Journal of Muscle Research and Cell Motility (2006) 27:173-187

DOI 10.1007/510974-006-9056-7 © Springer 2006

The stroke size of myosins: a reevaluation
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Abstract

In this article results are reviewed from different experimental approaches to determine the size of the power stroke
generated by myosin molecules during their ATPase cycle. While data from fiber studies and protein crystallography
predict a stroke size of about 10 nm for skeletal muscle myosins, single molecule studies imply a stroke size for these
myosins of only about 5 nm. Single molecule studies also showed the stroke size to be proportional to the length of
the light chain binding domain, acting like a lever arm. At the same lever arm length, however, the stroke size of
smooth muscle myosin II is found about twice as large and a stroke size of about 14 nm was reported for class-I
myosins. It was proposed that such different stroke sizes for molecules with same lever arm length result from
different extend of converter domain rotation. Only for class-I myosins, however, an about 30° larger rotation of the
converter was found so far by protein crystallography. This, however, is far too small to account for the almost 3-
fold larger stroke size reported from single molecule studies. In this contribution we discuss some factors that might
account for the apparent discrepancies between single molecule studies on the one hand and protein crystallography
as well as some fiber studies on the other hand. In addition, we present some modeling to illustrate that the power
stroke very likely is underestimated to a large extent in current single molecule approaches. We further show that
differences in the stroke size for various classes of myosins reported from single molecule studies might be related to
small differences in the probability to execute the power stroke kinetics. We demonstrate that such small changes in
power stroke kinetics can seriously affect the extent to which the ‘true’ power stroke is underestimated by present

single molecule approaches.

Introduction

Motor proteins of the myosin family drive motile
events by a multi-step power stroke. This multi-step
power stroke is composed of a series of structural
changes within the actin-myosin complex after the
myosin motor domain has attached to an actin fila-
ment. Each of these structural changes is thought to
be associated with a specific reaction step in the acto-
myosin-ATPase cycle. Without external load the total
movement generated by one head of a myosin mole-
cule during an ATPase cycle is expected to be equal to
the sum of the individual structural changes that are
part of the multi-step power stroke.

Due to the fundamental relevance of the power
stroke for driving motile events, the structural basis of
the power stroke, its connection to mechanical forces
and movements, as well as its link to the intermediates
of the ATPase cycle are central to the understanding
of how hydrolysis of ATP drives motile events. Due to
the close link between structural, mechanical and bio-
chemical events, a large variety of experimental
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approaches have been used to elucidate the molecular
processes underlying the power stroke. As a conse-
quence, different experimental approaches have yielded
information about the processes associated with the
power stroke and about the distance over which a
myosin head can drive the sliding of an actin filament
during its power stroke. Although there is, with few
exceptions, agreement about the order of magnitude
over which a myosin head can drive filament sliding,
closer comparison between estimates from muscle fiber
studies, protein crystallography, and single molecule
experiments appeared to reveal some systematic dis-
crepancies.

In this contribution we first summarize the main
conclusions about the stroke size drawn from fiber
studies. We then summarize the main findings from
single molecule experiments, including effects of dif-
ferent lever arm lengths on the observed stroke size.
We compare these results with some structural data
to highlight some of the discrepancies. Finally, we
present some modeling work that was initiated by a
recent contribution by Sleep and coworkers (Sleep
et al., 2005). This modeling allowed to identify possi-
ble sources for the observed discrepancies. We will
illustrate some factors that very likely have resulted
in an underestimate of the size of the power stroke in
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previous single molecule experiments, including our
own.

Displacement generated during the power stroke: results
of fiber experiments

Several early attempts to determine the size of the
power stroke of skeletal muscle myosins were based on
trials to measure ATP hydrolysis in muscle fibers or
myofibrils during lightly loaded or unloaded shorten-
ing (Homsher et al., 1981, Yanagida et al., 1985, Bren-
ner, 1988, Harada et al., 1990, Higuchi and Goldman,
1991). Together with estimates of the duty ratio, i.e.,
the time of an ATPase cycle over which a myosin head
stays strongly attached to an actin filament such AT-
Pase measurements were used to estimate the distance
of actin filament movement over which a myosin head
stays strongly attached to an actin filament during
high speed shortening. This distance was found in the
order of >240-50 nm (summarized by Burton (1992)).
In muscle fibers, however, many myosin molecules
act in parallel. As a consequence, the movement of an
actin filament relative to a myosin filament results
from the action of many myosin heads. Thus, the total
movement of an actin filament while an individual
myosin head is strongly bound to the actin filament is
not only the result of the structural changes during the
multi-step power stroke of this myosin head. Instead,
if the strongly bound myosin head does not dissociate
in time it will be pulled along due to the action of
other myosin heads that continue to move the actin fil-
ament. Thus, a myosin head that stays attached after
completion of its ‘active’ power stroke will be pulled
beyond the reach of its ‘active’ stroke. Beyond its
active stroke this myosin head will start to generate
increasing forces that oppose further movement of the
actin filament (cf. Huxley, 1957). In fact, the maxi-
mum speed of filament sliding in a muscle fiber was
proposed to adjust itself such that at the maximum
speed of filament sliding active driving forces from
myosin heads undergoing their ‘active’ power stroke
will be balanced by forces opposing movement by
myosin heads that have ended their power stroke but
have not yet dissociated from the actin filament (Hux-
ley, 1957). With this concept the total movement of an
actin filament while a myosin head stays strongly
attached equals the sum of the ‘active stroke’ plus the
‘drag stroke’ (cf. Pate et al., 1993). Thus, the above-
mentioned estimate of >40-50 nm is expected to be
much larger than the ‘active’ multi-step power stroke.
Based on mechanical and kinetic data obtained from
different myosin isoforms and with different substrates,
Pate and coworkers tried to separate the ‘active’ stroke
from the ‘drag’ stroke. With this approach they esti-
mated an active stroke of approximately 10 nm (Pate
et al., 1993). In more recent trials, Lombardi and
coworkers (Piazzesi et al., 2002; Reconditi et al., 2004)
tried to separate the ‘active’ power stroke within the

transient response at the beginning of muscle shorten-
ing after sudden unloading. With decreasing load dur-
ing fiber shortening, the observed power stroke
approached about 7 nm. From modeling work it was
estimated that without truncation by early detachment
of some myosin heads the active power stroke should
be in the order of about 10 nm (Piazzesi et al., 2002).

In a different type of experiment the ability of mus-
cle fibers to recover active force after sudden length
releases was studied (quick release experiments; e.g.,
Huxley and Simmons, 1971, 1973; Ford et al., 1977).
In these experiments the distance over which a cross-
bridge can generate active force and movement ini-
tially appeared to be in the order of 15-20 nm (Huxley
and Simmons, 1971). In later, faster measurements this
distance was found to be about 14 nm (Ford et al.,
1977). Assuming no compliance in actin and myosin
filaments, this result was thought to be consistent with
an overall power stroke of about 14 nm. X-ray diffrac-
tion studies, however, revealed significant compliance
in actin and myosin filaments (Huxley et al., 1994,
Wakabayashi et al., 1994). Thus, the ‘active’ power
stroke very likely is substantially shorter than the
about 14 nm of filament sliding over which force
recovery can be observed after a rapid length.

In summary, muscle fiber studies altogether appear
consistent with a power stroke in the order of about
10 nm, i.e., a distance of 10 nm over which myosin
heads can (actively) drive filament sliding.

Displacement generated during the power stroke: results
from single molecule studies

A first attempt to detect forces and movements when
individual myosin molecules or fragments of myosin
molecules interact with an actin filament was intro-
duced by Finer et al. (1994). In this approach, two
microspheres are attached to an actin filament, e.g., by
NEM-modified myosin. Each bead is held by an inde-
pendently adjustable trap such that the actin filament
can be pre-tensioned beyond slack length. This ‘dum-
bell’-arrangement is steered on top of a third, larger
bead which is immobilized on a cover slip and coated
with nitrocellulose. After sparsely coating of the nitro-
cellulose layer with myosin, S1, HMM, or constructs
of myosin molecules, individual interactions of the
molecules with the suspended actin filament can be
detected (Figure 1).

On the basis of this ‘three-bead assay’, Molloy et al.
(1995) developed an approach to determine the stroke
size generated by single S1-, or HMM-molecules. Mol-
loy and coworkers found that upon binding of the sus-
pended actin filament to a myosin molecule the
thermal fluctuations of the dumbell are reduced, as
expected by an increase in overall stiffness when the
dumbell is tethered to the third bead by the SI- or
HMM-molecule. Using this reduction in thermal fluc-
tuations as the signature to identify binding events,
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Fig. 1. Scheme of the three-bead experimental arrangement. Bead at left end of suspended actin filament is imaged onto a quadrant detector.
Noise on position signal represents thermal fluctuations of actin filament with attached beads (dumbell) while freely suspended in the two
traps. Transient reductions in amplitude of thermal fluctuations were interpreted as events of binding of myosin head to actin filament result-
ing in increased overall stiffness (Molloy et al., 1995). Histograms of mean bead position during binding events are found to be offset from
mean position observed while dumbell is free (no myosin head attached). According to Molloy and coworkers (1995), the shift of the histo-
gram relative to mean position of free dumbell (labeled ‘apparent stroke size’) is interpreted to represent displacement generated by individual
HMM or S1 molecules during their interaction with the actin filament (modified from Molloy et al., 1995; Finer et al., 1994).

Molloy and coworkers generated a histogram of the
actual bead positions observed during the various
binding events. Histograms generated from a large
number of binding events were found to be well
described by a Boltzmann distribution. The width of
this distribution is essentially identical with the width
of thermal fluctuations of the free dumbell and is
determined by the overall stiffness of the two traps by
which the dumbell is suspended. The histogram of
actual dumbell positions during the binding events,
however is not centered around the equilibrium posi-
tion of the free dumbell but was found to be shifted to
one side relative to the time averaged position of the
free dumbell (zero-position in Figure 1, indicated by
vertical dashed-dotted line). The direction of this shift
was found to be determined by the polarity of the sus-
pended actin filament (Molloy et al., 1995).

The shift of the position histogram was interpreted
to represent the filament sliding generated during the
power stroke of the S1 and HMM molecules on the
third bead. Thus, the amplitude of the shift of the his-
togram against the mean position of the free trap was
considered to represent the amplitude of the power
stroke, i.e., the amplitude of the structural changes
associated with the power stroke.

For this interpretation Molloy and coworkers
assumed that cross-bridge attachment occurs with
equal intrinsic probability over the full range of the
Brownian motion of the actin filament. As one basis
for this assumption, actin filaments (and trapped
beads) were thought to freely rotate in an uncon-
strained fashion such that on average every actin
monomer is equivalent, i.e., actin monomers do not
form target zones (Molloy et al., 1995). A further,
more hidden assumption was that after initial attach-
ment the probability to execute the power stroke will
also occur with equal intrinsic probability over the full
range of the Brownian motion of the actin filament.

In later experiments with a feedback stabilized sys-
tem and with only a single myosin molecule probed
over time, the helical arrangement of the actin mono-
mers within the filament was found to modulate the
probability of binding along an actin filaments, equiva-
lent to the organization of binding sites on the actin fil-
ament in so called ‘target zones’ (Steffen et al., 2001).
In less stable equipment or when individual events of
several different myosin molecules are accumulated, such
target zones, however, are averaged out and not detect-
able. Instead, the probability distribution of individual
events essentially follows the probability distribution of
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the dumbell position during thermal fluctuation (Mol-
loy et al., 1995; Tanaka et al., 1998; Ruff et al., 2001b;
Kohler et al., 2003).

With some class I myosins, e.g., myosin IB or myo-
sin IA, it was found that displacement can take place
in two distinct steps (Veigel et al., 1999). For analysis
of the amplitude and timing of the second step, indi-
vidual binding events were aligned according to their
beginning, and, in a second plot, according to their
ending (Veigel ef al., 1999). When the aligned individ-
ual events were added up the average displacement at
the beginning and the end of the binding events can be
compared. A larger displacement from the equilibrium
trap position at the end of a binding event is inter-
preted as evidence for a second structural change con-
tributing to the overall power stroke. The time course
of the averaged individual events allows to determine
(1) the probability (rate constant) for the second struc-
tural change to occur or (ii) the probability of an
ATP-binding to the empty nucleotide binding site that
ends the interaction event (Veigel et al., 1999). In this
analysis, however, again the two basic assumption are
made that (i) initial binding occurs with equal proba-
bility throughout the range of thermal fluctuations of
the actin filament, and that (ii) the power stroke can
be executed with equal probability throughout the full
range of Brownian motion of the dumbell.

The apparent stroke size is proportional to the length
of the light chain binding domain. On the basis of the
concept of Molloy and coworkers to determine the size
of the power stroke we attempted to directly test the
hypothesis that the light chain binding domain func-
tions as a lever arm. This hypothesis was initially pro-
posed on the basis of the crystal structure of Sl
(Rayment et al., 1993a, b) and had been tested by stud-
ies of the actin gliding velocity driven by myosin con-
structs with (i) different number of light chain binding
sites (Uyeda ef al., 1996) and with (i1) artificial lever
arms of different lengths (Anson et al., 1996). We
directly tested the prediction of the lever arm hypothe-
sis, i.e., that the stroke size of myosin II constructs
should be proportional to the length of the lever arm,
by recording the apparent stroke size of the constructs
with different artificial lever arm lengths (Anson et al.,
1996). We determined the apparent stroke size accord-
ing to the approach introduced by Molloy and cowork-
ers (1995). The results showed a linear relation between
the lever arm length determined from the known struc-
ture of the artificial lever arms and the apparent stroke
size determined by a needle trap system (Figure 2, data
labeled DdII; Ruff ef al., 2001b). Our assay system was
essentially identical with the three bead arrangement
(cf. Figrue 1; Finer et al.,, 1994; Molloy et al., 1995)
except that one of the two beads by which the actin fila-
ment is suspended was replaced by a microneedle. All
myosin II constructs were found to generate an appar-
ent stroke size that falls within or near the 95% confi-
dence range of a linear relation (Figure 2). Furthermore
the linear relation does not extrapolate to a lever arm
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Fig. 2. Plots of observed stroke size vs. lever arm length for Dictyos-
telium discoideum myosin I (DdII; Ruff et al., 2001b), smooth
muscle myosin II (smlIl; Warshaw et al., 2000) and rat myosin 1d
(Myo 1d). Open circles are data of myosin V constructs with 1, 4,
and 6 1Q-motives (Purcell ef al., 2002). Solid lines are best fits of
linear regression analysis, the dashed line is an extension of the fit to
the smooth muscle myosin II data points (modified from Kohler
et al., 2003).

length of 0 nm but rather to a lever arm length of
about —2 nm. This was interpreted to be consistent
with the concept that the hinge point of the lever arm is
located about 2 nm inside the catalytic domain near
Gly 691 at the distal end of the SH1 helix. From struc-
tural studies, this Gly 691 was thought to represent the
hinge point of converter domain movement (Geeves
and Holmes, 1999). The apparent stroke size observed
for HMM and S1 constructs with native essential and
regulatory light chains was 5.5 and 5.4 nm, respectively
(Ruff et al., 2001b).

From the observed stroke size, the known structure
of the constructs (Kliche er al., 2001), and with the
assumption that the plane of lever arm rotation is
aligned with the actin filament axis, the lever arm rota-
tion during the power stroke was expected to be about
30° (Ruff ez al., 2001b). This appeared in reasonable
agreement with the about 20° rotation estimated from
fluorescence polarization studies with fluorescent
probes attached to the light chain binding domain in
fibers (Corrie et al., 1999). The estimated 30° of lever
arm rotation, however, are about half the rotation
expected from protein crystallography (see below).

For the same lever arm length the size of the apparent
power stroke can vary among different myosins. A simi-
lar linear relation of apparent stroke size vs. lever arm
length was also reported for smooth muscle myosin II
(Warshaw et al., 2000; cf. smll in Figure 2), and for
single headed myosin V constructs (Purcell et al., 2002;
cf open circles in Figure 2). The lever arm length for
the two myosins were varied by the number of IQ
domains in the constructs. Comparison of stroke sizes
reported for chicken myosin Il (Molloy et al., 1995),
chicken myosin la and rat myosin 1b (Veigel et al.,
1999), chicken smooth muscle myosin II (Warshaw



et al., 2000), Dictyostelium discoideum myosin 11 (Ruff
et al., 2001b), as well as myosin V (Purcell et al., 2002;
Tanaka er al., 2002), suggested that the observed
stroke sizes are not directly related to the assumed le-
ver arm lengths. Therefore, in one study with the same
equipment and the same experimental conditions the
data obtained from Dictyostelium discoideum myosin 11
were extended by stroke size measurements on rat
myosinld with different number of light chain binding
sites (Myo 1d in Figure 2; Kohler et al., 2003). For
each of the sets of myosin constructs the observed
stroke size showed a linear dependence on the lever
arm length, but the slopes of the relations were quite
different. This was interpreted to indicate that different
motor domains can generate different degrees of con-
verter domain rotation and thus different degree of
lever arm movement while the axis of rotation is lo-
cated at a similar position inside the motor domain
(Kohler et al., 2003).

The data for single headed myosin V constructs with
different lever arm lengths again showed a nearly linear
dependence between stroke size and lever arm length.
These data, however, may extrapolate to an axis of
rotation that is much further inside the catalytic
domain (cf. Figure 3b of Purcell et al., 2002). If the
stroke sizes of single headed myosin V constructs, how-
ever, are compared with the other data in Figure 2,
especially the data for myosin V constructs with one
and four IQ domains tend to fall near the range of the
smooth muscle myosin II constructs. The increasing
deviation toward smaller apparent stroke sizes at long-
er lever arm lengths may be due to limited rigidity of
the long light chain binding domain with 61Q domains.

In summary, the observed stroke size for a lever
arm length of two IQ-domains is about 5.5 nm for
Dictyostelium discoideum myosin II. The observed
stroke size for smooth muscle myosin II and single
headed constructs of chicken myosin V is about 9 nm
and thus more than 60% larger than for the
D. discoideum myosin II. For rat myosin 1d with two
IQ domains the observed stroke size is about 14 nm,
i.e., almost three-times the stroke size of D. discoideum
myosin II. The differences were discussed in terms of
different amplitude of lever arm movement of the vari-
ous myosins (Kohler et al., 2003).

Displacement generated during the power stroke:
magnitude expected from structural studies

In myosin II of chicken or Dictyostelium discoideum
converter domain is rotated about 70°. Assuming that
in the pre-power stroke state the catalytic domain
docks onto the actin filament with the same orienta-
tion as in the post-power stroke state, i.c., assuming
that no redocking contributes to the re-orientation of
the lever arm during the cross-bridge cycle, a 70° rota-
tion of the lever arm is expected, starting and ending
at the two orientations shown in Figure 3a. Such 70°
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rotation of the converter/light chain binding domain
could drive filament sliding over a distance compara-
ble to the length of the effective lever arm. This is the
distance between the axis of rotation and the hinge at
the tip of the lever arm which connects the lever arm
to the rod part of the myosin molecule.

For such a geometry we should expect a filament
sliding of about 10 nm for a myosin II molecule with
a native lever arm of 7.5+2=9.5 nm. The 7.5 nm
equal the length of the light chain binding domain
with two IQ-motives. The 2 nm are the distance be-
tween the basis of the light chain binding domain and
the hinge point of lever arm rotation which from
structural studies cf. (Geeves and Holmes, 1999) seems
to be about 2 nm inside the catalytic domain. Note
that the stroke size of about 9.5-10 nm expected from
structural studies for myosin II of skeletal muscle is
essentially identical with the size of the active power
stroke derived by several approaches from muscle
fibers.

Rotation of the light chain binding domain of class 1
myosins is about 30° larger than for myosin II. The
crystal structure of a class-I myosin construct (Koll-
mar et al., 2002) with MgADP.VOy, in the active site
shows a somewhat more pronounced kink in the relay
helix. This positions the converter in the ‘pre-power
stroke’ state about 30° further ‘up’ than in myosin II
structures (Kollmar et al., 2002). As a consequence, it
was proposed that class I myosins can produce a pow-
er stroke about 20-30° larger than the 60-70° rotation
of the myosin-II lever arm. Image reconstructions of
actin filaments decorated with class-I myosins showed
that in the rigor state the orientation of the catalytic
domain on the actin filament is virtually indistinguish-
able from class-II myosins (Jontes et al., 1995, 1998;
Jontes and Milligan, 1997, Carragher et al., 1998). It
was therefore assumed that the nucleotide-free rigor
complex has similar geometry as seen for reconstruc-
tions with class-II myosins (Schroder et al., 1993). On
this basis, the three orientations for the light chain
binding domain for class-II and class-I myosins was
constructed (Figure 3b; Kollmar ef al., 2002). These
structures predict about 30-35% larger axial move-
ment of actin filaments relative to the myosin filaments
for class-I myosins compared to the movement gener-
ated by class-II myosins with same lever arm length.
Note that this is much smaller than the increase in
stroke size seen in single molecule experiments. The
stroke size of class I myosin was reported to be about
2.5- to 3-times the stroke size of skeletal muscle myo-
sin II (Kohler et al., 2003).

In summary, from protein cystallography of Dictyos-
telium discoideum myosin Il constructs an about two-
times larger stroke sizes is expected than the stroke size
seen in single molecule experiments with the histogram
technique. The increase in stroke size from Dictyosteli-
um discoideum class-II myosins to class-I myosins
expected from structural studies, in contrast, is much
smaller than the increase in stroke size reported from
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Fig. 3. (a) Structural changes driving filament sliding in the rotating lever arm concept. Left panel, illustration of the arrangement of the
myosin head with catalytic domain and light chain binding domain relative to actin and myosin filaments (modified from Cooke, 1986).
Rotation of the light chain binding domain while the catalytic domain is fixed at the actin filament results in a sliding of the actin filament
relative to the myosin filament back bone. Distance and direction of actin filament movement is indicated by arrow. Distance of movement
equals movement of end of light chain binding domain relative to catalytic domain. Right panel shows ““pre-power stroke’ (top) and a “post-
power stroke” crystal structures of myosin head domain fit to atomic model of actin filament. “Post power stroke structure” is chicken S1
(Rayment et al., 1993a) docked onto actin filament structure (Schroder et al., 1993; Geeves and Holmes, 1999). “Pre-power stroke” structure
is ADP.vanadate-structure (Smith and Rayment, 1996) with light chain binding domain of chicken S1 (Rayment ef al., 1993a) modeled on
structure of truncated myosin head domain of Dictyostelium discoideum myosin I1I. Model of pre-power stroke structure is docked onto actin
filament assuming same orientation of catalytic domain relative to actin filament as for post power stroke geometry (Geeves and Holmes,
1999). Note that in pre-power stroke orientation lever arm is rotated 70° relative to the post-power stroke structure (modified from Geeves
and Holmes, 1999). (b) Docking of class-I and class-II myosin crystal structures onto actin filament model. o-helix of light chain binding
domain (Rayment ef al., 1993) modeled onto crystal structures of truncated class-I myosin head domains to illustrate orientation of lever arm
expected from position of converter domain (modified from Kollmar ez al., 2002).



single molecule studies. Thus, the degree of discrepancy
between stroke sizes expected from structural studies
vs. stroke sizes derived in single molecule experiments
with the histogram technique varies for different mem-
bers of the myosin superfamily.

Factors that may contribute to discrepancy between
expected stroke size and stroke size observed in single
molecule measurements

Arrangement of binding sites on actin filaments in target
areas. One possible source of uncertainties in stroke
size estimates with the histogram approach (Molloy
et al., 1995) or related event averaging techniques (Vei-
gel et al., 1999) is the organization of binding sites on
actin filaments in form of target areas. This limits the
assumption of equal probability of attachment to any
point along an actin filament (Steffen et al., 2001).
However, systematic scanning, or sampling of individ-
ual interaction events from more than one myosin
molecule on the third bead, as well as drift in the sys-
tem during long periods of data collection average out
effects arising from organization of binding sites in
target areas (Steffen et al., 2001). The published histo-
grams on which the apparent stroke size data are
based (Tanaka et al., 1998; Ruff et al., 2001b; Kohler
et al., 2003) do not show the characteristic signs de-
scribed for interactions that are restricted to target
areas (Steffen et al., 2001). Thus, restriction of interac-
tions to target areas appears unlikely to account for
discrepancies between fiber data and structural studies
on the one hand and the apparent stroke size derived
from single molecule experiments on the other hand.

Random orientation of myosin heads relative to actin
filament axis. A second source proposed to cause
reduction in observed stroke sizes is the random orien-
tation of S1 and HMM molecules on the third bead
(Tanaka et al., 1998). This proposal was based on dis-
placement histograms constructed from individual
interactions between actin filaments and filaments
formed from single headed myosin molecules and
myosin rod fragments. Deviation from parallel
alignment of actin filament and myosin/myosin rod
co-filament appeared to reduce the observed shift in
the position histogram (Tanaka ez al., 1998). Assum-
ing a stroke size of 0 nm when the axis of the sus-
pended actin filament is perpendicular to the myosin/
myosin rod co-filament axis, Tanaka et al. (1998) esti-
mated that the observed average stroke size for ran-
domly oriented myosin heads should be about 50% of
the stroke size seen for parallel orientation of actin fil-
ament and myosin/myosin rod co-filament. In an
essentially identical experimental approach, however,
no orientation dependence of the apparent stroke size
could be detected (Ruff ef al., 2001a).

Trapping forces may affect probability to initiate
power stroke after initial attachment. Not only the his-
togram technique of Molloy and coworkers, but also
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the event averaging technique of Veigel et al. (1999),
and the variance analysis (Guilford et al., 1997) are all
based on two main assumptions. (i) Binding of myosin
heads to actin is assumed to occur with identical prob-
ability at any position along the actin filament (cf.
Molloy et al., 1995), and (ii) the power stroke after
initial attachment is assumed to occur with equal
probability at all positions along the actin filament.
This second point was recently questioned by Sleep
and coworkers (Sleep et al., 2005). It was pointed out
that forces generated by the two traps will introduce
distortion of the attached myosin head resulting in
non-equal probability to execute the power stroke
which eventually might lead to reduction in the ob-
served stroke size. Previously, effects from distortion
of the myosin head by trapping forces were considered
irrelevant at the usual trap stiffnesses since distortions
of the myosin head domain are very small as long as
trap stiffness is much smaller than the stiffness of the
attached myosin head.

Distortion of attached myosin heads by trapping forces

Qualitative estimate of effects on apparent power stroke
determined by histogram technique

Figure 4 illustrates the three bead arrangement and the
effects expected from distortion of tethered myosin
head domains by trapping forces acting on the two
beads by which the actin filament is suspended. Con-
sider attachment of a myosin head to the actin fila-
ment while the beads of the dumbell, due to their
thermal fluctuations, are outside the center of their
traps (cf. event 1 in Figure 4). In this case the attached
myosin head will be distorted by the trapping forces
that tend to drive the two beads toward their equilib-
rium position at the centers of their traps. Since trap
stiffness is much lower than stiffness of the attached
myosin head, the distortions of the attached myosin
head will be small. Nevertheless, it is expected that
such distortions will result in some non-equal proba-
bility of the myosin head to proceed from the initially
attached state (state 1 in Figure 4) to state 2. The
probability to proceed into the power stroke is
expected to be increased if attachment takes place
while the dumbell is to the left of the trap center (cf.
event 2 in Figure 4) and will be decreased if the dum-
bell is to the right of the trap center when the myosin
head attaches to the actin filament (event 1).

As a consequence, the observed shift of the position
histogram will be different from the displacement gener-
ated during the power stroke. This is illustrated in
Figure 5. If at all positions of the dumbell the initially
attached myosin head will proceed into the power
stroke with the same probability, then the shift of
the position histogram equals the filament sliding
generated by the power stroke (green curve vs. red curve
in Figure 5b; Molloy et al., 1995). With non-equal
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Fig. 4. Scheme of distortions of myosin head generated in the dum-
bell system. Event 1: attachment of myosin head to actin filament
while, by thermal agitation, dumbell is positioned near to extreme
right of thermal fluctuations. At this position trap pulls dumbell
back toward center of trap (solid horizontal arrow toward vertical
solid line; vertical solid line represents equilibrium position of trap).
Trapping forces that pull dumbell back toward trap center along ac-
tin filament axis generate distortion of tethered myosin head (solid
arrow away from vertical dashed line. Dashed line represents undis-
torted position of tethered myosin head). Distortion of tethered
myosin head is against direction of movement generated during the
power stroke (heavy solid arrow pointing to right from undistorted
position of tethered myosin molecule). When elastic forces are bal-
anced the ratio of head distortion (x)/dumbell displacement from
trap center (&) is proportional to ratio of head stiffness (kpeaq)/com-
bined trap stiffness (kirap). Distortion of myosin head is opposite to
direction of power stroke and thus reduces probability to proceed
into the power stroke, i.e., to proceed from the initially attached
state (state 1) to state 2. Event 2: Attachment of myosin head takes
place while thermal fluctuations have driven dumbell to far left of
range of thermal fluctuations. Thus, while myosin molecule is bound
to actin filament and keeps dumbell near the far left of thermal fluc-
tuations, dumbell experiences trapping force that pulls toward center
of trap (dashed arrow toward vertical solid line=center of trap
along actin filament axis). Thus, attached myosin head is pushed in
shortening direction (dashed arrow pointing away from dashed verti-
cal line). This favors transition into power stroke, i.e., from initially
attached state 1 to state 2. &, displacement of dumbell from equilib-
rium position; x, distortion of myosin head. Direction of power
stroke indicated by heavy solid arrow pointing to right from at-
tached myosin head.

probability to proceed into the power stroke, e.g., as
illustrated in Figure 4, however, the frequency of events
will increase on the left part of the shifted position dis-
tribution (upward arrows on green curve in Figure 5¢)
and decrease on its right side (down arrows in Fig-
ure 5c). Overall, this will result in a reduced shift of the
actually observed position histogram (black curve in
Figure 5d). Thus, qualitatively the observed shift in the
position histogram and thus the ‘observed’ stroke size is
expected to be smaller than the actual filament sliding

generated when the initially attached myosin head pro-
ceeds into the power stroke (to state 2 in Figure 4).

Quantitative modeling of expected effects on stroke size
determined by histogram technique

To evaluate the relevance of possible effects of trap-
ping forces on the observed stroke size in the histo-
gram analysis and the related event averaging
technique we examined possible effects of trapping for-
ces by using a model for cross-bridge action that we
had previously proposed (Brenner, 1990; Chen and
Brenner, 1993). After initial, rapid-equilibrium attach-
ment, the power stroke is assumed to take place in a
reversible reaction step, e.g. from an AM.ADP.Pi-state
to an AM.ADP state. For the results presented in the
subsequent section, the exact assignment of the bio-
chemical intermediates, however, is not essential. The
assumptions made for the modeling are specified in
each part as they are introduced. The free energy func-
tions are included schematically in Figure 4 to illus-
trate their relation to the experimental arrangement. In
Figure 6, the relevant free energy functions are shown
together with a possible set of rate functions used in
the modeling. Note that different from earlier conven-
tion (cf. Huxley, 1957; Hill, 1974) direction of active
movement is to the right. This is to account for the
direction of the shift in the histograms generated in
the analysis of single molecule experiments (Molloy
et al., 1995). Usually this shift, attributed to the power
stroke, is shown as movement to the right. To mini-
mize complexity, at this stage we assume two actin at-
tached states, an initially attached state with no
average displacement (state 1) and a second state
(state 2) for which displacement along the actin fila-
ment of 10 nm is assumed (for convenience). For both
states the corresponding detached state is also specified
(labeled ‘1’ and 2’). Only for the second state the free
energy minimum is assumed far below the related de-
tached state; i.e., the first state has much lower actin
affinity than the second. For quantitative modeling a
linear elasticity was assumed for the attached myosin
head, and for both states the stiffness was assumed to
be 1 pN/nm. Accordingly, the two free energy func-
tions are parabolas of same shape. The horizontal shift
of their minima is the amplitude of the stroke associ-
ated with the reaction step from the initially attached
(state 1) to the second, strongly attached state (state
2). For convenience, this displacement was assumed to
be 10 nm. The vertical shift between the free energy
functions of state 1 and state 2 was adjusted such that
the free energy function of the second attached state
(state 2) crosses the free energy profile of the first at-
tached state (state 1) at its minimum (cf. Figure 6).
This is a frequently used, but non-crucial assumption
in previous modeling (cf. Hill, 1974).

With the assignments for stiffness of the myosin head
and thus for the shape of the free energy functions of
the attached states (state 1 and state 2), as well as for
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Fig. 5. Apparent stroke size for a system with distortion of attached myosin heads by trapping forces. Schematic illustration of effects on his-
togram analysis. (a) Position histogram of free dumbell (=red Gaussian function in all graphs). (b) Histogram of dumbell position during
binding events (green Gaussian function). Assumption: strain-independent probability to initiate the power stroke after initial attachment; as-
sumed power stroke =10 nm. Horizontal arrows indicate shift of histogram of trap position during binding events. Such shift is expected to
reflect filament sliding initiated by power stroke; e.g., 10 nm in this example. (c¢) Downward arrows illustrate effects from reduced probability
to execute power stroke (trapping forces generate strain against direction of power stroke) vs. upward arrows illustrating increased probabil-
ity of power stroke (trapping forces generate strain in direction of power stroke). (d) Black Gaussian function represents position histogram
during binding events expected from (c). Note that observed shift of histogram (black trace vs. red trace) is much less than 10 nm.

the relative position of the free energy functions, the
free energy changes (AG) associated with initial attach-
ment and with the transition from the initially attached
state 1 to state 2 (AG),) is determined for any distor-
tion (x) of the myosin head (AG »(x)). From the differ-
ence in free energy associated with the various reaction
steps the equilibrium constants (e.g., K;(x)) of these
reactions are also determined for any distortion of the
myosin head. For instance,

Ki2(x) = exp(—=AG2(x) /kgT)

where AG|,(x) is the free energy difference between
the two attached states at different distortion x; kg is
Boltzmann constant, and 7 is the absolute temperature.

From the equilibrium constants at a given distor-
tion, however only the ratio of the forward over the
reverse rate constant is known.

In our modeling eventually different assumptions
were made for the x-dependence of the two rate con-
stants. Initially, the frequently used assumption of
equal partitioning of strain dependence between for-
ward and reverse rate constant was made. The corre-
sponding rate functions for the transition from state 1
to state 2 are also shown in Figure 6. We did, how-
ever, not limit our modeling to this assumption.

We further assumed that myosin heads can attach at
any position along the actin filament; i.e., the proba-
bility to attach to actin at a specific position of the
dumbell (&) is determined by the thermal fluctuation of

the dumbell in the two traps. Thermal fluctuation of
the dumbell results in a Gaussian-shaped histogram
for initial attachment, located at the center of the trap
(cf. Figure 5a). For the distortion (x) of the attached
myosin head by the trapping forces acting on the two
beads of the dumbell, it was assumed that the trapping
forces and forces of elastic distortion of the attached
myosin head are of equal magnitude but opposite
direction. Thus, the ratio of dumbell displacement (&)
from its free average position over the elastic distor-
tion of the attached myosin head (x) equals the ratio
of head stiffness (kneaq; 1 pN/nm) over the stiffness of
the two traps (Kimp; €.g., 0.01 pN/nm). Consequently,
head distortion (x) during an event was usually only in
the order of 1/100 of the dumbell displacement (&)
from its mean free position.

To mimic the actual experimental situation we also
assumed (at this stage) that essentially each event that
has proceeded into the second, strongly attached state
will be detected by reduced thermal fluctuation while
the initial (weak) attachment is too short to be detect-
able with currently available time resolution of the
measurements.

In the first step of the modeling, the distribution of
dumbell positions, P(£), during free thermal fluctua-
tion was calculated (P(&)=exp(—1/2ktrapE_,2/kBY)). In
the second step, the head distortion (x) in the
initially attached state was determined. Head distor-
tion was obtained from balance between trapping for-
ces (Firap(E) =kuapt) and elastic forces resulting from



182

state 1

>

g state 2

% AN | e 1 / 2

o 3

o

72

I I I 1
-10 0 10 20
X (nm)
20 4 K )

o C
‘t‘é 3
5 £ 10 -
(1)
« 2 1
o

04

| T 1
-5 0 5
X (nm)

Fig. 6. Free energy functions and rate functions used in the model-
ing. Top panel, free energy functions of initially attached state (state
1) and corresponding detached state (1). Minimum of free energy
function of state 1 is just slightly below free energy level of corre-
sponding detached state; i.e., state 1 is only weakly attached. Free en-
ergy function of second attached state (state 2) is shifted relative to
free energy function of state 1. Horizontal shift equals assumed stroke
size (10 nm), vertical shift selected such that free energy function of
state 2 crosses through minimum of free energy function of state 1
(Hill, 1974). Shape of free energy functions of state 1 and state 2 re-
sults from assumption of linear elasticity of myosin head of 1 pN/nm.
Bottom panel, rate functions to define strain dependence of forward
and reverse rate constants for transition from state 1 to state 2. Equal
partitioning of strain dependence between the forward and reverse
rate constant assumed. Shape of rate functions then results from dif-
ference of free energy (AG;,) vs. head distortion (x) specified by the
relative position of the free energy functions of state 1 and state 2.

distortion of the myosin head in the initially attached
state (Fpeaq(X) = KkneaaX). In the third step equilibrium
binding in the first attached state was calculated for
different dumbell positions (&), considering head dis-
tortion (x) and its effects on the equilibrium-binding
constant for the weak attachment. Strain dependence
of the equilibrium-binding constant is defined by the
free energy difference between state 1 and the related
detached state (labeled ‘1’ in Figrue 6). The fourth
step was to calculate the probability to execute the
power stroke after initial attachment at the dumbell
position &, considering the effect of head distortion
(x) on the rate constants associated with the power
stroke, i.e., the transition from state 1 to state 2.
While K;»(x) and thus k5" (x)/k; ., (x) were specified
by the free energy functions we initially used equal
partitioning of strain-dependence for the two rate
constants. Le., kj, " (x)=exp(=0.5AG,5(x)/kgT) and

k12 (x)=exp(0.5 AGix(x)/kgT). In the fifth step the
resulting dumbell position after execution of the pow-
er stroke was calculated, again considering that the
actual dumbell position results from the balance of
trapping forces and elastic forces from distortion of
the attached myosin head by the trapping forces. In
the last step, the expected probability to observe an
event (with power stroke) at a certain dumbell posi-
tion was plotted as a function of dumbell position
(&). Finally, a Gaussian function was fit to the result-
ing ‘position histogram’, equivalent to the procedure
introduced by Molloy et al. (1995). As a result, the
shift of the position histogram relative to the free
dumbell position was obtained as a measure of the
‘observed’ power stroke.

The Gaussian functions shown in Figure 5, includ-
ing the black Gaussian function, actually represent his-
tograms calculated by this modeling for a head
stiffness of 1 pN/nm, a trap stiffness of 0.01 pN/nm,
and an assumed stroke size of 10 nm. The red function
is the position histogram of the free dumbell, the green
function is the position histogram with the assumption
that the traps do not exert any forces onto the teth-
ered dumbell, i.e., on the attached myosin head, and
the black trace was obtained for the more realistic sit-
uation in which the trapping forces due to displace-
ment of the dumbell (§) away from its equilibrium
position are equal in magnitude but of opposite direc-
tion to the elastic forces exerted by the attached myo-
sin head when distorted by the trapping forces.
Changing the free energy difference between the unat-
tached myosin head and the initially attached state at
its minimum free energy, i.e., varying the binding affin-
ity of the initially attached state had essentially no ef-
fect on the position of the calculated histogram (black
line in Figure 5d), only the total number of expected
events was affected. The calculated histogram (black
line in Figure 5d) has a Gaussian shape of almost the
same width as the thermal fluctuation of the free dum-
bell. It is, however, only shifted by about 5 nm to the
right (in the direction of the power stroke). Therefore,
the observed shift of the histogram is only about 50%
of the stroke size put into the model (horizontal shift
of the second attached state relative to the initially
attached state) which was set to 10 nm.

In conclusion, the ‘apparent’ stroke size (displace-
ment of the position histogram from its equilibrium
position) is smaller than the displacement generated by
an attached myosin head during its power stroke
(equivalent to the horizontal shift of the free energy
functions of the two attached states). The difference is
caused by distortion of the attached myosin head by
trapping forces that tend to pull the dumbell toward its
equilibrium position. Distortions of the attached myo-
sin head affect the probability to execute the power
stroke (transition from state 1 to state 2) in such a way
that the position histogram is much less shifted away
from the zero position than expected without distortion
of the attached myosin head (cf. Figures 4 and 5d).



Effects of trap stiffness on “observed stroke size”

To explore the parameters that determine the differ-
ence between observed stroke size and the stroke size
put into the model, we first examined effects of the
magnitude of the trap stiffness. Very low trap stiffness
was previously thought to be sufficient to exclude
detectable effects of trapping forces on the observed
stroke size (shift of position histograms). To test this
assumption we examined the shift in position histo-
grams (‘apparent’ stroke size) for a large range of trap
stiffnesses, starting from 1 pN/nm, i.e., equal to the
stiffness of the myosin head, down to 0.0001 pN/nm.
This includes trap stiffnesses in the range around
0.01 pN/nm that is usually used in single molecule
trapping experiments. All other parameters of the
model were kept unchanged.

As shown in Figure 7, the observed stroke size stays
very close to 5nm for all trap stiffnesses below
0.1 pN/nm compared to the ‘true’ stroke size of 10 nm
that was one of the model assumptions. At trap
stiffness above 0.1 pN/nm the observed stroke size
becomes less than 5 nm. Note that although trap stiff-
ness is reduced, at trap stiffnesses below 0.1 pN/nm
there is essentially no change in observed stroke size.
Apparently distortion of the attached head is still rele-
vant even at these low trap stiffnesses. This presumably
reflects the fact that as trap stiffness (kiap) is reduced,
the amplitude of thermal fluctuations of the dumbell in-
creases. Note that the mean squared displacement of
the dumbell during thermal fluctuations ((¢)) is related
to trap stiffness (Kyap) by kiap(&’) =ksT, where kg is
Boltzmann constant and 7 is absolute temperature. At
any rate, the modeling shows that reduction in trap
stiffness apparently does not reduce distortions of the
attached myosin head to an irrelevant level such that
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Fig. 7. Observed stroke size expected for different trap stiffnesses.
Calculated shift of position histogram is plotted against assumed
trap stiffness. Stiffness of myosin head assumed to be 1 pN/nm, dis-
placement generated during work stroke, i.e., horizontal shift
between free energy functions of state 1 and state 2, was set to
10 nm. Note that trap stiffness in single molecule experiments is usu-
ally around 0.01 pN/nm.
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the ‘apparent’ stroke size (shift of position histogram)
approaches the ‘true’ stroke size.

In conclusion, reduction in trap stiffness does not
prevent discrepancies between the displacement gener-
ated during the power stroke (equal to the horizontal
shift of the free energy functions of the two attached
states) and the ‘observed’ stroke size derived from the
shift of the position histogram.

Effect of lever arm length on observed stroke size

Next we examined whether the difference between
‘true’ stroke size and ‘observed’ stroke size changes
with lever arm length since a change in this difference
would profoundly affect the conclusions drawn from
our single molecule studies with myosin constructs of
different lever arm length. For this part of the model-
ing, we made the following assumptions: (1) the cross-
over between the free energy functions of state 1 and
state 2 was kept at the free energy minimum of state 1;
(2) the assumed stroke size, i.e., the horizontal shift
between the free energy profiles of the two attached
states, is proportional to lever arm length; (3) stiffness
of the myosin head was assumed to be inversely pro-
portional to the square of the lever arm length, equiv-
alent to a system of a pivotal spring with the
remaining lever arm acting as a rigid body (cf. Kohler
et al., 2002); in a second set, stiffness of the myosin
head was assumed to be inversely proportional to the
cube of the lever arm length, equivalent to elastic
bending along the full length of the lever arm (cf.
Howard and Spudich, 1996). (4) The strain depen-
dence of the transition from state 1 to state 2 was
equally partitioned between forward and reverse rate
constant.

For all lever arm lengths, and for both types of
compliance within the lever arm, the observed stroke
size from the histogram technique is predicted to be
very close to half of the horizontal shift of the free en-
ergy functions of the two attached states, i.e., half of
the ‘true’ power stroke. These results imply that the
actual displacement generated during the power stroke
for the different Dictyostelium discoideum myosin II-
constructs is twice the value of the ‘apparent’ stroke
observed with the histogram technique (Ruff et al.,
2001b). The expected filament sliding during the power
stroke was replotted against lever arm length
(Figure 8). Since for all lever arm lengths, and inde-
pendent on the distribution of elastic bending within
the lever arm, the observed stroke size was off by the
same factor, the point of intersection of the line fitted
by least squares minimization procedure remained
near —2 nm (Figure 8).

In conclusion, in spite of the apparent difference
between ‘observed’ and ‘true’ stroke sizes, our previous
conclusions that the stroke size appears to be propor-
tional to the lever arm length and that the pivot point
of lever arm rotation is about 2 nm inside the catalytic
domain (Ruff et al., 2001b) remain valid.



184

16
14—.
12—.
10—-
8- g
6
4;

Expected stroke size (nm)

24

0

6 42 0 2 4 6 8 10 12 14
Lever arm length from structure (nm)

Fig. 8. Expected stroke size (‘true’ stroke size), i.e., distance of fila-
ment sliding generated during the power stroke vs. length of light
chain binding domain or artificial lever arm element composed of
o-actinin repeats. Expected stroke size was calculated from ‘ob-
served’ stroke size (=horizontal shift of position histogram) and the
extent by which stroke size is underestimated by histogram technique
(50% for all lever arm lengths).

Relation between lever arm length and observed stroke
size: Effect of strain dependence in the forward reaction
of power stroke

Comparison of the plot of ‘apparent’ stroke size vs.
lever arm length for Dictyostelium discoideumn myosin
IT constructs with plots for class-I myosin (Myo 1d; cf.
Figure 2; Kohler et al., 2003) showed that at similar
lever arm lengths class-I myosin can generate an
‘apparent’ stroke of almost three-times the size seen
for the class-II skeletal muscle myosin. Although the
rotation of the converter domain of class-I myosin was
found to be about 30° larger than for the Dictyosteli-
um discoideum class-II myosins, the extra 30° of lever
arm rotation alone cannot account for the almost
three-times larger stroke size (cf. Figure 3b). We there-
fore examined whether we can identify at least some
parameters that may affect the extent of the discrep-
ancy between ‘observed’ stroke size, derived from the
histogram approach, and ‘true’ stroke size which
equals the actual filament sliding during the power
stroke, i.e., the horizontal shift between the free energy
functions of the two attached states in our model cal-
culations.

One factor we could find to affect the extent of dif-
ference between ‘observed’ and ‘true’ stroke size is the
partitioning of the strain dependence between forward
and reverse rate constants for the transition from the
initially attached state (state 1) to the strongly
attached state (state 2). With all other assumptions un-
changed, we only varied the fraction of strain depen-
dence in the forward rate constant, keeping the ratio
of kis'(x)/ki,(x) constant and equal to
Ky o(x)=exp(=AG »(x)/kgT), where AG;,(x) is free
energy difference between state 1 and state 2 as speci-
fied by the free energy functions of state 1 and state2
(cf. Figure 6a). Figure 9d shows plots of ‘observed’

stroke size vs. lever arm length for the usual equal
partitioning (0.5=50% in rate function for forward,
50% in rate function for reverse reaction; cf.
Figure 9b), reduced strain dependence in the forward
reaction (0.3=30% in rate function for forward reac-
tion, 70% in rate function for reverse reaction; cf. Fig-
ure 9a), and increased strain dependence in forward
reaction (0.7=70% in rate function for forward reac-
tion, 30% in reverse reaction; cf. Figure 9c). The da-
shed line in Figure 9d is the expected plot for the
‘true’ stroke size vs. lever arm length. Note that differ-
ent extent of strain dependence in the forward reaction
affects the discrepancy between ‘observed’ and ‘true’
stroke size. As a consequence, even for constructs that
show no difference in ‘true’ stroke size (dashed line in
Figure 9d), somewhat different strain dependence of
the forward reaction of the power stroke can generate
a difference in the plots of ‘observed’ stroke size vs. le-
ver arm length. Thus, it is well possible that part of
the large difference in the ‘observed’ stroke size be-
tween class-1 and class-I1I myosins may be due to e.g.
somewhat smaller strain dependence in the forward
reaction of the power stroke (state 1 to state 2) for
class I myosins. Thus, different strain dependence in
the forward reaction can in principle account for the
discrepancy between structural data (30° larger rota-
tion of the converter) and the almost 3—fold larger
‘apparent’ stroke size.

Similarly, the different slopes when ‘apparent’ stroke
size is plotted vs. lever arm length for smooth muscle
myosin Il or myosin V may again at least in part be
due to differences in the strain dependence (strain sen-
sitivity) of the forward reaction in the power stroke
rather than be the result of different extent of
converter domain rotation.

In conclusion, the slope of plots of apparent stroke
size vs. lever arm length is not only sensitive to the ex-
tent of converter domain/lever arm rotation but is also
sensitive to the extent of strain dependence in the for-
ward/reverse reaction of the power stroke. Thus, dif-
ferent stroke size at the same lever arm length is not
necessarily a direct indication of different extent of
converter domain/lever arm rotation but may also
result from different strain dependence of the forward
and reverse reaction of the power stroke.

Limitations of modeling experimental data

In our modeling we assumed that any event that has
proceeded into the strongly bound state will be
detected. This assumption, however, has some clear
limitations. For instance, assuming smaller strain
dependence in the forward reaction of the power stroke
results in increased strain dependence of the reverse
reaction with much faster reverse reaction for strain
opposing the power stroke (negative x). This would re-
sult in (i) an increasing number of events being termi-
nated by reversal of the power stroke, and (ii) by a
reduction in the life-time of events in state 2. As a
consequence, limited time resolution for detection of
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Fig. 9. Effect of partitioning of strain dependence between forward and reverse rate of power stroke on apparent stroke size. (a)—(c) show
rate functions used in the modeling; k™ (x) =exp(-nAG) »(x)/kgT and k™ (x)=exp((1-n)AG »(x)/kgT) with n=fraction of partitioning; n=0.3,
0.5, and 0.7 for (a), (b), and (c), respectively; AG) »(x)=difference in free energy between state 1 and state 2 at different strain of myosin mo-
tor domain. kg=Boltzmann constant. (d) Plots of ‘observed’ stroke size vs. lever arm length for different partitioning of strain dependence
between forward and reverse rate of power stroke. Number next to each trace is fraction (n) of strain dependence in rate function for for-
ward reaction. Dashed line is ‘true’ stroke size vs. lever arm length. “True’ stroke size equals the horizontal distance between the minima of
free energy functions of state 1 and state 2; this distance is assumed to be proportional to lever arm length. Pivot point assumed to be —2 nm
inside the motor domain; lever arm length =length of light chain binding domain or of artificial replacement (e.g., construct of a-actinin re-
peats). Note that at a given lever arm length the ‘apparent’ stroke size = shift of position histogram varies with the fraction of strain-depen-

dence in forward rate of power stroke.

binding events would lead to an increasing number of
missed, short-lived events. The reduction in life-time
and thus the fraction of short lived events, however,
are not equal for all strains of the attached myosin
head. Instead, these effects would preferentially be
found where the free energy difference between state 1
and 2 is small or even reversed (negative x). This is on
the side of the position histogram where the trapping
forces generate strain against the direction of the power
stroke, i.e., on the right hand side of the position histo-
gram (cf. Figure 4, solid arrows labeled & and x). Thus,
increased strain dependence in the reverse reaction of
the power stroke will decrease the number of events de-
tected on the right hand part of the position histogram.
Events on the left hand side of the position histogram,
however, would have longer life-time and thus be more
effectively detected. Overall, with increasing strain
dependence in the reverse reaction of the power stroke
an increasing deficit in event detection will occur. This
will result in increasing changes in the observed posi-
tion histograms in the same way as illustrated in Fig-
ure 5¢ and d, and thus will more and more reduce the

observed stroke size. The extent to which the observed
shift of the position histogram will actually be reduced,
and thus the extent to which the stroke size will be
underestimated, however, will be dominated by the ac-
tual time resolution of the equipment, i.e., by the mini-
mum life time of events that is necessary for their
successful detection. Thus, even if some myosin mole-
cules had all strain dependence in the reverse reaction
of the power stroke we still would expect to observe a
shift in the position histogram that is smaller than the
true power stroke.

Implications

Molloy et al. (1995) had introduced the concept that
the shift of position histograms of myosin binding
events in double trap experiments represents the size
of the power stroke, or at least of its first step for mol-
ecules with a distinct second (or even further) step.
This concept was based on the assumption that bind-
ing of the myosin head to actin can occur with equal
probability at any site along the actin filament, i.e., the
probability of attachment to any site on actin is only
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determined by the position of the dumbell during free
thermal fluctuation. The second essential assumption
for this concept is that the power stroke will be exe-
cuted with identical probability at any position of ini-
tial attachment. Here we showed that even for the
most simple model describing the interaction of a
myosin motor domain with an actin filament this sec-
ond condition is very crucial and presumably never
met. Even in the case of strain independent forward
reaction into the power stroke the change in life-time
of events, due to increased strain dependence of the re-
verse reaction, will again ‘truncate’ the observed shift
in the position histogram due to inability to detect
short lived events with the current limitations of time
resolution for event detection.

Such truncation effects are expected to be relevant
not only for the histogram-approach of Molloy et al.
(1995), but any approach in which overall effects of
many events are analyzed will be affected if the indi-
vidual events, due to thermal fluctuations of one of the
interaction partners (actin filament or myosin motor
domain), take place at different locations along the ac-
tin filament, such that the attached motor domain is
distorted to different extent by the forces driving e.g.
the bead/dumbell back to its equilibrium position.
Thus, the event averaging approach (Veigel et al.,
1999) or the mean-variance analysis (Guilford et al.,
1997) are expected to yield similar underestimates of
the actual stroke size as the histogram-approch. In
addition, the problem is not limited to the dumbell
arrangement. Instead, single bead trapping or equiva-
lent approaches are expected to be affected as well.

We demonstrated that due to strain-induced differ-
ences in the probability to execute the power stroke at
different dumbell positions (i) the observed power
stroke is very likely significantly underestimated. (ii)
The discrepancy between shift of the position histo-
gram (‘observed’ stroke size) and the ‘true’ stroke size
does not disappear when trap stiffness is reduced. (iii)
We also demonstrated that at the same lever arm
length the stroke size observed with the histogram ap-
proach varies with the strain sensitivity for forward/
reverse rate of the power stroke even if the ‘true’
stroke size is constant. Thus, differences in the ‘appar-
ent’ stroke size among different myosins that are not
accounted for by differences in converter domain/lever
arm rotation can quite easily result from somewhat
different strain sensitivity of the forward/reverse rate
of the power stroke.

As a consequence, the differences between stroke sizes
expected from protein crystallography and observed
stroke sizes in single molecule experiments to a large ex-
tent are very likely caused by this underestimate of the
actual stroke size in the position histogram or related
approaches. We therefore have to devise procedures
that allow to directly determine the actual stroke size or
that allow to reliably derive the true stroke size from
the stroke size observed with the position histogram
technique or by related approaches.
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