
Adv. Biophys., Vol. 26, pp. 97-134 (1990) 

PROTEIN MOTORS AND MAXWELL'S DEMONS: 
DOES MECHANOCHEMICAL TRANSDUCTION 
INVOLVE A THERMAL RATCHET? 

RONALD D. VALE .1 AND F U M I O  O O S A W A  *~ 

• 1 Department of Pharmacology, University of California, San Fran- 
cisco, CA 94143, U.S.A., and *~Aichi Institute of Technology, 
Toyota, Aichi 470-03, Japan 

The  ability to convert  chemical energy into mechanical  force enables 
biological organisms to move, change their morphology and reorganize 
their internal structure. The  mechanism employed by living organisms 
to generate movement  has long fascinated biologists. The  mechanics of 
muscle contraction was studied by the ancient Greeks, and the move- 
ment  of microorganisms has been the subject of investigation ever since 
the origin of light microscopy in the 17th century. In eukaryotic organ- 
isms, energy derived from the cleavage of ATP to ADP and Pi is trans- 
duced into mechanical  work by specialized protein machines that  in- 
teract with cytoskeletal polymers. Two general classes of force-produc- 
ing motors have been defined based upon the type of cytoskeletal poly- 
mer  with which they interact. The  myosin motors, which interact with 
actin microfilaments, produce muscle contraction and cytokinesis, and 
power cell migration (1, 2). Kinesin and dynein are microtubule-based 
motors that  power a variety of forms of microtubule movements  in- 
cluding ciliary beating, organelle transport  and possibly certain events 
in mitosis (3, 4). 

The  precise mechanism of mechanochemical  transduction is un- 
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known, despite being the subject of  what may be described as the most 
extensive research effort in biophysics in the last forty years. However, 
a considerable foundation of information of such processes has been 
established from the study of muscle contraction. The sliding filament 
hypothesis of  muscle contraction (5, 6) is now generally accepted, and 
the basic tenet of this theory, the unidirectional movement of the 
motor protein along the filament surface, has been demonstrated for 
the cytoplasmic actin- and microtubule-based motor proteins as well. 

The first rigorous theory to account for the sliding of myosin over 
actin was proposed by Andrew Huxley in 1957 (7). In this model, 
which preceded any knowledge of myosin's structural features, Huxley 
proposed that an actin-binding portion of the myosin is attached to 
a spring which is subject to thermal fluctuations. The at tachment and 
detachment  of the myosin side-piece to actin is governed by its posi- 
tion: at tachment is favored when thermal fluctuations stretch the spr- 
ing in one direction away from its lowest energy position, whilst de- 
tachment  occurs when the spring returns to the equilibrium position or 
is stretched in the opposite direction. ATP binding and hydrolysis pro- 
vide the thermodynamic drive for changing the affinity of myosin for 
aetin and for the asymmetry in the at tachment and detachment reac- 
tions. 

A decade later, a different mechanism was envisaged in which the 
myosin head attached to the actin filament undergoes a large con- 
formational change that alters its angle relative to actin, thereby driv- 
ing movement  of the actin filament in one direction (8, 9). In this 
scheme, the energy of ATP hydrolysis is utilized in part  to generate a 
reversible conformational change of myosin that underlies this power 
stroke. Acceptance of this rotating crossbridge model has been wide 
spread in the past two decades and has reached the stature of dogma 
in the view of college textbooks. Nonetheless, extensive experimenta- 
tion has failed to uncover evidence for a large conformational change 
in the myosin head during the force-generating process (reviewed in 
Cooke (10)). 

In the absence of evidence for a rotation of the myosin head, it is 
worthwhile to reconsider the basic idea of the Huxley 1957 model, that 
is whether motor proteins harness the considerable thermal energy that 
exists at physiological temperatures to perform work, as opposed to 
undergoing a large conformational change. The vigorous displacements 
due to Brownian motion can be appreciated by examining small par- 
ticles under a microscope. From the magnitude of such movements, it 
seems plausible that translocating proteins could utilize their own riot- 
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ous tumblings to move rapidly in one direction on an asymmetric poly- 
mer. To do so, the motor must permit or favor thermally-induced dis- 
placements in one direction over the other. In some respects, the motor 
would function like the demon proposed by Maxwell, who operates a 
trap door between two chambers and allows only a subset of gas mol- 
ecules with high kinetic energy to pass from one chamber to the other 
in a directional manner. The laws of thermodynamics demand that 
such a demon can not exist, unless it has an energy supply. The ther- 
modynamic drive for the bias in thermal motion, therefore, must de- 
pend upon the chemical energy stored in the ATP phosphate bond. 

The intention of the first section of this article is to present a gen- 
eral scheme of how a proteinaceous Maxwell's demon could operate. 
The general premise of this model derives its inspiration from a ther- 
mally-driven ratchet motor proposed by Richard Feynman in his clas- 
sical lectures on physics. In deriving this model, our intention is to ex- 
plain the manner in which force, work efficiency and heat production 
vary with the speed of muscle contraction (reviewed in McMahon (12)) 
and to take into account the known parameters of motor ATPase cycles 
(reviewed in Cooke (10) and Johnson (13)). In the second half  of this 
article, we examine whether a thermal ratchet model is consistent with 
the properties of motor-induced filament translocation in vitro and with 
the structural features of motor proteins. 

I. A T H E R M A L  R A T C H E T  M O D E L  F O R  M O T O R  P R O T E I N S  

1. A Description of Feynman's Thermal Ratchet 
Feynman (14) in his lectures on physics described a simple motor 
consisting of a ratchet and a pawl isolated at different temperatures 
that  produces work and unidirectional motion (Fig. 1). The ratchet 
is shaped like a circular saw with asymmetric teeth. One face of each 
tooth is oriented perpendicular to the circumference and the other 
is inclined at a shallower angle. A wheel wound with string with 
a weight at its end (load of K) is attached to the ratchet, and the 
ratchet and wheel are in turn connected by a rod to a vane. A spring- 
loaded pawl attached to a fixed plate interdigitates between the ratchet 
teeth and prevents free rotation of the ratchet. The energy (s) required 
to lift the pawl over the teeth is dependent upon the spring constant 
and the height of the teeth. 

The pawl/ratchet and the vane are placed in chambers that  enable 
them to be isolated at different temperatures (T2 and T1 respectively). 
Kinetic energy is imparted to the ratchet by gas molecules of temper- 
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Fig. 1. A schematic  of Feynman ' s  thermal  ra tchet  redrawn from Feynman  (14). 
A descript ion of how the device works is found in the text. 

ature 2-1 that collide with the vane. For the ratchet to rotate clockwise 
by one step to the next sprocket, it must acquire sufficient energy to 
withdraw the pawl (s) and lift the attached load (K) through a dis- 
tance 3 (the step displacement), the probability of which is determined 
by the Boltzmann energy distribution and is proportional to 

e - (~+K~) / (~'brl) , (1) 

where kb is the Boltzmann constant. On the other hand, when the 
ratchet attempts to rotate counterclockwise, it is blocked by the pawl, 
unless thermal fluctuations happen to lift the pawl over the teeth. 
Since the spring of  the pawl is at temperature 7-2, the probability of 
such an occurrence is proportional to 

e-~Jl~b~21 . (2) 

The net speed of rotation (V) will be determined by the rela- 
tive probabilities of  the ratchet undergoing forward v e r s u s  backward 
motion. 

V = Vo(e c- I~+~~I/c~b~l, - e ~-~Jc~b~') (3) 

Vo is a constant which determines the maximal speed of  rotation. In 
the absence of a load (K3=0) ,  the speed of  rotation becomes 

V = Vo(e(-~/~kbr,>~--el-~/(~br~)) .  (4) 

From this equation, it is clear that in the absence of load, the ratchet 
will exhibit net clockwise rotation when TI>  T2 and will move ran- 
domly clockwise and counterclockwise when 2-1= T~. 

I f  the load is increased sufficiently to a critical value, the velocity 
will become zero. This will occur when 
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Fig. 2. The  force-velocity relationship of the Feynman ratchet  with T I = 4 T  2 
and es=4kbT2 ( - . - )  or e~-= 1.5kbT~ (.. .),  and in a modular  thermal ratchet  ( - - )  
where the relationship between Pweak and velocity is shown in curve (---) .  The  
relationship in contracting muscle as defined by Hill 's equation (14) agrees with 
the modular  thermal ratchet  ( - - ) .  The  Pweak versus velocity relationship shown 
here is the one that  provided the best fit to the Hill curve. The  ordinate is ex- 
pressed as K6 (units of kbZ2) and the abscissa is expressed as the fraction of the 
free diffusion velocity (Vo). 

(e + K6)/(kb T1) = ~/(kb T2) . (5) 

Under  this circumstance, the load equals the force generated by the 
motor and the device ceases to exhibit net rotation. This is the so called 
isometric force (Ki) which, by rearranging the above equation, can be 
expressed as a function of the energy barrier, temperature difference 
and the step distance between the ratchet teeth: 

K, = 4 T 1 -  T2)/(T~). (6) 

Thus, the isometric force increases linearly with the energy barrier (s) 
(see Fig. 5) and with T1, but decreases as the distance (6) between the 
ratchet teeth increases. The force-velocity relationship of the ratchet 
(from eq. (3)) is shown in Fig. 2. 

The energetics of the ratchet can be thought of in the following 
manner.  During clockwise rotation, energy is transferred from the gas, 
having temperature T1, to the pawl, having temperature T~, and the 
energy K~ is used to lift the load. After one increment of clockwise 
rotation, the spring-loaded pawl returns to its original position, and its 
energy (s) is converted into heat Q,  while K6 is converted into work 
W. When the pawl accumulates energy s and withdraws over the 
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Fig. 3. The relationship between work efficiency and velocity for the Feynman 
ratchet with T I = 4 T  2 and ¢s=4kbT2 (--.--) or ¢w = 1.5kbT2 ('"), or the modular 
thermal ratchet (--), where Pweak varied with velocity as described in Fig. 2. 
The experimental data (O) for a muscle fiber is provided by Yamada and 
Homsher (11) where efficiency is zero under the isometric condition. 

ratchet teeth, it causes the ratchet to rotate in the counterclockwise 
direction, pushing the tooth, and the energy s is sent to the gas and 
converted into heat; the load is lowered by one step (0) and the 
energy K0 is distributed to the gas again as heat. The fraction of  
the energy flowing from 7"1 to 7"2 that is converted into work (W) is 
given by 

W/(W+ Q) = K~/(s+K~). (7) 

Under  high load when the velocity is near zero, the motor reaches its 
maximal efficiency. When the load K decreases, the velocity increases 
but  the efficiency decreases, since a constant amount of  energy is used 
to cock the spring of the pawl and is subsequently converted into 
heat (Fig. 3). 

2. Protein Motors Acting as Feynman's Ratchets 
In Fig. 4A, a hypothetical scheme illustrates how a protein motor and 
a cytoskeletal filament could operate like a Feynman ratchet. In this 
scheme, the asymmetric subunits of  the cytoskeletal polymer are ana- 
logous to the teeth of the saw-toothed ratchet, while the motor ATPase, 
attached either to a thick filament or a glass surface, functions like a 
spring-loaded pawl. One could also imagine the reverse situation, 
which is functionally equivalent, where the motor acts as a fixed ratch- 
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et tooth and the polymer is composed of  a series of  spring-loaded pawls 
(not shown). In either case, a weak binding interaction between the 
motor and the filament retains them in continual contact, and an en- 
ergy barrier prevents the motor from freely moving to adjacent sub- 
units on the polymer. The asymmetrical shape of  the energy barrier 
could be due to an actual physical barrier, as in the Feynman ratchet, 
or a nonuniform charge distribution on the filament subunit (see also 
the thermal ratchet model of  Mitsui and Ohshima (15)). 

Without  the input of  chemical energy, thermal energy would dis- 
place the motor to adjacent polymer subunits in either direction with 
equal probability, as is true of  the Feynman Ratchet  when there is no 
temperature difference between the ratchet and the pawl. The chemi- 
cal energy of  ATP hydrolysis is used to direct the thermally induced dis- 
placement of the motor in one direction along the polymer. Plausible 
models of how ATP  energy could be distributed to induce such asym- 
metric motion will be discussed later. For the present purpose of ex- 
ploring whether a Feynman-type ratchet could give rise to the force- 
velocity and heat-velocity profiles of muscle, the thermodynamic drive 
to elicit unidirectional motion shall be assumed to be an asymmetric 
temperature difference ( T 1 - T . )  between the polymer (the ratchet) 
and the motor (the pawl). To elicit the direction of movement indi- 
cated in Fig. 4A, the polymer is assumed to be at a higher effective 
temperature than the motor, but the converse scenerio (leading to the 
opposite direction of  movement)  could equally well be imagined. 

The maximum isometric force (Ki) produced by the thermal 
ratchet, which can be derived from its work efficiency, is also similar to 
that measured for contractile systems. For our purposes here, we shall 
use the work efficiency of  muscle, which is approximately 2/3 (16). 
From eqs. 6 and 7, one can relate work efficiency to the temperature 
of  the ratchet (2-1) and pawl (7"2) under isometric conditions as 

W/(W +Q) = (71- T2)[T1. (8) 

When the work efficiency is 67%, then 7-1=37"2 and Ki~=2s (from 
eq. 6). The work and heat output  (s+KiO), in turn, must not exceed 
the ATP free energy (6-8 × 10-2°J per phosphate hydrolyzed). There- 
fore, Ki6=(2]3)(n)(6× 10 .30 J ) ,  where n is a constant concerning the 
fraction of  chemical energy transferred to work and heat in one step. 
I f  the step size (~) of the motor under maximal load is equal to the 
monomer spacing distance in the polymer (5.5 nm in the case of  actin 
subunits in the microfilament) and n is set at 0.5, then/ f i  (the maximal 
force) is equal to 5 pN. This value is not dissimilar to the values ob- 
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Fig. 4. Hypothetical schemes of how protein motors and filaments could op- 
erate via a thermal ratchet mechanism. In panel A, the motor (M) is analogous 
to the spring-loaded pawl of the Feynman ratchet, and the filament (F) sub- 
units are illustrated as ratchet teeth. In the drawn scheme, the filament is as- 
sumed to vibrate at a higher energy than the motor, leading to the indicated 
direction of motion. In panel B, a ratchet with two spring elements is shown. 
The motor head (M), whose spring-like elements cause it to vibrate back and 
forth as in the Huxley 1957 model, is considered to be the ratchet, while the 
filament is portrayed as a series of spring-loaded pawls. With two spring ele- 
ments, however, the classification of one as a ratchet and the other as a pawl 
becomes rather arbitrary. Directional movement of the motor relative to the 
filament can occur through the mechanisms described in the text. 

t a i n e d  for m u s c l e  m y o s i n  (1 -2 .5  p N )  (9, 21). T h e  e n e r g y  b a r r i e r  in this  

case  is e q u a l  to 1 /6 th  t h e  f ree  e n e r g y  o f  A T P  hydro lys i s  (s=(1/3)(n)  
(6 × 10 -~° J ) )  o r  a p p r o x i m a t e l y  3kb T. 

As s h o w n  in  Fig .  5, t h e  m a x i m a l  v e l o c i t y  o f  t r a n s p o r t  u n d e r  z e r o  

l o a d  also d e p e n d s  u p o n  t h e  h e i g h t  o f  t he  e n e r g y  ba r r i e r .  T h e  e n e r g y  

b a r r i e r  c o r r e s p o n d i n g  to t he  m a x i m a l  v e l o c i t y  o f  t r a n s p o r t  in Fig.  5 

( w h e n  K i = 0 )  is r e l a t e d  to t he  p a w l  a n d  r a t c h e t  t e m p e r a t u r e s  as 

~ ]  --- (T~I(T~- 7-2)) In (T~IT2). (9) 
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Fig. 5. T h e  relat ionship between the energy barr ier  and  the isometric force 
K i ( - . - )  or max i ma l  velocity unde r  zero load ( - - )  in the  F e y n m a n  ra tchet  with 
T ,  = S T 2. 

Again assuming a work efficiency of  67% (in which case TI=3T~),  
then ~max is equal to 1.65 kbT2. By substituting these values into eq. 
(4), Vmax=(0.4)(Vo), where Vo is the speed due to free diffusion with- 
out an energy barrier. The value of  Vo could be potentially very large. 
For example, the unconstrained diffusion of  a 2/~m microtubule (6-  
7 × 10 -9 cm2/sec; see Vale et al. (17) for calculation) coupled to a ratch- 
et device could generate a unidirectional velocity of 70 t~m]sec, which 
is similar to the velocity produced by aVitella myosin, the fastest known 
eukaryotic motor (18). However,  the vibrations of  the motor head and/  
or the filament subunits may be the relevant thermal motions to con- 
sider, and these are likely to occur at even faster rates than the thermal 
movements of the filament as a whole. Therefore, thermally driven dif- 
fusion appears to be sufficiently fast to account for the velocities in- 
duced by protein motors. 

From the discussions above, it is clear that, in addition to the ef- 
fective temperature (7-1) given to the system, the "height"  of  the ener- 
gy barrier is an important  parameter  that governs both the velocity 
of  transport and the isometric force. Force increases in a linear man-  
ner with the height of  the energy barrier (Fig. 5), although, as discussed 
earlier, the work efficiency delineates a upper  bounds for the force. In 
contrast, Vmax is greatest at an energy barrier close to khT (Fig. 5). 
Maximal  force and maximal velocity, therefore, are achieved by set- 
ting up different energy barriers. 
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Fig. 6. Movement of a Feynman ratchet at different energy barriers under zero 
load, according to computer simulation assuming probabilistic transitions de- 
fined by the Boltzmann factors e(-'/~urP for forward and e{- ' /kbT2 ~ for backward 
movement. The ratchet is assumed to undergo a single step at a time. The ab- 
scissa is time expressed in units of step size 6 / V  o (diffuslon-limited velocity) and 
the ordinate is displacement expressed in number of steps from the origin. Three 
panels show the movement with energy barriers of 0.6kbT2, 1.5kbT2, and 3kbT2, 
respectively. 
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The energy barrier also influences the proportion of  forward and 
backward displacements under zero load conditions. When the energy 
barrier is smaller than kb T, the velocity of movement  is low because 
the bias for unidirectional movement  is small; the motor can easily 
move in either direction along the filament. The behavior of such 
movement  is illustrated in Fig. 6. On the other hand, when the energy 
barrier is greater than one that elicits maximal velocity, a larger and 
hence less probable thermal fluctuation must occur in order to dis- 
place the motor to an adjacent filament subunit. As a result, the ve- 
locity of transport decreases and the frequency of backward displace- 
ments is also greatly reduced (Fig. 6). 

Biological motile systems may utilize different potential energy 
barriers to achieve specialized needs. Nitella myosin, for example, may 
use the optimal energy barrier for producing its high velocity of  trans- 
port. Muscle myosin, on the other hand, may employ a higher energy 
barrier, thereby sacrificing velocity under zero load conditions, to gen- 
erate greater force. Such an adaptation must involve principally the 
motor and not the filament, since the maximal velocity of transport is 
determined almost entirely by the type of  myosin motor, rather than 
the source of  the actin filament (19). However,  even individual motors 
may not utilize a fixed energy barrier under all circumstances. Both 
of  these parameters may vary in response to load, as will be discussed 
later. 

3. A Ratchet with Two Spring Elements 
In the Feynman ratchet or the biological motor in Fig. 4A, the pawl 
is the only spring-containing element in the device. Considering that 
most proteins undergo vibrational motions, it is more reasonable to 
imagine that both the pawl and the ratchet contain spring elements 
that vibrate by thermal energy. Such a situation is depicted in Fig. 
4B, where the motor ATPase is drawn as a ratchet tooth connected by 
springs to a fixed plate (much like Huxley's 1957 version of  myosin), and 
the filament is shown as a series of  pawls that oscillate up and down by 
thermal fluctuations. Indeed, if one places springs on both components, 
then the definitions of  the motor as a ratchet and the filament as a pawl 
(as shown in drawing) become rather arbitrary. The essential features 
are that both flexible components are structurally asymmetric and that 
their interaction imposes an energy barrier to their relative movement.  

In this scheme, for the motor to take a forward step to the next 
filament subunit, it must push down the filament subunit spring (an- 
alogous to the pawl's spring in the Feynman model) by energy s and 
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stretch its own spring by energy w. Under  zero load, the minimum am- 
plitude of  the spring required for the step is (1/2)6, and therefore the 
energy is ~o----(1/2)x(6/2) ~, where r is the elastic constant of  the spring. 
I f  we assume that the motor is given a higher effective temperature 7"1, 
the rate at which the forward step occurs will be proportional to: 

e {- (~+~)/k~r,). (1 O) 

On the other hand, the motor will move backward only when the fila- 
ment pawl has withdrawn by energy e and the motor's spring acquires 
the energy w. I f  the temperature of the pawl is T~, the backward step 
will occur in proportion to: 

e (-~/~br:) e (-~/kbr~. (1 1) 

The speed of this device is proportional to the difference between these 
two rates : 

V = Vo(e(-~/kbr, ) --e(-~/~br~}), (12) 

which is the same equation as before for the one spring ratchet. 
I f  a load K is given to the device, the spring of the motor is stretch- 

ed in its initial state by the load through a distance x ( K = x x ) .  There- 
fore, during a forward step, the spring is stretched from x to x+5.  
The probabili ty of  the forward step becomes proportional to 

e~-(:+Ka)/(%~1)), (13) 

because the energy for stretching is approximately K& On the other 
hand, during a backward step, the filament is moved by the load and 
the spring is stretched to the initial length x. The backward step, which 
is independent  of  load, occurs when the filament pawl has withdrawn 
by energy e. Therefore, the same force-velocity equation is obtained 
as shown for the Feynman ratchet in Fig. 2. 

This overall mechanism is very similar to the one proposed by 
Huxley in 1957 (7). In Huxley's model, the actin binding site of  the my- 
osin head was assumed to undergo thermal oscillations via springs like 
those shown in Fig. 4B. Instead of introducing a structural asymmetry 
like the ratchet, the rate constants of  binding and detachment of  the 
myosin head to actin were made asymmetric, so that binding occurs 
only when the spring is stretched far in one direction. After it attaches, 
the thermal energy stored in the stretched spring can perform work 
upon the filament. I f  the amplitude of  the spring's oscillation that cor- 
responds to 2/3rds the energy of ATP hydrolysis is achieved at suffi- 
ciently high frequency through thermal fluctuations, then this situation 
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is similar energetically to the motor ratchet in Fig. 4B operating at a 
high temperature.  The fundamental  differences between this model and 
Huxley's 1957 model are both in the concept of  an energy barrier to 
the movement  of the motor spring and in the mechanism by which di- 
rectionality is conferred by ATP energy, a subject that we shall return 
to later. 

4. A Modular Thermal Ratchet 
The thermal ratchets outlined above can account for the forces and 
velocities known to be produced by motile systems. Upon further ex- 
amination of the detailed behavior of muscle, however, such models 
have four significant shortcomings which are described below. 

The first discrepancy arises in comparing the force-velocity curve 
of  the Feynman ratchet to that of contracting muscle. In  muscle, the 
relationship between force and velocity is hyperbolic and is fit approx- 
imately by Hill's equation, which can be expressed as: 

V' = (1 -K')/(1 +K'la), (14) 

where V' is the observed velocity divided by the maximal velocity un- 
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Fig. 7. The  relationship between energy consumption rate or the heat  produc- 
tion rate and the velocity in the Feynman ratchet  with T I = 4 T  2 and es=4kbT2 
( - . - )  or Sw = 1.5kbT 2 (-..). The  straight lines are for heat  and the upper  curved 
lines for hea t+work .  In  the modular  ratchet  ( - - ) ,  the lower line is for heat  
and the upper  line is for hea t+work ,  where Pweak varied with velocity as de- 
scribed in Fig. 2. The  experimental  data  for the muscle fiber (O)  and ( × )  is 
from Yamada  and Homsher  (11), where the scale of the ordinate was adjusted 
for this graph. 
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der zero load (V/Vmax), K' is the observed force divided by the isometric 
force (K'=K/Ki) and a is a constant which is approximately 0.25 for 
most muscle fibers. As demonstrated in Fig. 2, the force-velocity profile 
of  a Feynman-type ratchet shows an exponential rather than a hyper- 
bolic decline. 

The second discrepancy between muscle and the Feynman ratchet 
is evident in the relationship between heat output  and the velocity of 
movement.  In ratchet model, the energy (s) needed to withdraw the 
pawl is converted into heat when the pawl moves to the next ratchet 
tooth. Since a constant amount  of heat is liberated per rotation step, 
the heat production is directly proportional to the speed at which the 
ratchet rotates (Fig. 7). In muscle, however, the heat production in- 
creases in a linear manner at low velocities of movement, but  then 
reaches a plateau and even decreases at high velocities (Fig. 7). Thus, 
muscle utilizes energy more efficiently at high velocities of movement 
than does the Feynman ratchet. 

A third discrepancy between the Feynman-type ratchet and mus- 
cle is apparent  in the way in which work efficiency varies as a function 
of  velocity. In the Feynman ratchet, work efficiency is maximal under 
isometric conditions and decreases with lower loads and higher veloci- 
ties (Fig. 3). Muscle, on the other hand, achieves a maximal work effi- 
ciency at intermediate velocities of shortening (Fig. 3). The reason for 
this difference can perhaps be explained by the ATP hydrolytic activity 
of the myosin motor, which is reduced but  not completely inhibited 
under isometric conditions. This cycling behavior of myosin results in 
a background heat at isometric tension. If  heat output  and directional 
movement  are not tightly coupled at high load due to the enzymatic 
activity of  the motor, the work to heat ratio of muscle is lower than 
that of the idealized ratchet. 

The fourth discrepancy lies in the nature of the interactions that 
take place between the ratchet- and pawl-like components in the Fey- 
nman motor and in biological motors. In Feynman's  ratchet, the pawl 
physically obstructs free rotation of the ratchet, but  the two compo- 
nents do not exhibit high affinity binding. In contrast, biological mo- 
tors with no nucleotide or with ADP bound at their active sites become 
tightly bound to their complementary cytoskeletal filament (4, 10, 13). 
A weak binding interaction between the motor and the filament (de- 
scribed in detail later) may be analogous to the contacts between the 
ratchet and the pawl in the Feynman ratchet, but  the strong binding 
state is not accounted for in this model. 

To correct for these discrepancies and to take into regard the en- 
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zymology of the motors, we modify the thermal ratchet to incorporate 
two energy barriers in the process of mechanochemical  transduction: 
** and cs, which correspond to the weak and strong motor filament 
binding states respectively. I f  *w and *s are the predominant  binding 
states under zero and isometric loads respectively, then the motor could 
generate a large force or a fast velocity depending upon the load that 
it faces. The overall velocity of movement  of the modular  ratchet,  
therefore, will be influenced by the load-dependent probabilities Pweak 
and /°strong of being in a weak or a strong binding state: 

V = P~o~k(V) V(sw) +P~t~o,~g(V) V(e~), (15) 

where V(s) is given in the form of (3) and Pweak+Pstrong=]. 
To fit the force-velocity curve of muscle, we incorporate a strong 

binding state (*s (=4kbT))  and a weak binding state (*w (= l .5kbT))  
and empirically vary the probability (Pweak) of using the weak bind- 
ing state during the force-transducing cycle. The Pweak(V) function 
that gave rise to the best fit of  the Hill curve plateaus when the velocity 
approaches zero and increases in a linear manner  as the velocity in- 
creases, reaching unity at the maximum velocity (Fig. 2). 

A modular  ratchet  with two energy barriers can also explain the 
heat-velocity curves of muscle. Using the same Pweak(V) relationship 
that  successfully fits the Hill curve, one also finds a good agreement be- 
tween the heat-velocity and energy-velocity curves of the modular  
ratchet and those of contracting muscle. In both machines, heat pro- 
duction reaches a plateau with increasing velocity (Fig. 7). 

The background heat produced by muscle under isometric condi- 
tions can also be explained by transitions of the myosin between weak 
and strong binding states. Even at isometric tension, the ratchet can 
still move backwards and forwards, with the backward step being as- 
sociated with weak binding and the forward step frequently with strong 
binding. This situation will result in background heat. As a result, 
the work-efficiency curve of the modular  ratchet more accurately re- 
flects the observed behavior of muscle than does the Feynman-type 
ratchet (Fig. 3). Using the parameters for the ratchet described in the 
figure, however, the ratchet's work efficiency is somewhat lower than 
values reported for muscle. 

The  manner  in which the energy barrier changes in response to 
load or velocity (weak to strong transition) could be imagined in the 
following manner.  The transition of the motor from a weak to a strong 
state must be t ime-dependent.  In Fig. 4B, when the motor jumps by 
one forward step to the adjacent filament subunit, its stretched spring 
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is returned to its equilibrium position by the movement of the filament. 
In the absence of a load, the velocity is fast and the motor's spring re- 
turns rapidly to equilibrium, leaving insufficient time for the motor to 
make the transition to a strong binding state. For example, a ratchet- 
like myosin translocating an actin filament at 5 pm/sec moves from 
monomer to monomer at a rate of 1,000 sec -1 (if backward as well as 
forward steps occur during translocation, then this rate will be even 
faster). I f  the rate constant of the weak to strong binding state transi- 
tion is < 1,000 sec -1, then the motor will most likely complete an in- 
cremental  step without ever entering a strong binding state. We pro- 
pose that  the transition to the strong binding state is not obligatory for 
completing the ATPase cycle, and thus a weak binding state can be 
used almost exclusively at high velocity. Under heavy load, on the 
other  hand, the velocity is low and the transition to the strong binding 
state is likely to occur. Thus, the time required to complete a strong 
binding transition will dictate the force-velocity response of the mod- 
ular ratchet. 

In summary, this model requires a minimum of three functional 
states of the motor. In the first state (I), the energy barrier is low and 
the motor is displaced to subunits in either direction with equal prob- 
ability (7"1----T~). In state II, the energy barrier does not change, but 
ATP energy causes a bias in the thermal motion of the motor on the 
filament to occur (T~> T2). In state III ,  the load-dependent ¢w to es 
transition occurs. State I I I  is not mandatory for progressing to the next 
force-transducing cycle. The state I I  to I I I  transition bears similarities 
to Huxley's proposal (20) of a two-step myosin at tachment to actin 
with the second step being sensitive to the position of the myosin spr- 
ing from its equilibrium point. 

The timing of these transitions is most probably correlated with 
the nucleotide state of the motor. To provide an example of a possible 
scheme, State I, a weak binding state when the motor moves randomly 
along the filament, may correspond to myosin with ATP or ADP-Pi 
bound at its active site. The transition to State II, a weak binding 
state with free energy transduction that introduces directionality, may 
occur as a consequence of phosphate release from the active site. In 
contrast, the transition to State I I I  would not reflect a change in the 
nucleotide state (it would occur with ADP still present in the active 
site) but would depend upon velocity and the mechanical state of the 
motor. This notion is consistent with evidence for the existence of two 
distinct myosin-ADP states (22). Other relationships between the energy 
states and the ATP cycle, however, are also possible. 
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5. The Role of A rip Energy 
In the models described above, thermal energy displaces the motor to 
adjacent polymer subunits. ATP energy, on the other hand, is used to 
bias thermal motion in one direction along the polymer surface through 
a conformational change in either the motor or the filament or in both 
protein components. The motor and the filament must be structurally 
asymmetric for the thermal ratchet to work. However,  as Feynman 
points out, asymmetry alone is insufficient to produce directional mo- 
tion, since the same intermediate state, where the pawl's spring is com- 
pressed and interacts with the top of the ratchet tooth, is realized dur- 
ing both forward and backward steps. Therefore, to elicit directional 
motion, the probabili ty of this high energy state must be made differ- 
ent for the forward and backward steps. Two general means of  how 
this could be accomplished are discussed below. 

One means by which directional motion of  a biological motor 
could be achieved is if ATP energy is transferred to the vibrational 
movements between or within the filament monomers. This situation 
is analogous to the Feynman ratchet, where the ratchet and the pawl 
vibrate to different extents due to an actual temperature difference. 
I f  the ATP energy of 15-20 kbT is distributed to several degrees of  
freedom of the filament, then the apparent " temperature"  of  the fila- 
ment could be considerably higher than room temperature. ATP en- 
ergy could be stored in many energy states and released gradually, 
enabling the motor to step past several monomer subunits per ATP 
hydrolytic cycle. 

I f  ATP energy transduction occurs by this means, the apparent 
activation temperature T1 can be measured by determining the force 
fluctuations of  the ratchet at isometric tension. Let us consider a cy- 
toskeletal filament firmly fixed onto the end of a calibrated thin glass 
needle that will bend when the filament is pulled upon by the motors. 
As Kishino and Yanagida (21) demonstrated, the degree of bending of  
the needle will provide a quantitative measure of  force produced by 
the motors. Furthermore, the fluctuations of  a needle at isometric ten- 
sion should provide a measure of :/'1, as outlined below. 

Denoting the bending angle of  the needle as O, the recovery force 
is K~-tcaOL, where L is the length of  the needle. When the balance is 
established with the force produced by motor proteins, the average 
velocity V is zero, and the average force Ki:~O'L satisfies the follow- 
ing relation 

e ( -  ( ,+Kl~/kbT~)  = e (-,/%T~). (16) 
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After one forward step, the bending angle of  the needle increases by 
dO, where AO=~/L,  and the recovery force increases by ~0AOL. The 
probability of  the next forward step is proportional to 

e ( -  (~+gl~)/kbTt) e (-m:o dO2L2/kbT~) • ( 1 7 )  

On the other hand, the probability of  the backward step is independent 
of  the load. Therefore, probability that the filament is in the position 
next to the average position decreases in comparison with that in the 
average position by 

e¢-~0a0'L'/kbr, ). (18) 

In general, the probability that the filament is in the nth position from 
the average decreases in proportion to 

e (-~o (rj~ dO~L2/h'bTl) _~. e (- (1/2) ~0 o~a0L) ' /kbTt) " (19) 

Similar probabili ty decreases occur in both forward and backward 
movements of  the filament or the needle. Thus, the average amplitude 
of  the fluctuation of  the bending angle is given by 

<(1/2)~o(ndOL)2> = (1/2)kbT1. (20) 

This result means that the needle fluctuates as if it were put at the 
temperature :/-1. This does not imply that the whole filament is at the 
temperature T~ but that a degree of freedom of the filament or subunit, 
perhaps in a spring-like element of  the filament subunit that interacts 
with the motor, has a high energy corresponding to the temperature 7"1. 

The situation is similar if the motor protein, instead of  the filament 
subunit, corresponds to a ratchet tooth and undergoes vibrational 
movements activated by the ATP energy, as illustrated in Fig. 4B. 
The energy is again used stepwise to slide the filament, and active 
movements of  the motor protein are maintained by successive ATP 
hydrolysis cycles. 

A second means by which ATP energy could introduce a prob- 
ability bias between forward and backward motion is by changing the 
energy barrier in an asymmetric manner (illustrated in Fig. 8), such 
as by altering the elasticity of  a spring (like the one shown in Fig. 4B) 
or by exposing or masking charged groups on the surface of  a filament 
subunit (analogous to the model of Mitsui and Ohshima (15)) .  ATP 
energy is needed to produce the reversible conformational alterations in 
the motor and filament that underlie the changes in the barrier energy. 
Since the motor and the filament both have asymmetric structures and 
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Fig. 8. Direct ional  mot ion  t h rough  an  asymmetr ic  and  reversible change  in 
an  energy  barrier.  A T P  energy,  t ransmi t ted  f rom the motor  protein  (M)  to the  
f i lament  (F), is used to lower the energy barr ier  o f  a f i lament  subun i t  to the  
r ight .  Th i s  a symmet r i c  a l terat ion in the  energy barr ier  makes  it more  probable  
for the  motor  to become displaced in this direction. More  details on this and  
other  models  for induc ing  directional  mot ion  can  be found in the  text. 

engage in stereospecific interaction, it is not difficult to envisage how 
a small conformational change in the motor could elicit a change in 
a subunit or, through a propagated effect, a series of  subunits in a 
directional fashion. 

Through an asymmetric change in the energy barrier (s), the 
probabilities of  undergoing a forward or a backward step are made 
different and directional motion occurs. I f  the potential barrier for tak- 
ing a forward step is lowered from s to/% (Fig. 8), then the velocity 
of  movement  would be described as 

V = Vo(e(-(~÷K~)/kbT--e(-~/k~T)) (where /~< 1). (21) 

Alternatively, the potential barrier for a backward step could be raised 
from s to as, in which case 

V -- Vo(e(-(,+~l/~br~--e(-~/kbr)) (where a >  1). (22) 

The first scheme (eq. 21) would be advantageous for producing high 
velocities of movement, while the second scheme (eq. 22) would gen- 



116 R. D. VALE AND F. OOSAWA 

crate greater forces. The latter mechanism is similar to the proposed 
model of  Mitsui and Ohshima (15), who suggested that the motor 
jumps out of  one energy well on the filament to the next and then 
builds up the energy barrier of  the previous well to prevent it from 
slipping backwards. Here again, we can assume that weak and strong 
binding may give rise to the two energy barrier states and then obtain 
similar force-velocity and heat-velocity relationships as described in the 
previous section. 

In the asymmetric barrier models, the energy barrier is recon- 
structed after forward or backward steps. Such reconstruction need not 
be tightly associated with the step, but  probably occurs as a separate 
energy-requiring process. Another point is that the energy consump- 
tion in the asymmetric barrier model is not related to barrier height, 
as it is in the Feynman ratchet. The energy needed to traverse the bar- 
rier and the energy used to change its height are distinct quantities. 

In the above models, the ATP energy used for a unit displacement 
(the distance of  a filament subunit) varies depending upon the load or 
the velocity of movement. Under  isometric conditions, a part of the 
ATP energy must be used for breaking the strong binding state, while 
under zero load, ATP energy could be used primarily to move the 
motor past several filament subunits. To achieve this, the motor 
protein and/or the filament subunit must pass through a number of  
different energy states during the ATP hydrolysis cycle. 

I I .  A R E  F E A T U R E S  OF  T H E  T H E R M A L  R A T C H E T  C O N S I S T E N T  W I T H  

E X P E R I M E N T A L  D A T A ?  

In the previous section, parameters of muscle contraction were consid- 
ered in an effort to define a model for motor protein action. Several 
new approaches and methodologies, however, have been applied to the 
problem of biological force-generation in the last 5-10 years. First of  
all, information on the cytoplasmic motors is advancing at a prodigious 
rate, as increasing numbers of  investigators are beginning to work on 
motile systems driven by kinesins, dyneins and non-muscle myosins. 
Although muscle myosin remains the best understood motor protein, 
the study of  mechanochemical transduction has clearly broadened be- 
yond muscle contraction. 

A second major development has been the introduction of  in vitro 
assay systems to study movement. Many  inherent difficulties of  study- 
ing the mechanism of force generation in the intact muscle or cilium, 
such as modulation of motility by the myriad of  regulatory and struc- 
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tural proteins present in these complex structures, can now be circum- 
vented by purifying motor proteins to homogeneity, adsorbing them 
onto surfaces and assaying their ability to move their filamentous cy- 
toskeletal partner under defined buffer conditions. Two assays that are 
now commonly used are: 1) adsorbing motors onto a glass slide and 
then observing the ATP-dependent  translocation of  complementary 
filament over the motor-coated surface (19, 23, 24), and 2) attaching 
motors to artificial beads and observing the translocation of  the beads 
along a stationary filament (23, 25, 26). While movement of a single 
muscle fiber or cilium is driven by hundreds if  not thousands of  motor 
proteins, in vitro systems permit observations of movement powered by 
relatively few motor proteins; in the instance of  kinesin, microtubule 
movement driven by a single kinesin molecule can be measured. In ad- 
dition, high resolution measurements of displacement and force are 
now being applied in order to discern individual mechanical events 
that take place during the force-generating cycle. 

In this section, we shall examine whether experimental findings 
largely derived from in vitro motility assays are consistent with a ther- 
mal ratchet mechanism. Several questions will be addressed: 1) do 
motors maintain contact with filaments in a manner similar to a 
ratchet and a pawl ? 2) What  is the relationship between ATP hydroly- 
sis, velocity and mechanical work ? Are such processes tightly or loosely 
coupled to one another ? 3) How far does a motor displace a cytoskeletal 
filament during one ATP hydrolysis cycle and what fluctuations in ve- 
locity and force production occur during this process ? 4) What  are the 
structural features and conformational changes in motor proteins or 
cytoskeletal filaments that are necessary for force production ? 

Since our belief is that myosin, dynein and kinesin generate move- 
ment through a fundamentally similar mechanism, information is as- 
similated from all three systems in an effort to identify those features 
that are common and essential to the force-generating mechanism. 

1. Interactions between Motor Proteins and Cytoskeletal Filaments 
1) Evidence for prolonged contact 
Initial models of  force generation proposed that motor proteins alter- 
nate between attached and detached states (7), and it was generally 
believed that the detached state occupies the majority of the ATPase 
cycle. However,  increasing evidence indicates that motors are retained 
in close proximity to a filament throughout  their ATPase cycle. For 
example, relaxed muscle is stiff when subjected to a rapid ( <  1 msec) 
stretch, but  compliant when stretched more slowly (27, 28). These 
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results suggest that myosin crossbridges that are not producing force 
nonetheless may be associating with and dissociating from actin with 
a submillisecond time constant. 

Evidence for a weak binding interaction between dynein and mi- 
crotubules has also been observed in an in vitro assay system (17). In 
the presence of  ATP-vanadate or ADP-vanadate,  microtubules bind to 
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a surface coated with intact flagellar outer arm dynein or its/~/IC sub- 
unit and undergo continual forward and backward motion along their 
longitudinal axis (Fig. 9A). The forward and backward movements oc- 
cur in the absence of nucleotide hydrolysis and appear Brownian in 
nature, since their root-mean-square displacement in one-dimension 
(x) can be described by the equation x=  ~ / ~ ,  where D is the diffusion 
coefficient and (t) is the time interval between measurements (Fig. 9B). 
Vanadate  "freezes" dynein in a state in the ATPase cycle prior to 
when energy transduction occurs. By the ratchet analogy, dynein and 
the microtubule behave as if they have equivalent temperatures and 
hence there is no bias to thermal motion. 

Interestingly, the experimentally determined diffusion coefficient 
of  the microtubule along the longitudinal axis is >8-fold lower than 
the theoretical diffusion coefficient, indicating that dynein-microtubule 
interaction resists thermal motion. The "height '  of  this energy barrier 
increases if dynein's affinity for the microtubule is enhanced, either by 
decreasing the salt concentration (Fig. 10) or by using a two-headed in- 
stead of a one-headed dynein. 

The diffusion coefficient perpendicular to the microtubule axes, on 
the other hand, is >20-fold lower than the one in the longitudinal 
direction and approximately 80-fold lower than the theoretical value 
(9A). This finding implies that the dynein prevents lateral movement 
or dissociation of the microtubule, while contributing a relatively small 
resistance to thermally induced sliding parallel to the microtubule axis. 
The nature of the dynein-microtubule interaction that underlies this 
phenomenon of one-dimensional diffusion is unknown. It  could be ex- 
plained by rapid associations and dissociations between dynein and the 
microtubule that prevent them from diffusing away from one another 
(17) or possibly by an electrostatic interaction that provides a low en- 

+-Fig.  9. O n e  dimensional  diffusion of microtubules  bound  to the  ~/IC: subuni t  

of  flagellar dyne in  in the  presence of A T P  (1 mM) and  vanada te  (200/ tu) .  In  
panel  A, the  position of a 2.3 t tm micro tubule  was de te rmined  every 0.2 see, and  

the  net  d isp lacement  of  the micro tubule  parallel  and  perpendicular  to its axis 
was de te rmined  for each t ime interval  (the net  d isplacement  in this figure is no t  
cumula t ive  with t ime bu t  is de te rmined  for each t ime interval).  In  panel  B, a 
h is togram of net  displacements  (0.1 sec) of  ano ther  micro tubule  (3 / lm)  is shown. 
T h e  da ta  can  be fit reasonably well by  a Gauss ian curve with a m e a n  of 0.1 n m  
and a s t andard  deviat ion of 91 nm.  This  da ta  and  others indicate tha t  the  move-  
m e n t  of  the  micro tubule  is thermal ly  dr iven bu t  restricted to one d imension by 
an  interact ion with dynein.  T h e  diffusion coefficient of  this micro tubule  is ap-  
proximately  5 × 10 -1° cm2/sec. This  figure is taken from Vale et al. (17) and  more  

details can be found in tha t  article. 
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Fig. I0. The effect of ionic strength upon the diffusion coefficient of microtubules 
diffusing while bound to fl/IC dynein heads in the presence of ATP and vanadate 

(panel A) or upon the velocity of unidirectional transport in the presence of ATP 

(panel B). In  both experiments, the ionic strength of the minimal buffer (3 mM 

MgC12, 10 mM Tris-HCl (pH 7.5), 1 mM EGTA, and 1 mM ATP) was altered by 
varying the KC1 concentration between 0 and 100 mM. Panel A shows the mean- 

square displacements of diffusional motion for 5-15 microtubules at each KCI 
concentration (150-300 measurements per microtubule at 0.2 sec intervals). Pan- 
el B shows the means and standard deviations based upon 25 measurements. Pan- 
el A is from Vale et al. (17) and panel B is previously unpublished data. 

ergy barrier (approximately 1.3kbT) to the displacement of dynein 
heads to adjacent tubulin monomers, but a high energy barrier to com- 
plete dissociation (29). 

Morphological studies suggest that a weak binding interaction be- 
tween dynein and microtubules probably occurs under physiological 
conditions as well. Electron micrographs of  cilia (30) reveal that vir- 



PROTEIN MOTORS AND MAXWELL'S DEMONS 121 

Fig. I I .  An electron micrograph  showing the interaction between outer  a rm  
dynein  and  outer-doublet  microtubules  in axonemes  from Tetrahymena cilia. In  
this example,  the axoneme was treated with A T P  and  vanada te  prior to rapid 

freezing; similar images are obtained with A T P  alone. This  micrograph  shows 
the outer  a rm dyne in  mak ing  contact  with  the B subfiber microtubules  th rough  
a thin stalk connected to the large globular  heads. In  virtually all instances when  
A T P  or A T P - v a n a d a t e  is present,  the  stalk appears  to be in contact  with  the B 
subfiber microtubule ,  which  is perhaps  the morphological  correlate of the  weak 

binding state of dynein  described in Figs. 9 and  10. This  figure is reproduced from 

Goodenough  and  Heuser  (30), and we kindly thank Dr. Heuser  for providing 

the micrograph.  

tually all dynein heads are attached to the B microtubule subfiber in 
the presence of ATP- or ADP-vanadate (Fig. 11). Interestingly, the 
force-generating head of dynein contacts the B subfiber not through its 
bulky globular head, but through an approximately 4×  12 nm stalk, 
whose appearance is somewhat reminescent of the hypothetical pawl 
drawn in Fig. 4A. 

Recent results also indicate that kinesin maintains attachment to 
microtubules for the majority of its ATPase cycle. Howard et al. (31) 
assayed microtubule movement as a function of  kinesin density on the 
glass surface and found that microtubule movement declined from a 
maximal level to a point where no movement occurred when the den- 
sity was decreased by 2-fold. Similar results have also been observed 
with myosin (32) and dynein (33). Although this abrupt  change in 
movement as a function of  motor protein density could be interpreted 
as evidence for cooperativity amongst motor proteins, an alternative 
explanation (and one that would explain the requirement for a high 
motor protein density) is that the surface must be completely covered 
with protein before kinesins can adsorb onto it in an active conforma- 
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tion. In agreement with this hypothesis, prior coating of the glass sur- 
face with cytochrome c and tubulin abolishes the critical concentration 
for kinesin movement, and motility occurs at three orders of magnitude 
lower kinesin densities than could be achieved without a prior protein 
coating. Using this new assay procedure, the number  of  microtubules 
attaching to and moving along the surface increases in a linear manner 
with kinesin density. The Hill coefficient of  unity indicates that kinesin 
molecules do not act cooperatively and that a single motor protein is 
sufficient to translocate a microtubule (Fig. 12). 

At very low kinesin densities, a single motor can translocate a mi- 
crotubule for several microns, which requires an interaction of 5-  
10 sec. I f  the kinesin were to detach for 1 msec, it can be calculated 
that diffusion would most likely carry the microtubule out of reach of 
the motor. Since the cycle time of ATP hydrolysis is probably >20  
msec, it is probable that kinesin spends > 9 8 %  of each cycle in contact 
with the microtubule. The low probability of  detachment could be ex- 
plained if the two kinesin heads walk in a coordinated manner (Fig. 
13), which seems unlikely in view of data indicating that motors with 
single force-generating heads generate movement (17, 21, 34, 35, L. 
Goldstein, personal communication for kinesin). Alternatively, it is pos- 
sible that each kinesin head remains bound for the majority of its 

~---Fig. 12. Microtubule translocation by single kinesin molecules. In  panel A, the 

rate at which microtubules bind to and translocate along a surface coated with 
various densities of kinesin was measured by video microscopy. In  this assay, 

bovine brain kinesin is adsorbed onto a surface coated with cytochrome c and 

tubulin (to eliminate non-specific adsorbtion) as described by Howard et al. (31). 
The rate at which microtubules attach to and move along the surface is directly 
proportional to the kinesin density, indicating that single molecules suffice as 

functional motors to translocate a microtubule. Had the cooperation of two kin- 
esins been required to move a microtubule, at tachment and movement would 

have decreased more drastically as the kinesin density was lowered. The pre- 
dicted results if one (solid line) or two (dashed line) kinesins were need for move- 
ment  are shown. Panel B shows a series of dark field images of microtubules 

moving on a surface with a low density coating of kinesin (where single motors 

are expected to interact with a microtubule) (left panel) and on a surface with 

a high density coating of kinesin (where>30  kinesins interact with the micro- 
tubule) (right panel). At high density, the microtubule moves very straight, pre- 

sumably because it interacts with many motors along its length. At low density, 

on the other hand, the microtubule pivots about its point of at tachment on the 
glass, which presumably reflects the site of the single kinesin interacting with 

the microtubule, as it moves forward. This irregular rotational movement may 
reflect the flexibility of the kinesin molecule that mediates microtubule attach- 

ment to the glass. These figures are from Howard et al. (31). 
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B 

Fig. 13. Two models of how kinesin maintains contact with the microtubule. 

As shown in panel A, the kinesin molecule could "walk" along the microtubule 

through the coordinated actions of its two identical force-producing heads. Alter- 

natively (panel B), the kinesin heads could maintain contact with the micro- 

tubule through a weak binding that may be analogous to the one described for 
flagellar dynein. In such a case, a single kinesin force-generating head may be 

sufficient to move microtubules (thus far untested). 

ATPase cycle to the microtubule through a weak binding interaction 
similar to the one described above for dynein. 

Even though myosin and dynein exhibit weak binding states, their 
at tachment time to the filament may not be sufficiently long to enable 
a single motor to translocate a filament in vitro. Although several ob- 
servations suggest that actin transport over myosin-coated surfaces is 
driven by relatively few myosin heads (35, 43), recent experiments by 
Uyeda et al. (37) indicate that single myosin heads cannot retain an 
actin filament at the surface, unless actin's diffusion coefficient is de- 
creased by raising the viscosity of the solution. Similarly, it is likely 
that several flagellar dyneins are necessary to move a microtubule for 
appreciable distances, since microtubules translocate while attached 
loosely at many points along their length to surfaces coated with flag- 
ellar dynein. In contrast, during kinesin-driven transport, microtubules 
are often bound at a single nodal point (Fig. 12B). These results need 
not imply that kinesin operates by a different mechanism than myosin 
and dynein, but rather that the "off"  time between kincsin and 
microtubules is shorter than the other two motors. Even for myosin and 
dynein, however, the retaining time of these motors and filaments may 
be influenced by ionic strength. Inoue et al. (38) claim, for example, 
that in the absence of salts, the actomyosin ATPase cycle proceeds 
without dissociation of the myosin head from F-actin. Under similar 
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conditions, continuous sliding of F-actin is often observed, even when 
the filament is bound at a single point (and hence possibly to an in- 
dividual myosin) on the glass surface (Higashi-Fujime, unpublished). 

In summary, the available evidence indicates that both micro- 
tubule- and actin-based motors have weak binding states that retain 
them in close proximity to filaments. The advantage of a weak bind- 
ing state for a cytoplasmic motor such as kinesin, which operates alone 
or in the company of relatively few motors (between 1-5), is obvious, 
since it prevents transport from being interrupted due to a separation 
of the motor from a filament. Muscle myosin and ciliary dynein, on 
the other hand, operate in the context of large ensembles of motors. 
Since the probability of having many asynchronous motors dissociate 
simultaneously from a filament is unlikely, it is all the more remarkable 
that myosin and dynein exhibit weak binding states. Instead of simply 
preventing filament diffusion away from the motor, these weakly at- 
tached states may serve an important role in the force-generating pro- 
cess itself by providing an energy barrier for a thermal ratchet. In any 
event, the observations that motors are retained in close promixity to 
the filament fulfills an important prediction of our model. 
2) Transitions between weakly and strongly bound states 
In the modular ratchet model, two motor-filament binding states were 
proposed to explain the heat-velocity curve. With myosin, the notion 
of  two binding states is well-founded, and weak and strong binding 
states have been incorporated into contemporary kinetic schemes of 
the ATPase cycle (10) and into an improved cross-bridge theory (39). 
Our model, however, differs from the conventional theory in two 
points. First, the accepted ATPase cycle is considered to involve an 
obligatory progression from weak to strong binding. In our case, how- 
ever, we propose that the transition from a weak to a strong binding 
state is load and velocity-dependent and is not required for complet- 
ing the hydrolysis cycle. Furthermore, in contrast to the conventional 
crossbridge model where the strong binding state is the only force-pro- 
ducing entity, our model also suggests that the weak and strong bind- 
ing states are both capable of  generating force, albeit to different ex- 
tents, if the energy flow exists or the energy barrier is asymmetric. 
Whether these predictions of  our model are true or not cannot be 
established from the experiments reported in the literature. 

2. The Parameters That Govern the Velocity of lVIovement 
According to the rotating crossbridge theory, the energy derived from 
one ATPase cycle is expended in a stereotypic conformational change 
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in the head that produces a characteristic step or force. Certain results, 
however, challenge the notion of a simple one-to-one correspondence 
between ATP hydrolysis and work production or transport speed. For 
example, Takiguchi et al. (40) documented that increasing KC1 con- 
centration decreases the actin-activated S1 ATPase activity by 3-fold 
but does not affect the velocity of actin translocation in the motility 
assay. Furthermore, Toyoshima et al. (unpublished) have shown that 
nicking S1 at the 50-27 kDa boundary with trypsin results in 30% 
faster actin translocation but does not alter the Vmax of the actinac- 
tivated SI ATPase. 

Several experiments suggest that the binding affinity between the 
motor and filament may influence the velocity of ATP-driven move- 
ment under zero load. In the case of flagellar dynein, raising the ionic 
strength, which decreases the binding affinity of dynein for microtu- 
bules, increases the one-dimensional diffusion coefficient of microtu- 
bules attached to dynein heads and also increases the velocity of 
unidirectional sliding in the presence of ATP (Fig. 10). Similarly, micro- 
tubules bound to ~/IC (a single-headed dynein subunit) have a greater 
diffusion coefficient during their random movements in the presence of 
ADP/vanadate  and exhibit faster unidirectional movement in the pres- 
ence of ATP, compared with microtubules bound to two-headed dyne- 
in molecules containing both i~/IC and the a subunits (17, 36). In the 
case of myosin, trypsin-cleaved S 1 has a lower binding affinity for actin 
than S1 in the actin-activated ATPase assay but elicits faster velocities 
of actin transport in vitro (Toyoshima, unpublished results). These 
various results are interpretable in the context of a thermal ratchet 
model, which predicts that the velocity of movement under zero load is 
influenced by the energy barrier. As discussed previously, the energy 
barrier is most probably correlated with the binding affinity between 
motor and filament, although the two quantities are unlikely to be di- 
rectly related. The assumed values of the high (4kbT) and low (1.5k~T) 
barriers, are smaller than the binding energies estimated from their 
affinity constants, because the motor and filament remain in contact at 
the barrier and do not completely dissociate. 

The velocities of kinesin-, dynein- and myosin-driven transport also 
do not depend upon the filament length, and hence upon the number 
of motors interacting with an individual filament (19, 31, 41). How- 
ever, at high surface densities of motors, even the smallest filaments in- 
teract simultaneously with several motors, and therefore low density 
assays must be used to determine the velocity enabled by a single mo- 
tor protein. If  each motor spends only a fraction of its ATPase cycle 
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undergoing a power stroke, as suggested by most conventional models 
of independently acting force-generators, then the velocity should be 
greatest when several asynchronous motors generate a continuous force 
upon the filament and should decrease when the number of  motors 
approaches unity. Such a result, in fact, is obtained with myosin (37). 
In contrast, the velocity of  kinesin-driven transport is the same, regard- 
less of  whether 1 or 30 motors interact with a microtubule (31). This 
unexpected result perhaps indicates that the filament and the motor are 
flexible or that the motions of multiple motors can become coupled. 
Kinesin motors attached simultaneously to the same filament may 
mechanically influence one another through the motion of  the filament 
by decreasing the net displacement per ATP or by synchronizing the 
activities of motors. The different results obtained with kinesin and 
myosin may reflect the percentage of  time that these two motors are 
in contact with their respective cytoskeletal filaments. 

In conclusion, in vitro motility experiments under zero load condi- 
tions have revealed that: 1) filament-activated ATPase activity is not 
always correlated with the speed of  transport, 2) decreasing the motor- 
filament binding affinity promotes faster velocities of ATP-driven 
translocation, and 3) the velocity of transport remains constant when 
the number of motors interacting with the filament is varied over a 
wide range; in the instance of kinesin, the velocity does not decrease 
even when the number  of motors interacting with microtubule is re- 
duced to a single molecule. Force, on the other hand, increases in a 
linear fashion with the number of motors (21), although its relation to 
ATP hydrolysis and binding affinity is not known. The precise rela- 
tionships between force, velocity, ATPase activity and motor protein 
number will have to be determined in order to test our model more 
convincingly. 

3. Displacement Steps and Force Fluctuations 
Determining the quantity of force and displacement (the step size) gen- 
erated during each cycle of  ATP hydrolysis has become a focus of  in- 
terest in recent years for testing models of  force production. The rotat- 
ing crossbridge theory predicts that a single displacement reaction, 
whose magnitude is determined by the conformational change in the 
motor, occurs per ATP hydrolytic cycle. In their classical study, Huxley 
and Simmons (9) estimated a displacement distance of 10 nm, which 
is sufficiently small to be produced by a conformational change in the 
myosin head. In a thermal ratchet model, however, the unit displace- 
ment under zero load conditions is determined by the monomer spacing 
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of the polymer. I f  the entire energy of ATP is utilized, a myosin could 
theoretically traverse up to 12 actin subunits (if each imposed an en- 
ergy barrier of 1.5kbT), which equates to a distance of 60 nm. Thus, 
the motor could execute many unit displacements during one cycle of 
ATP hydrolysis and thereby travel a greater distance per ATP than 
would be possible if a single structural change in the head was involved. 

The distance that a motor displaces a filament during a ATP hy- 
drolytic cycle has been approached by measuring ATPase activity, ve- 
locity of movement and the number of motors interacting with a fila- 
ment in the same in vitro motility assay. Yanagida and colleagues (42) 
first performed such an experiment using isolated sarcomeres and ar- 
rived at the remarkable conclusion that myosin slides 60 nm along 
actin per ATPase cycle. More recently, such studies were performed 
with the filament gliding assay by Toyoshima et al. (32) and Harada et 
al. (43), who obtained step sizes of 10 nm and 200 nm respectively. 
In these experiments, actin-activated ATPase activities and transport 
velocities were measured directly, but the number  of motors interacting 
per unit length of filament had to be estimated. Different assumptions 
were used to make this estimation, which may account for the dif- 
ference in step sizes obtained in these two studies (see also the article 
by T. Yanagida in this volume). In a study with kinesin (31), how- 
ever, the number  of interacting motors could be accurately deter- 
mined (one in the case of the low density experiments). The ATPase 
activity, on the other hand, could not be assessed directly due to the 
very low density of motors. However, if one makes the assumption that 
the Vmax for kinesin ATPase activity in the motility assay is the same 
as in solution (12-25 ATP see-l), then the step size per kinesin head 
under zero load would be 15-30 nm/ATP. This value is significantly 
larger than the globular force-generating head of kinesin (9 nm). 

A variety of other studies have sought to observe directly the mech- 
anical steps induced by the motor. High resolution measurements of 
force in myofibrils (44) or in a flexible needle attached to an actin 
filament being pulled by a small number of myosin motors (Yanagida 
and colleagues) have revealed fluctuations under isometric and un- 
loaded conditions. I f  compliance in either the experimental apparatus, 
the cytoskeletal filament or the motor proteins does not significantly 
damp fluctuations, then the conventional independent force-generator 
model is tested. The thermal ratchet model predicts thermal fluctuations 
of the needle corresponding to the effective temperature T1 (see section 
1-5 and Fig. 6). Such fluctuations are greater than those displayed at 
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room temperature,  but are smaller than those expected by the conven- 
tional erossbridge model which has an abrupt power stroke. 

Microtubule motor-driven movements have also been analyzed by 
high resolution motion detection methods. Gelles et al. (45) detected 
periodic 4 nm displacements of kinesin-coated beads moving along mi- 
crotubules, as determined by measuring the centroid position of the 
bead in successive video frames. A displacement distance of 4 nm (the 
monomer spacing of tubulin in the microtubule) is consistent with a 
thermal ratchet model, where the motor steps from subunit to subunit. 

Although kinesin movement appears smooth, unidirectional and 
directed along a single microtubule protofilament (45), such is not the 
case with flagellar outer arm dynein. Many microtubules translocating 
on a dynein,coated surface pause briefly and undergo random ther- 
mally driven backward and forward displacements (17, Vale et al., un- 
published observations). Long (20/~m) microtubules, which presumably 
interact with more motors, are transported much more smoothly and 
continuously than short microtubules (1 ttm), which spend more t ime 
undergoing thermal vibrations. Thus, with few motors interacting with 
a microtubule, dynein-driven translocation resembles a strongly biased 
random walk, as described for a thermal ratchet operating with a low 
energy barrier (see Fig. 6). 

In conclusion, many properties of filament translocation in vitro, 
are consistent with the predictions of a thermal ratchet model. These 
include: 1) possibly large (>  10 nm) net displacements per ATP under  
zero load conditions, 2) small fluctuations in force, 3) units of  displace- 
ment that correspond to the spacing of polymer subunits, and 4) the 
observation of backward as well as forward displacements of at least 
certain motor proteins in the presence of ATP. However, a conforma- 
tional change model can also explain many of these results. Further-  
more, the experiments that support the above statements are still 
preliminary, and a great deal of work must be performed to substanti- 
ate these claims. 

4. Structural Features of the Force-generating Components 
1) The motors 
In order to understand the structural basis of force generation, it is im- 
portant  to determine the minimal component of a motor protein that  
can support movement.  Within the last few years, it has been shown 
by several laboratories that the S1 head of myosin is sufficient to in- 
duce movement  (34, 46) and force (21). Similarly, Goldstein and col- 
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leagues (personal communication) demonstrated that kinesin's 45 kDa 
head domain, produced by expression in E. coli, constitutes a func- 
tional microtubule motor. These results reveal that the functional force- 
generating domains of motor proteins are confined to their ATP- and 
filament-binding heads. Furthermore, multi-headed structures, while 
conferring a possible advantage in vivo, are not essential for generating 
movement per se (see also refs. 17 and 36 for results with dynein). 
Models of force production that place an absolute requirement on the 
$2 (9, 47) or LMM domains clearly are untenable or must be modified 
in light of these important experimental findings. Thus to understand 
the mechanism, one must decipher the structural changes in the head 
domain that occur during the ATPase cycle. 

Towards this end, a variety of studies have been performed to de- 
termine whether the myosin head undergoes a large conformational 
change during the force-generating cycle, as predicted by the rotating 
crossbridge theory. Despite an intensive effort in the part of many 
laboratories, there is no evidence for a conformational change or an- 
gular movement large enough to produce a 4-10 nm displacement. 
Electron spin label probes attached to the myosin heads near the actin- 
myosin junction, for example, show no significant change in orienta- 
tion during the force-generating process (48). Polarization studies with 
a fluorescent ADP analog bound at myosin's active site indicate a sim- 
ilar lack of rotational movement (49). In addition, neutron scattering 
studies indicate that the myosin head does not change shape upon 
binding ATP (50). Although these data can not exclude the possibility 
that myosin undergoes a large conformational change during the hy- 
drolysis cycle, they certainly do not provide support for such a model. 

Although the nature and function of the conformational change(s) 
that occur during the mechanochemical cycle remain obscure, it is 
becoming increasingly clear that motors are very flexible. Spin label 
probes attached to myosin show considerable rotational freedom in re- 
laxed and contracting muscle, indicating that certain regions in the 
myosin head are flexible and disordered (51, 52). Evidence for an elas- 
tic element joining two or more rigid domains in the S1 head has also 
been obtained from transient electric birefringence studies (53). The 
ability of myosin crossbridges to rotate by 180 deg in muscle fibers (54) 
and in the in vitro motility assays (32) is another indication of myosin's 
rotational flexibility. Kinesin may also be quite flexible, as revealed by 
the irregular pivoting motion of microtubules attached to single, sur- 
face-bound kinesin motors (31) (Fig. 12B). Thus, the current experi- 
mental evidence that motors are flexible and undergo highly disor- 
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tiered motion is consistent with one of  the requirements of  a thermal 
ratchet model. 
2) The cytoskeletal polymers 
The rotating crossbridge and thermal ratchet models also differ in the 
role that they ascribe to the filament in the force-generating process. 
Most rotating crossbridge models presume a passive role for the fila- 
ment during mechanochemical transduction; the filament provides a 
substrate for at tachment and detachment of the crossbridge, but  does 
not need to undergo a conformational change for movement to occur. 
In the thermal ratchet model, on the other hand, an ATP-induced con- 
formational change in the motor confers a conformational change in 
the filament, which in turn serves to bias thermal motion in one direc- 
tion. Thus far, few studies have examined filaments directly for con- 
formational changes during motility. However, structural information 
of  the actin subunits suggests that they are composed of two discrete 
domains connected by a relatively unstructured region in the poly- 
peptide chain that could act as a spring,like element (55). Further- 
more, the bond angles between the actin monomers themselves are 
not fixed, but  can bend by a few degrees (56, 57) as well as twist by 
5-10 degrees (58, 59) in response to thermal agitation. The transition 
of  the thin filament in skeletal muscle from the resting to the active 
state was found to be accompanied by a flexibility increase (60, 61). 
Yanagida et al. (62) have shown that addition of myosin heads and 
ATP induces large amplitude and high frequency bending motions 
of  F-actin iin solution, suggesting that ATP energy may be transferred 
from myosin to the bending freedom of F-actin. 

There is little data on the mobility of  tubulin monomers in mi- 
crotubules, although the microtubule as a whole is much more rigid 
than F-actin. Nevertheless, the tubulin monomers in microtubules ap- 
pear  also to be composed of two or possibly three distinct domains con- 
nected by potentially flexible joining segments (63). By modulating the 
elasticity of such segments and hence the relative motion between the 
domains, it is feasible to construct a modular thermal ratchet, as we 
have outlined in the previous section. Clearly, however, a more de- 
tailed understanding of  the structural basis of  force-generation awaits 
the determination of the three-dimensional structure of the motor and 
polymer subunits. 

S U M M A R Y  

This paper represents a preliminary effort in considering how protein 
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motors could harness thermal fluctuations to generate force and move- 
ment. The initial premise for this model is the thermal motor described 
by Feynman which consists of a ratchet and an interdigitating, spring- 
loaded pawl. By analogy, one can imagine that biological motors in- 
teract weakly with their filament subunit substrate and that thermal 
fluctuations displace the motor to adjacent subunits on the filament. 
Unidirectional motion ensues if ATP energy either changes the energy 
of  a spring-like component  in the system or asymmetrically alters the 
energy barrier to displacement. Although a simple thermal ratchet 
model can account for the maximal forces and velocities produced 
by biological systems, it does not adequately explain the force pro- 
duced and the energy expended by muscle as a function of its velocity 
of  shortening. To explain these phenomena, we propose that the 
energy barrier of  the thermal ratchet changes as a function of load. 
A load or velocity-dependency in the transition of the motor from a 
weak to a strong binding state could produce this effect. The thermal 
ratchet model for energy transduction can also explain many of the 
observations of  filament translocation along motor-covered surfaces 
in the in vitro motility assay. Furthermore, unlike the rotating cross- 
bridge model which predicts a large conformational change in the 
motor, unidirectional motion and force production with a thermal 
ratchet motor could be accomplished through small structural altera- 
tions in the motor head and the filament subunit. In general, models 
are useful if they formulate a set of predictions that serve as guides for 
future experimentation. First of all, it should be instructive to examine 
more critically the contact between motors and filaments and to deter- 
mine the quantal  episodes of displacement and force. Furthermore, it 
will be important  to inspect the filament, in addition to the motor, for 
conformational changes that occur throughout the ATPase cycle. Along 
this line, the ATP hydrolysis reaction should be reexamined to deter- 
mine if a large number  of  energy states of  the motor protein and the 
filament occur during the hydrolysis cycle. Furthermore, our model 
makes predictions regarding the relationships between the energy 
barrier height (related perhaps to motor-filament binding affinity) and 
velocity or force. Whether  the weak to strong binding state transition 
is dependent upon load or velocity is another unique prediction of our 
model that could be experimentally probed. These are but a few of the 
directions that one may pursue in examining the mechanism of mecha- 
nochemical transduction, and it is hoped that this review will stimu- 
late efforts along these lines of investigation. 
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