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The biochemistry of muscle contraction is taught in every 
introductory biology class, and hence many people believe 
that myosin force transduction is well understood. How- 
ever, although it is firmly established that actin and myosin 
filaments slide past one another in a muscle sarcomere, 
the molecular mechanism of myosin motility has become 
a subject of increasing controversy. The debate has been 
fueled, in part, by measurements of how far myosin can 
move along an actin filament during one round of ATP 
hydrolysis. Values varying from 5 to 200 nm per ATP have 
emerged from such studies, and, not surprisingly, radically 
different models of myosin-based movement have been 
presented to account for these results. 

The wide variation of myosin step size estimates very 
likely stems from the fact that the measurements were 
indirect and the number of force-generating myosins inter- 
acting with actin was not precisely known (reviewed by 
Burton, 1992). Clearly, a direct measurement of forces 
and displacements from a single myosin molecule was 
needed, but such experiments presented a daunting chal- 
lenge. The forces produced by a single myosin are thought 
to be only a few picoNewtons, which is about 1000-fold 
less than the gravitational attraction between the reader 
and this issue of Cell held at arms' length. How can such 
minute mechanical events be measured? 

Two groups, led by J. Spudich (Finer et al., 1994) and 
T. Yanagida (Ishijima et al., 1994), have now developed 
fascinating microscopic technologies to measure forces 
and displacements of single myosin molecules in the milli- 
second time domain. While these groups have differed in 
the past on their measurements of myosin step sizes, their 
direct measurements using very different assay systems 
have yielded comfortingly similar answers. These studies, 
along with other recent work on kinesin (Svoboda et al., 
1993; Svoboda and Block, 1994; Malik et al., 1994) and 
myosin (Miyata et al., 1994), have opened up new direc- 
tions for examining motor proteins; the impact of these 

developments should be comparable to that which patch 
clamping has made on the ion channel field. These recent 
experiments also raise questions of how myosin and other 
molecular motors work, as discussed below. 

How to Tame a Molecular Machine 
Before presenting the results of these recent studies, it is 
worthwhile to consider the techniques used to make the 
measurements. Muscle myosin heavy chain contains an 
N-terminal force-generating motor domain followed by a 
long m-helical coiled-coil rod domain that enables two poly- 
peptides to dimerize and self-assemble into filaments. To 
measure myosin motility in vitro (Figure 1), Ishijima et al. 
(1994) prepared filaments containing both intact myosin 
and myosin rod domains lacking force-generating heads 
(so as to reduce the number of force-generating heads 
capable of interacting with an actin filament at a given 
time) and adsorbed these "sparse" myosin filaments onto 
the surface of a glass slide. To measure forces, these 
investigators attached an actin filament to a thin, flexible 
glass needle and then cast this fishing pole and lure over 
the myosin-coated surface. If myosin "bites," the needle 
(whose stiffness has been calibrated) bends in response to 
the myosin-induced forces. Using a sensitive photodiode 
detector to measure the position of the needle with nano- 
meter accuracy, myosin-induced fluctuations in the posi- 
tion of the needle can be analyzed. 

Finer et al. (1994) used a very different strategy for mak- 
ing force measurements (Figure 1). In their study, heavy 
meromyosin (which has part of the myosin rod domain 
cleaved off) was adsorbed randomly and at low density 
onto 1 I~m silica beads attached to a glass slide surface; 
the curvature of the beads minimized the number of myo- 
sins that could interact with the actin filament. An optical 
trap was then used to manipulate the actin filament and 
to impose a load in the following manner. First, two 1 gm 
diameter beads (coated with N-ethylmaleimide-modified 
myosin, which acts as a tight actin-binding glue) were 
placed at opposite ends of the actin filaments using two 
optical traps. The two beads then were pulled apart to 
make the actin filament taut, and the filament was brought 
in contact with the myosin-coated silica bead. The position 
of one of the actin-bound beads was monitored by a photo- 
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Figure 1. Single Molecule Myosin Force Mea- 
surements 
The assays and force measurements of IsN- 
jlma et al. (1994) (A and C) and Finer et al. 
(1994) (B and D) are shown. The transient force 
spikes have been suggested to result from an 
ATP hydrolysis by a single myosin molecule. 
See text for detmls. 
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Figure 2. A Model for the Conformational Change That in Myosin May Give Rise to Force Production 
Based upon the work of Rayment et al. (1993). Relating the mechanical events shown above to structural changes in the myosin molecule constitutes 
an important objective for future work. 

diode quadrant detector so that myosin-induced displace- 
ments of the actin filament could be measured. Finer et 
al. (1994) also introduced a novel feature into the optical 
trap design: a feedback clamp that can be used to measure 
forces. As myosin attempts to displace the actin filament, 
a minute shift in the image of the bead on the photodiode 
triggers an opposing movement of the optical trap so that 
it exerts a force that exactly counteracts that produced by 
myosin. Since the optical trap behaves as a linear spring, 
the magnitude of its displacement provides a measure 
of the myosin-generated forces that are acting upon the 
filament. The forces generated by the optical trap are also 
continually adjusted on a millisecond timescale to prevent 
the net movement of the bead; this produces an in vitro 
experimental situation analogous to an isometrically held 
muscle fiber. 

Some of the force measurements reported in these stud- 
ies are shown in Figure 1. When isometric conditions were 
applied, Finer et al. (1994) observed sharp and abrupt 
movements of the optical trap that correspond to myosin- 
induced forces of 3-7 pN. Ishijima et al. (1994) used stiff 
glass needles to measure maximal myosin forces, condi- 
tions that are not truly isometric (since the needle must 
move to make the measurement), but that allow simultane- 
ous measurement of forces and displacements. Under 
such conditions, these investigators showed that myosin 
could generate 4-5 nm needle displacements and 5-6 pN 
maximal forces. Hence, even though the assays, myosin 
preparations, and measurement techniques in these two 
studies were quite different, the myosin forces that were 
measured were remarkably similar. 

The analysis of myosin-induced displacements at lower 
loads (i.e., with a very compliant needle or optical trap) 
was complicated by the considerable Brownian movement 
of the glass needle or bead. However, above the back- 
ground random noise, discrete and abrupt displacements 
were observed, which both groups believe are due to the 
mechanical actions of a single myosin molecule. The aver- 
age myosin-induced displacement was 12 nm (range 
8-17 nm) in the Finer et al. (1994) study and 17 nm (range 
12-22 nm) according to Ishijima et al. (1994). Again, con- 
sidering the complexity of the experiments and analyses, 
these values should be considered to be largely in 
agreement. The major difference between these studies 
concerns the duration of the force-generating episode. 
Finer et al. (1994) report that force-generating events last 

<7 ms, while measurements by Ishijima et al. (1994) indi- 
cate a 3-fold higher value. The time spent in a force- 
generating state is of interest, since it may help to distin- 
guish whether single or multiple chemical states in the 
myosin ATPase cycle are capable of producing force. 

The findings by Finer et al. (1994) and Ishijima et al. 
(1994) represent the biggest breakthrough in the study of 
myosin mechanics since the classic work by Huxley and 
Simmons (1971) over 20 years ago. In the Huxley and 
Simmons (1971) investigation of tension recovery after a 
rapid shortening of an isometric muscle fiber, myosin was 
postulated to undergo a maximal step of - 12 nm. Thus, 
the new in vitro assay measurements are in general accord 
with this previous work. However, the studies by Ishijima 
et al. (1994) and Finer et al. (1994) raise several new ques- 
tions and pose a challenge to the classic textbook model 
for myosin motility, as described below. 

Merging Structural Studies and Single 
Molecule Mechanics 
Single molecule motility measurements together with re- 
cent determinations of atomic structures of myosin force- 
generating domains (Rayment et al., 1993; Xie et al., 1994) 
represent great advances in the motility field. The greatest 
challenge at this juncture is to tie this information together 
in a comprehensive model. The leading structural model is 
without doubt the one proposed by Rayment et al. (1993), 
which is based upon their atomic resolution structure of 
the myosin motor domain in its nucleotide-free state. This 
model is the most recent manifestation of the 25-year-old 
rotating crossbridge hypothesis, which proposes that a 
tilting of the myosin head relative to actin drives the move- 
ment of the filament. The new model, however, makes 
very specific predictions of how this conformational change 
takes place. 

The key point of the Rayment et al. (1993) model is that 
the nucleotide-binding cleft of myosin closes after binding 
ATP and that this domain movement is transmitted to a 
stiff "level arm" (consisting of a long cL helix surrounded 
by the two myosin light chains) (Figure 2). The proposed 
cycle works as follows: ATP causes a rapid release of 
myosin from actin, and the conformational change de- 
scribed above occurs after myosin has dissociated (Fig- 
u res 2A and 2B). After ATP hydrolysis and release of phos- 
phate, the "cocked" myosin head then rebinds tightly to 
actin (Figure 2C), and subsequent strong binding to actin 
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causes the nucleotide-binding pocket to reopen (Figure 
2D). The opening of the nucleotide cleft in turn generates 
a rotation of the lever arm that is responsible for translocat- 
ing the actin filament. In this model, the domain movement 
of the nucleotide-binding cleft is amplified by the lever arm 
to produce a 6 nm displacement of the actin filament (for 
further details see a recent review by Rayment and 
Holden, 1994). This type of conformational change is also 
consistent with recent small-angle X-ray scattering data 
(Wakabayashi et al., 1992). 

Are the recent single myosin motility measurements in 
agreement with the Rayment et al. (1993) hypothesis? Un- 
der high load, Ishijima et al. (1994) measured 4-5 nm dis- 
placements, which are certainly consistent with this 
model. However, high resolution measurements suggest 
that the step size is load dependent (Ishijima et al., 1994; 
Miyata et al., 1994). Under conditions of low load, most 
single displacements steps were at least twice as large 
as the lever arm motion in the myosin head allowed by 
the Rayment et al. (1993) model. If the 17 nm unitary dis- 
placements are correct, then how can they be explained? 
One possibility is that myosin undergoes a far larger pro- 
tein conformational change than that envisaged by Ray- 
ment et al. (1993), indeed, greater than that of any protein 
studied to date. Alternatively, the distance could be accu- 
mulated as the result of multiple myosin-actin interactions 
during one myosin ATPase cycle (for different types of 
models that fall in this category, see H uxley and Simmons, 
1971; Yanagida et al., 1993). 

While an apparent discrepancy between the leading 
structural model and the high resolution motility measure- 
ments appears to exist, there are several lingering con- 
cerns about the data from the low load measurements that 
need to be considered. Most notably, if 5-7 nm steps were 
to occur, they would be difficult to distinguish from the 
random Brownian noise that is of comparable magnitude. 
Hence, myosin-induced displacements of the size pre- 
dicted by Rayment et al. (1993) may have been missed 
in the present analyses. Furthermore, the 10-25 nm dis- 
placements that were reported may reflect the simultane- 
ous actions of multiple myosin heads rather than that of 
one. As discussed by Howard (1994), experiments with 
single-headed rather than dimeric myosin should be per- 
formed to address this question. 

The most important test of the Rayment et al. (1993) 
model will be solving the crystal structure of myosin in 
an ATP state, and such work is well underway. However, 
additional tests are also possible by engineering new myo- 
sins by proteolysis or molecular biology and then assaying 
their unitary displacements and forces in vitro. For exam- 
ple, the lever arm of myosin was either weakened by re- 
moval of light chains (Lowey et al., 1993) or shortened 
(Uyeda and Spudich, 1993) or completely eliminated (Ita- 
kura et al., 1993) by deletion of the long a helix that consti- 
tutes its backbone. In all of these instances, the velocity 
of myosin-induced movement was decreased, but not 
eliminated. Study of such myosins by the techniques of 
Ishijima et al. (1994) and Finer et al. (1994) should reveal 
whether the decreased velocity is actually due to a reduc- 
tion in step size, as suggested by the Rayment et al. (1993) 

model. Conversely, the effect of extending the level arm 
can also be tested. For such purposes, it will be worthwhile 
examining by high resolution microscopy the behavior of 
nonmuscle myosins with long lever arms (e.g., myosin V, 
which has a long ~ helix region surrounded by six light 
chains instead of two). Clearly, more than ever before, 
structural studies, molecular biology, and in vitro mechan- 
ics can be combined to test models of motor motility. 

Comparison of Myosin with Other 
Molecular Motors 
Nature has produced a variety of molecular machines. 
Polymerases and helicases, for example, are motors that 
move along DNA, and kinesin and dyneins are force-gen- 
erating proteins that translocate on microtubules. Do these 
motors work in a manner similar to myosin or do they employ 
different strategies? Although not yet resolved, recent stud- 
ies have produced some insight into this question. 

The duration and types of contacts that motors make 
with their respective polymers are parameters that may 
differ considerably among motors. In the case of actomyo- 
sin, biochemical studies indicate that myosin remains de- 
tached from actin for the majority of its ATPase cycle. 
Using high resolution microscopy, Finer et al. (1994) and 
Ishijima et al. (1994) have elegantly confirmed this point. 
As shown in Figure 1, their results show that force devel- 
ops but then abruptly terminates as a consequence of the 
detachment of myosin from the actin filament. The unitary 
displacements observed in these single molecule assays, 
according to the rotating crossbridge theory, should also 
reflect the movement of the myosin lever arm and not the 
spacing between actin subunits in the filament. 

A single myosin can afford to be detached from actin 
for the majority of its ATPase cycle, since it has hundreds 
of companions in the muscle thick filament that are also 
acting upon the actin filament. However, other cellular ma- 
chines that move as individual molecules along polymers 
do not have this luxury. With considerable Brownian mo- 
tion acting to separate the motor from its polymer sub- 
strate, such motors must maintain contact with the fila- 
ment during movement. RNA polymerase, for example, 
can move along genes that are several megabases long 
without dissociating, and a single kinesin (attached to an 
organelle, a bead, or a glass surface) can translocate 
across a thousand tubulin subunits before detaching from 
the polymer. 

Because of the requirement for continued contact with 
the polymer, the conventional model envisioned for myo- 
sin may not be well suited for processive motors. Pro- 
cessive motors must undergo a deliberate step-by-step 
movement, ensuring that at least one contact is main- 
tained with the polymer at all times. One way in which this 
feat could be accomplished is by utilizing multiple filament- 
binding sites, and indeed most processive motors (e.g., 
polymerases, helicases, kinesins) are oligomeric. In this 
way, one subunit can interact with the filament, while a 
second can search "upstream" for a new polymer-binding 
site. Such a mechanism is analogous to walking across 
a pond using evenly spaced stepping stones. In such a 
case (and in contrast with myosin), the integral spacing 
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of subunits in the polymer must determine the unitary dis- 
placement of the motor per mechanical cycle. This is beau- 
tifully illustrated by the work of Svoboda et al. (1993), who 
combined an optical trap with high resolution interferome- 
try to monitor the position of a kinesin-coated bead during 
its movement along the microtubule. Their study showed 
that kinesin moves in increments of approximately 8 nm, 
a distance that matches the spacing between ~13-tubulin 
dimers along a microtubule protofilament. These data, to- 
gether with biochemical studies showing that kinesin binds 
only to the 13-tubulin subunit, suggests that kinesin moves 
methodically from one binding site to the next in a unidirec- 
tional manner. 

Recent work suggests that Escherichia coli RNA poly- 
merase also may move in a step-wise manner. While high 
resolution studies have not been applied to RNA polymer- 
ase (although in vitro assays have been developed [Ka- 
bata et al., 1993]), Krummel and Chamberlin (1992) were 
able to take snapshots of RNA polymerase movement by 
halting the enzyme at different points and performing DNA 
footprinting analysis. Surprisingly, the footprint of the poly- 
merase changes as it moves, a finding that seems to chal- 
lenge the widespread belief that polymerase moves 
smoothly along DNA. Instead, the abrupt increase and 
then gradual decrease in the size of the footprint can be 
best explained if polymerase has two DNA-binding sites 
that move in an inchworm-like manner. In their model, one 
site at the rear of the polymerase is bound firmly to DNA, 
while a second site at the front lurches forward by 10 bp 
(3.4 nm) along the DNA. The second site then attaches 
tightly, and the first site weakens its grip and moves up- 
stream toward the second site, transcribing RNA along 
the way. In addition to the two DNA-binding sites, recent 
work indicates that polymerase also has two RNA-binding 
sites that interact with the nascent transcript (Johnson and 
Chamberlin, 1994). Thus, the affinities of several polymer- 
binding sites may need to be coordinated during transloca- 
tion. The rules by which processive motors such as kinesin 
and RNA polymerase coordinate the timing of binding, 
release, and translocation of their subunits represehts an 
important subject for further investigation. 

With one hand bound to the polymer, how does the other 
hand reach across to.the next polymer-binding site? By 
analogy with the myosin model, one could imagine that a 
motor subunit is placed in the vicinity of the next polymer- 
binding site by a lever arm-like conformational change. 
However, in the case of kinesin, the motor domain is only 
10 nm in length, and hence a very large angular distortion 
in the motor must occur for it to span the 8 nm distance 
to the next tubulin subunit. Such a large movement 
seems to be at odds with the magnitude of most ligand- 
induced conformational changes that have been mea- 
sured thus far. 

An alternative idea to a tilting crossbridge model is that 
the motor relies upon biased diffusion to reach the next 
subunit. A thermally induced "stretch" of the kinesin head 
to the next polymer subunit is possible, but the second 
law of thermodynamics forbids using random thermal fluc- 
tuations to generate unidirectional motion at equilibrium. 
Thus, for such a model to work, motors must utilize the free 

energy of ATP hydrolysis somehow to bias the direction of 
either thermal movement or filament binding. The types 
of protein conformational changes that might produce 
such an effect remain unclear, but interest in such models 
has been on the rise (see Maddox, 1994), in part because 
they provide a way out of the large conformational change 
dilemma. 

Coupling of Chemical Energy to Mechanical Work 
The manner in which proteins utilize the free energy of ATP 
hydrolysis to perform work is one of the most intriguing 
problems in biology, but one that is still poorly understood. 
How efficient are such processes? Can proteins modulate 
the coupling process to maximize efficiency under differ- 
ent circumstances (i.e., high and low load in the case of 
motor proteins)? Can proteins store free energy? High res- 
olution microscopy and single molecule assays provide 
unique tools for investigating these issues, and the work 
published within the last year has already yielded im- 
portant results. 

The efficiency with which the energy of ATP hydrolysis 
is converted into mechanical work was best assessed by 
Ishijima et al. (1994), who were able simultaneously to 
measure forces and displacements of single myosins us- 
ing glass needles. Based upon their measurements of 
forces at intermediate load, myosin converts - 50% of the 
free energy available from ATP hydrolysis into mechanical 
work. This estimate is similar to that obtained by muscle 
physiologists and exceeds that of the most efficient auto- 
mobile engine (30%). 

In a muscle fiber, myosin optimizes its work efficiency 
by decreasing its ATPase rate as the load increases. The 
effect of load on the ATPase cycle has now been explored 
in vitro for myosin (Finer et al., 1994) and for kinesin (Svo- 
boda and Block, 1994). Once again, the results suggest 
that these two motors work quite differently. In the case 
of myosin at saturating ATP concentrations, Finer et al. 
(1994) discovered that isometric force transients lasted 
twice as long as displacement events at low load. If termi- 
nation of force generation corresponds to a single transi- 
tion in the ATPase cycle (in the case of myosin, believed 
to be ADP release), then this finding suggests that the 
rate constant that governs this transition decreases with 
increasing mechanical strain on the myosin. Svoboda and 
Block (1994) addressed the same issue for kinesin, but 
their analysis relied upon force velocity curves rather than 
the duration of single molecule forces. Of even more inter- 
est and in contrast with myosin, they concluded that transi- 
tions in the ATP hydrolytic cycle of kinesin are largely 
unaffected by mechanical strain. Hence, this result implies 
that the ATPase rate of kinesin does not change in re- 
sponse to increasing load. 

A caveat to all of the above conclusions is that they were 
drawn without a direct measurement of ATPase activity. 
An accurate bookkeeping of motor ATP hydrolysis would 
certainly help to clarify the relationship between the chemi- 
cal and mechanical cycles. Ideally, ATPase measure- 
ments should be made bn single motor molecules simulta- 
neously with force measurements. Again, this presents a 
considerable challenge, but a start in this direction has 
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been made  by Sowerby  et al. (1993), who used a f luores- 
cent nucleot ide analog and v ideo microscopy to measure 
single turnover  kinetics of myosins from one thick f i lament. 
These thick f i laments, however,  still contain over 1000 
myosins, and the procedure is not yet suff iciently sensit ive 
for a single motor  molecule in an in vitro moti l i ty assay, 
in which detect ion of less than 100 ADP or P, molecules 
is required. The recent abil i ty to detect  single f luoro- 
chromes by near-f ield microscopy (e.g., Trautman et al., 
1994), however,  may help in designing assays and tech- 
nologies for tackl ing this problem. 

Conclusion 
The next few years should be a part icular ly product ive 
t ime for examin ing  mechanochemica l  coupl ing by motor 
proteins. Up until now, the study of molecular  machines 
has rel ied upon measurements  of the summed effects of 
many molecules.  Never before has it been possible to ex- 
amine how proteins manage ATP free energy  one mole- 
cule at a t ime. This realm of "quantum" b iochemistry and 
b iomechanics represents largely uncharted terri tory. It 
should be possible to explore how proteins partit ion each 
parcel of ATP into work and heat, to measure  the elastic 
propert ies of single motors, and to examine  how moto r -  
po lymer  interact ions change during single chemical  transi- 
t ions in the ATPase cycle. In addit ion, single molecule 
force measurements  may provide a direct w indow into the 
dynamics of the protein conformat ional  changes that are 
responsible for motil ity. At last, the moti l i ty field has a firm 
grip on motor proteins, and perhaps it will not be long 
before we discover how the world's smal lest  and most 
eff icient machines really work. 
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