend on the appropriateness of the
atomic models of S1 and F actin that are available. The
atomic models of smooth muscle S1 and scallop muscle
ADP-S1 that fit the pre- and postpowerstroke data best,

Table 4: Interactions at the Acto-S1 Interface between
Prepowerstroke and Postpowerstroke Bindinga

N-terminus C-terminus subdomain 2 AA 90-100
actin

myosinb pre post pre post pre post pre post

lysine-rich region ++ + ++ o + o ++ o
cardiomyopathy loop++ ++ ++ o + o + ++
helix-turn-helix o + o ++ o o o ++
actin-binding loop 3 o o o + o o o +
AA 360-371c + + o o o o + +

a Key: (o)R carbons are greater than 1 nm apart; (+) a few potential
interactions may occur; (++) several possible interactions are likely.
b These structures in the myosin catalytic domain are as designated in
Figure 2.c Recent experimental evidence also supports the influence
of actin binding on this C-loop (46).
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respectively, represent structures that contain what are
presumed to be the most extreme orientations of the neck
region with respect to their approach to the actin filament.
Therefore, the RET data will be biased toward their detection.
Evidence from EM suggests it is unlikely that models with
more extreme neck-region orientations than those examined
here will be uncovered. Also, a broader range of RET
measurements produce further constraints on the modeling
process. A number of conventional RET measurements in
the literature between actin and S1 in the postpowerstroke
state agree with the models presented here, especially when
the precision of the orientation factor is considered (12).
These results help to confirm the proposed models.

In summary, the molecular models of the pre- and
postpowerstroke states of S1 on actin are consistent with a
number of biochemical and EM observations, although some
of the specific interactions suggested by EM docking models
have been refined. The results are in agreement with models
predicting that the X-ray crystallographic structures of
smooth muscle S1 represent a prepowerstroke conformation
(5). The models suggest an interesting progression of events
in which both the catalytic domain and the neck region of
myosin contribute toward the axial rotations of approximately
30° that displace the actin filament relative to myosin in a
manner not unlike those generally described from the electron
paramagnetic resonance studies of scallop muscle and EM
of insect flight muscle (9, 10) or from previous studies of
purified skeletal S1 interacting with actin (45). Further
refinement of the RET model will provide more information
on specific structural changes in the actin filament during
this fundamental molecular cycle that plays such an important
role in life processes and disease.
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