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Abstract Non-equilibrium fluctuations can drive vecto-
rial transport along an anisotropic structure in an isother-
mal medium by biasing the effect of thermal noise (kgT).
M echanismsbased on thisprincipleare often called Brown-
ian ratchets and have been invoked as a possible explana-
tion for the operation of biomolecular motors and pumps.
We discuss the thermodynamics and kinetics for the oper-
ation of microscopic ratchet motors under conditions rele-
vant to biology, showing how energy provided by external
fluctuations or a non-equilibrium chemical reaction can
cause unidirectional motion or uphill pumping of a sub-
stance. Our analysis suggeststhat molecular pumps such as
Na,K-ATPase and molecular motors such as kinesin and
myosin may share a common underlying mechanism.

Key words Free energy transduction - Molecular motors -
lon pumps - Ratchets - Maxwells demon

Introduction

We normally think of vectorial motion as arising from mac-
roscopic forcesthat provide directionality, such asan object
falling in agravitational field, or migration of charged pro-
teins in an applied electric field. Recent work has shown
theoretically (Astumian and Bier 1994; Astumian 1997;
Hanggi and Bartusek 1996; Magnasco 1993; Prost et al.
1994) and experimentally (Rousselet et al. 1994) that exter-
nal random fluctuationsacting on aparticlein an anisotropic
medium can cause unidirectional motion in an isothermal
medium without a macroscopic force or spatial chemical
gradient. Earlier analogous work from a chemical kinetic
perspective established that fluctuations of rate constantsin
a catalyzed chemical reaction can drive the reaction to pro-
ceed unidirectionally even if the affinity of the reaction (the

R. D. Astumian (=) - |. Derényi

Departments of Surgery and of Biochemistry
and Molecular Biology, University of Chicago,
MC 6035, Chicago, IL 60637, USA

e-mail: dastumia@surgery.bsd.uchicago.edu

chemical force) is zero at every instant (Tsong and Astu-
mian 1986; Astumian et al. 1987, 1989; Astumian and Rob-
ertson 1993). These results are counterintuitive since ran-
dom fluctuationsin most cases destroy rather than create or-
dered behavior. Infact it might seem at first glancethat fluc-
tuation induced directed mation is contrary to the second
law of thermodynamics and could be used to create a per-
petual motion machine. Showing in detail why this is not
the case strongly motivates the development of rigorous
models that can be understood at the level of basic physics.

Aside from theoretical interest, ratchet models share
many features with the motion of biomolecular motors
such as kinesin (Svoboda et al. 1993) and myosin (Finer
et al. 1994), and ion pumps such as Na,K ATPase and Ca
ATPase (Lauger 1991) (see Fig. 1). These molecules also
bring about net motion without a macroscopic force. The
energy for driving flow comes typically from hydrolysis
of ATP, but how this chemical reaction defines a preferred
direction of motion is far from clear. Recent experiments
have demonstrated that, consistent with a ratchet mecha-
nism (Tsong and Astumian 1986; Westerhoff et al. 1986;
Astumian et al. 1987), external oscillating (Serpersu and
Tsong 1984; Liuetal. 1990) or fluctuating (Xieetal. 1994,
1997) electric fields can drive transport by amolecular ion
pump, the Na,K ATPase. Energy from the field substitutes
for the energy normally provided by ATP hydrolysis even
though the average value of the field is zero. Recent mod-
els for fluctuation driven transport provide an explicit
mechanism for coupling energy from a non-equilibrium
chemical reaction to cause local fluctuations similar to
those imposed externally to drive unidirectional transport
(Tsong and Astumian 1986; Fulinski 1994).

Despite sharing the similar function of using chemical
energy to drive vectorial transport, mechanisms of molec-
ular motors and pumps are typically pictured entirely dif-
ferently. Mol ecular pumpsare most often modeled interms
of chemical kinetics, where ATP energy is used to change
the relative affinities of and barrier heights between dif-
ferent binding sites by sequentially favoring different con-
formational states of the protein as ATP is bound, hydro-
lyzed, and the products released. The conformational re-



laxation and molecular transport across the membrane are
treated as thermally activated steps. As Lauger summar-
ized (Lauger 1991),

“lon pumps do not function by a power stroke mechanism;
instead, pump operation involvestransitions between mol-
ecular states, each of which isvery close to thermal equi-
libriumwithrespect toitsinternal degreesof freedom, even
at very large overall driving force.”

Models for molecular motors, on the other hand, have
focussed on an ATP driven “power stroke” — a viscoelas-
tic relaxation process where the protein starts from a non-
equilibrium, “strained” conformation following product
release. The subsequent relaxation does not require ther-
mal activation and can be visualized much as the contrac-
tion of a stretched rubber band. In describing how the ri-
bosomal protein synthesizing apparatus works as amolec-
ular motor, Cross (1997) writes

“Theproteinislikeacompressed spring that isheld against
a trigger — ribosome binding releases the trigger and the
protein flies open, exerting force and allowing the phos-
phatethat isgenerated asaresult of GTP hydrolysisto exit
from the active site.”

This point of view is also expressed in a recent review
article(Block 1996). Inmany waysprotein motorshavebeen
modeled as miniature versions of macroscopic devices, em-
ploying springs, cogs, levers, and the like to effect motion
and force generation, where the inescapable molecular fluc-
tuations arising from interaction with the medium are
viewed as something to be overcome rather than as an es-
sential feature that can be harnessed to allow for regulation
of the timing between chemical and mechanical steps.

Experimental evidence strongly supports the idea that
the effect of an external fluctuating electric field on mem-
branetransportisduetobiasing of thermally activated tran-
sitions along the kinetic pathway. It is our hypothesis that
a similar mechanism applies for the case of ATP driven
transport by molecular motors, although this is not yet
proved and much remains to be clarified.

Atfirstit may seem that the mechanism for using chem-
ical energy to allow molecular motors to move over great
distances and exert large forces must indeed by fundamen-
tally different from the way that molecular pumps sit in
place in amembrane and use energy from ATP hydrolysis
to bias the diffusion of small molecules and ions and do
work against an electrochemical gradient. However, the
physics of motion of small aobjects in viscous solution
shows that these processes may not be as different as our
macroscopically based intuition would suggest and that
perhaps the function of molecular motors and pumps may
be linked by a common mechanism.

We can see this by considering the Reynolds number
(Purcell 1977; Vogel 1989; Berg 1983), R, which isthera-
tio of theinertial to the viscous forces acting on a particle
with a characteristic size (distance) a moving at velocity
v. Thisdimensionless ratio is given by

R=auwlv

1)

475

where v isthe kinematic viscosity. For water, v=10"° m%
sec. The equations of motion for two different objects
moving with the same Reynolds number (say a large ob-
ject moving slowly and a small object moving proportion-
ally more rapidly) are the same although the conversion
factors to convert back to laboratory lengths and times of
course arein general different. Let us consider the case of
amolecular motor and an ion pump.

A motor molecule such as kinesin has a characteristic
sizeof 108 m, and moveswith avelocity approaching 106
m/sec, giving a Reynolds number of 10~°. An ion pump
such asthe Na,K ATPase can transport up to 1000 ions per
sec (g = 1071° m) across the 107 m thick bilayer mem-
brane, yielding an approximate velocity of 10™ m/sec as
alower bound, resulting in aReynol ds number of 10~°. We
have used only very rough estimates, but the Reynolds
numbersfor ion pumpsand molecular motorsare both very
small. Inertia is then irrelevant, any description of a pro-
teinasaspring that fliesopen should therefore not be taken
literally.

The recent Brownian ratchet models, which stress the
role of thermal noise (as did some earlier models (Huxley
1957)), offer a unifying hypothesis for motors and pumps
and show that mechanisms for molecular motorsin which
the conformational change of the protein derives thermal
activation are consistent with a processin which a protein
is translocated over a large distance (10 nm) in a single
step, and can exert a large force (piconewtons). In this
paper we will discuss some of the background for fluctu-
ation driven motion and examine several models concern-
ing the role of both equilibrium and non-equilibrium fluc-
tuations in the operation of microscopic machines and the
thermodynamic basis of extracting work from non-equi-
librium fluctuations.

Thermodynamics of ratchets and rectifiers

Many scientists have considered the problem of fluctua-
tion driven motion, perhaps the first being Maxwell, who
proposed a device (often whimsically described as an in-
telligent being or demon) that could open or close a gate
separating two containers of a gas depending on a meas-
urement of the vel ocity of an oncoming molecule (Leff and
Rex 1990). If the demon would open the gate only to fast
molecules coming from one side and to slow molecules
comingfromtheother, athermal gradient would beformed.
Subsequent analysis hasfocussed on understanding the en-
ergy required to make, store, and eventually erase the nec-
essary measurements of the molecular velocities. Energy
dissipation can arise in any of these processes and the
minimum amount of energy dissipatedisequal to or greater
than the work stored by creation of a thermal gradient
(Bennet 1987).

Maxwells Demon requires active acquisition of infor-
mation for operation. Macroscopic ratchets and rectifiers
however convert external zero average fluctuating forces
into net motion (current) passively. What happens if such
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Fig. 1A-D Several molecular motors and pumps, and motility as-
says. A Kinesins immobilized on a glass slide drive the motion of
a microtubule in a classic sliding assay (Kron and Spudich 1986).
B An illustration of recent experiments where low densities of kin-
esinimmobilized on abead (such that only one kinesin molecule can
interact with the microtubule) can drive motion observed by interfe-
rometry (Svoboda et al. 1993). The opposite directed motion of a
structurally similar Ncd is illustrated, although such an experiment
has not been done, and so far there is no evidence that Ncd is pro-
cessive. C Rotational motion of FOF1 ATP-synthase has recently
been directly observed (Noji et a. 1997). The F1 subunit was separ-
ated and immobilized on a glass slide and an actin filament was at-
tached to its “ shaft” to make the ATP hydrolysis driven rotation vis-
ible asacircular motion of the actin filament. Thiswas adirect con-
formation of an early prediction based on symmetry (Boyer 1975).
D Cartoon of amembrane pump (H* ATPasg) that sitsinamembrane,
and by ATP dependent conformational changes biases the diffusion
across the membrane of ions and small molecules

devices are shrunk to microscopic size? This was consid-
ered by Smoluchowski (1912), and later by Feynman
(1966) with the analysis of a microscopic ratchet (a cog
with asymmetric teeth) and pawl! (Fig. 2). Theratchet teeth
are arranged so that it is impossible to drag the pawl up
one face. At first glance it would seem that a paddlewheel
attached to such aratchet should convert thermal fluctua-
tionsto unidirectional motion. If thewheel cannot go back-

Feynman's Ratchet

T2 cw rate = A exp(-AU/KT)
ccw rate = A exp(—AU/sz)

Fig. 2 Depiction of Feynman’s ratchet. Because of the asymmetry
of the ratchet’s teeth, it might seem that even thermal fluctuations
acting on a paddlewheel attached to the ratchet could be used to do
work. However, the behavior of the spring is also influenced by col-
lisions with molecules which cause it to vibrate. When the spring is
down, molecular collisions with the paddlewheel indeed tend to
cause the cog to turn only in the planned direction. However, in the
rare event that the spring is up, disengaging the one-way mechanism,
the random molecul ar forces on the paddle cause forward and back-
ward motion with equal probability. It only takes a very tiny move-
ment of thewheel backwardsto set the device back onetooth, where-
as to send it forward by a tooth requires a much greater motion. If
the paddle and the pawl are at the same temperature so that the fluc-
tuations on the paw! are as strong as those driving the paddlewheel,
the ratchet, despite appearances will not turn. The equations are ap-
proximate formulae for the frequency of moving a step in the clock-
wise (cw) and counter-clockwise (ccw) direction. AU = k h? where
K is the spring constant and h is the height of atooth on the cog

ward, molecules hitting the paddle would cause an irregu-
lar but relentless rotation of the wheel that could lift a
weight. This would be a perpetual motion machine of the
second kind, and a contradiction to the second law of ther-
modynamics.

Feynman resolved this paradox, showing that consis-
tent application of the laws of statistical mechanics to all
parts of the device restores the result that work cannot be
extracted from thermal noise in an isothermal system. In
order to function, the pawl must be attached to the ratchet
by some elastic element, say a spring, which is also influ-
enced by thermal noise. When the pawl is down, the de-
vice works as anticipated. However, occasionally the pawl
is up, and is disengaged from the ratchet cog. In this rare
event, molecular collisionswith the paddlewheel causefor-
ward and backward motionwith equal probability. Because
of the asymmetry, it takes only atiny motion backward to
set the device back by one tooth, but a much larger move-
ment forward to advance the device by one tooth. If the
paddlewheel and pawl are at the sametemperature, theten-
dencies to move forward, due to the fluctuating force act-
ing at the paddlewheel, and to move backward due to the
fluctuating engagement and disengagement of the pawl,



exactly cancel, and despite appearances, the ratchet will
not rotate.

Feynman al so considered amodification of thisratchet.
The temperature of the pawl and the gas in the box con-
taining the paddiewheel need not be equal. Feynman
showed that when the temperatures are different the im-
balance in the strength of the thermal noise acting on the
paddlewheel and on the spring does indeed cause the cog
to rotate. Astonishingly, the device works both ways —
when the temperature of the paddlewheel is greater than
that of the spring, the ratchet rotates clockwise as our in-
tuition would suggest, but when the temperature of the
spring isgreater than that of the paddlewheel, the ratchet’s
rotation is counterclockwise! A simple equation illustrat-
ing this can be derived from the two relations for the uni-
directional rates shown on Fig. 2, with T,—T, = 2 AT and
T,+T,=2T,and AT<T:

AAU AT

oAU keT
2kgT? ’

net rate = 2

where kg is Boltzmann's constant. The net rate is non-
monotonic with respect to the average temperature T, and
is maximized when AU = 2 kgT, illustrating the synergy
between “thermal noise” and an external energy supply (the
thermal gradient in this case) for doing work.

At first it might seem that Feynman’s ratchet, while a
useful illustration of the Second Law of Thermodynamics,
is not relevant for biological systems since large thermal
gradients are not present in organisms (but see (Vale and
Oosawa 1990) for a different point of view). But the cru-
cial element is not so much the temperature gradient, but
the fact that the system is taken out of equilibrium. It is
this departure from equilibrium, coupled with thermal
noise, that allows directed motion. Recent work has been
devoted to understanding how a chemical reaction can
drive motion along a ratchet.

A chemically driven Brownian motor

Consider the one dimensional motion of a charged parti-
clealong aperiodic lattice of dipoles arranged head to tail
(Fig. 3), and let the interaction between the particle and
lattice be purely electrostatic (Astumian and Bier 1994).
The potential energy profile then consists of aperiodic se-
ries of minima (wells) and maxima (barriers). For simplic-
ity this can be represented as a sawtooth function. Because
of thermal noise, the particle undergoes Brownian motion.
Occasionally, it will have enough energy to pass over one
of the two barriers surrounding the well in which it starts
and move to the well on the right or on the left. It can eas-
ily be shown that, despite the anisotropy, without an en-
ergy supply the two probabilities are exactly equal.

Now, imagine that this particle catalyzes achemical re-
action, HS= H* + S". Because the product molecules H*
and S™ are charged, the amplitude of the interaction poten-
tial between the particle and the dipole lattice depends on
whether H* or S™ are bound to the particle, resulting in a
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coupling between the chemical reaction and the diffusion
of the particle along the dipole lattice. The reaction diffu-
sion equations describing this coupled motion are

OR(x,t) _ 9 DJ (x) azp(x t)
o —oxHy T t)E+D &
+zl[kjin(x,t)—k|-jFf(x,t)], i=123
J:

where P; (x, t) is the probability density at position x at
timet in chemical state i, U/ (X) is the derivative of the
potential at x in state i, y is the coefficient of viscous
frictionandisrelated to thediffusion coefficient D through
the fluctuation dissipation relation D = kgT/y, and the k;;
arethechemical rate coefficients. At steady state, dR, (X, t)/
ot = 0, and the average velocity of the particleis

0 Ul (x)

(v)= LZE'

Da—EP (x,1) (4)

evaluated at any x, where L is the length of a period. Be-
cause of the charge on H™ and S, their local concentra-
tions vary as a function of position along the axis of the
dipole lattice ([H'] is larger near the negative end of the
dipole than near the positive end, and the opposite is true
for [S]). Because the radii of theions H" and S~ are very
small compared to the radius of the particle their local
concentrations equilibrate very fast, and so [ST] =[S ]puk
exp [-U(X)/kgT] and [H] = [H'Tpui exp [+U (X)/kgT]
wherethe subscript bulk denotesthe concentration far from
the surface of the dipole lattice. For the specific mecha-
nism shown in Fig. 3, kyq, Ky3, and ks, are first-order rate
constants and do not depend on the position along the di-
pole, and ky, = Kf,[SH], kys = Kiz[H], and kg, = K%,[S7]
are pseudo-first-order rate coefficientsinto which the con-
centrations of the reactants have been incorporated. Be-
cause [H*] and [S7] depend on the position x along the di-
pole lattice, the rate coefficients k,5 and k3, al'so depend
on the position.

If the chemical reaction is at equilibrium, adirect tran-
sition from the uncharged state i = 3 to the charged state
i = 2 is more likely near the positive end of the dipole,
where [S7] isrelatively high, than near the negative end of
the dipole, where [ST] is relatively low. Similarly, direct
transitionfromthecharged statei = 1totheuncharged state
i = 3 is more likely near the negative end of the dipole
where [H*] isrelatively high than near the positive end of
the dipole, where [H*] is relatively low. The net effect is
that transitions from the charged to the uncharged state are
more likely near the negative end of the dipole, and tran-
sitionsfrom the uncharged to charged state are more likely
near the positive end of the dipole. In this case (and in the
absence of an external force), the probability density isdis-
tributed according to aBoltzmann distribution everywhere
and the average velocity of the particleis zero.

If the chemical reaction is away from equilibrium, this
relation between the position of the particle and transition
probabilities does not necessarily hold. Inthe extreme case
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Fig. 3 A chemically driven Brownian motor consisting of an electri-
cally charged catalytic particle undergoing one-dimensional diffu-
sion along alinear polymer of electric dipoles. Asthe particle catal -
yzesthe chemical reaction SH = S+H", its net charge fluctuates de-
pending on its chemical state (i.e., to what it is bound), and so the
interaction with the dipole fluctuates. In states 1 and 2, the particle
isnegatively charged and so is pinned in the region near the positive
end of a dipole. When the particle is bound to proton (state 3), the
net charge is zero and the particle is free to diffuse along the back-
bone of the dipole with equal probability to the left and right. Be-
cause of the asymmetry of the dipole potential, a short excursion to
the right results in the particle being trapped one step to the right
when proton dissociates. A much longer and |ess probable excursion
totheleft is necessary to trap the particle a step to the left when pro-
ton dissociates. Thus it might seem that the charge fluctuations
caused by the chemical reaction could drive net motion even when
the reaction is at equilibrium. Just as in Feynman's ratchet a more
careful consideration as explained in the text shows that thisis not
true. However, when the reaction is away from equilibrium, direct-
ed motion does occur. For L = 10 m, y= 2x1078 N sec/m and rea-
sonable values of the rate coefficients (Astumian 1997), the calcu-
lated average velocity was greater than 3 pum/sec with AG = 1 kJ/
mole

that [H*] = [S] = 0, direct transitions from state 1 to state
3, and from state 3 to state 2 cannot occur at all. None of
the rate coefficients for the remaining transitions depend
on the position of the particle, and so the probability for a
transition from the charged to the uncharged state is inde-
pendent of the position along the axis of the dipole lattice,
asisthe probability for atransition from the uncharged to
the charged state. When during the catalytic cycle, the par-
ticle is uncharged (chemical state 3) it can diffuse with
equal probability to the left or right. However, avery short
excursiontotheright bringstheparticleto apositionwhere
dissociation of a proton would cause the particle to be
trapped in the well one period to the right of its starting

position. A much longer (and hence less probable) excur-
sion to the left would be required to trap the particle in the
well one period to the | eft of the starting point, so net mo-
tionto theright is caused by the thermodynamically down-
hill catalysis.

Thus, we have a rudimentary motor driven by a chem-
ical reaction (Astumian 1997). The mechanism shown in
Fig. 3 is obviously a tremendous oversimplification as a
description of any actual molecular motor. Theinteraction
between the motor and dipole lattice, and the effect of the
catalyzed reaction, wereassumedto bepurely electrostatic,
and theresulting periodic potential was grossly simplified.
Neverthel ess, with reasonable values of the rate constants
and other parameters the motor moves pretty well, with a
maximal velocity of several micrometers per second. The
stoichiometry is poor — it takes more than 3 HS molecules
on average to cause a single step (displacement by a pe-
riod L), and less than 1 pN of applied force stops the mo-
tion. What this simplified motor lacks is what a real bio-
molecular motor can certainly provide — more complex
interaction between the motor and track provided by
conformational flexibility, and better regulated coupling
between chemical and mechanical events possibly pro-
vided by all ostericinteraction between the motor and track.
However, it seemsthat many mechanisms may share three
characteristic features: (i) Thermal noise to cause Brown-
ian motion or activated transitionsfrom one chemical state
to another; (ii) anisotropy arising from the structure of the
mediuminwhichtheparticlediffuses; and (iii) energy sup-
plied either by an external variation of the constraints on
the system or by a non-equilibrium chemical reaction.

Brownian ratchets and ion pumps

Perhaps the strongest direct evidence for aratchet mecha-
nism for free energy transduction by a biomolecule comes
from recent experiments showing that the Na,K-ATPase, a
biomolecular ion pump can use an external oscillating (Liu
et al. 1990) or randomly fluctuating (Xieet a. 1994, 1997)
electric field to drive unidirectional transport.

Much work has been done on characterization of the
Na,K-ATPase pump (Skou 1957; Lauger 1991). This en-
zyme is found in amost all mammalian cells, and isim-
portant in the maintenance of the osmotic balance of cells,
and for using the metabolic energy of ATP hydrolysis to
form the Na and K ion gradients rapidly depleted during
the action potential in excitable cells. Much of the model-
ing of the data has revolved around refinement of akinetic
mechanism first proposed by Albers (1967) and Post
(1989). The essential feature of this mechanismistheidea
that the pump can assumetwo principal conformations, E;
(with inward facing ion binding sites) and E, (with out-
ward facing ion binding sites). E; has a high affinity for
Na* and/or ATP and is stabilized by these ligands, while
E, has ahigh affinity for K™ and/or P; and is stabilized by
these ligands. This simple mechanism can account for
much of the observed behavior of the AT Pase. Recent char-
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Fig. 4 A Electrostatic model for Na,K-ATPase (Wuddel and Apell
1995). Inthe ATP driven coupled cycle, the step P-E;Nag = P-E;Na,
is the most electrogenic, while P-E,Na, = P-E, and P-E, = P-E,K,
areless electrogenic, and E; = E;K, and E; = E;Na, are not electro-
genic, indicating that the access channel for E, ismoreresistive than
that for E;. The transition E;Na, = E;Na; is moderately electrogen-
ic, showing that the binding sites for Na are not equivalent. The net
transition P-E, — P-E,K, — E(K,) = E;K, — E4, inwhich two K
are transported across the membrane is also not electrogenic, sug-
gesting that the binding siteitself bears charge of —2. The direct tran-
sition E; = P-E,, while not directly accessible to measurement us-
ing the technique of Wuddel and Appell, is predicted to be very
strongly electrogenic. B Data showing the effect of an ac electric
field ontheion transport modes of the Na,K-ATPase (Liu et al. 1990)
where Rb* and Na* transport are induced at different frequencies.
The solid lines (magenta for Rb* and green for Na") are fits of Lo-
rentzian curves to the data as predicted by a non-linear extension of
relaxation kinetic theory (Robertson and Astumian 1991)

acterization of kinetic and equilibrium properties of indi-
vidual reaction steps has been accomplished using both op-
tical (Rephaeli et al. 1986; Glynn et al. 1987; Steinbergand
Karlish 1989) and electrical measurements (Sturmer et al.
1989; Nakao and Gadsby 1986; Rakowski 1993) resulting
in the proposal of an electrostatic model of the NaK-
ATPase shown in Fig. 4A (Wuddel and Apell 1995; Ra-
kowski et al. 1997). Additional valuable information on
the mechanism of theNa,K-ATPase hasbeen obtained from
studying so called non-canonical flux modes, where either
Naor K are not added, forcing the pump to proceed viaa
transition (indicated as dashed arrows) not normally used
in the fully coupled mode. The emerging picture of the
Na,K-ATPase is of a gated channel-like protein (Hilge-
mann 1994). The gating is accomplished by phosphoryla-
tion dependent conformational changes of the protein, but
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Fig. 5 A Cartoon illustration of a protein with two conformational
states — one with a high affinity and easy access from the left (exte-
rior), and one with low affinity and easy access from the right (cy-
toplasm side). Switching between the two conformationsis induced
by phosphorylation-dephosphorylation of the enzyme. B How this
can be incorporated into a four state mechanism for active proton
transport driven by ATP hydrolysis
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the physical motion of the ion — movement from the bulk
to the binding site on one side of the membrane, and dis-
sociation and movement into the bulk on the other side —
occurs by diffusionin the presence of the electric field due
to charges on the protein.

Because theindividual steps of ATP hydrolysisare sto-
chastic, it has long been held that strictly regulated
coupling between the chemical events of ATP hydrolysis
and mechanical events of ion transport is essential for the
function of an ion pump (Jencks 1989). Allosteric interac-
tions between the protein and ligands could ensure that
neither ATP hydrolysis nor transport can be completed
without the other process occurring, resulting in a strictly
ordered sequential kinetic mechanism.

Therigid requirementsfor such clock-like coupling has
recently been challenged by experiments of Tsong and col-
leagues (Liu et al. 1990; Xieet al. 1994) on Na,K ATPase.
In these experiments ATP hydrolysisis suppressed (either
by low temperature or by depletion of ATP concentration)
and energy for uphill transport provided by externally ap-
plied oscillating or fluctuating electric fields. Because the
fields are external, there is no mechanism whatsoever for
control of thetiming of an electric pul se by the occupancy
of the ion binding site of the protein. Nevertheless, these
external fieldsare ableto drive significant uphill transport.
This has been described in terms of a mechanism known
as electroconformational coupling (Tsong and Astumian
1986). The key feature of this hypothesis is that the field



480

A)

E
ext oyt ext cyt
Sext SCW

? =

*

ext 4 op ext ext E3 cyt
B)

&

5}

=

5

3

e3

E E, E3 E; E

Potential Surface (Reaction Coordinate)

E, E3 E, E

Fig. 6 A Schematic representation of a 4-state model for catalytic
transport of an uncharged substance S across amembrane. The con-
formational transitions E; = E5 and E, = E% involve achangein the
dipole moment of the molecule as well as a change in the exposure
of the binding site from the outside to inside facing conformation.
The E form has a high affinity for substrate and the E* form has a
low affinity. B Illustration of an anal ogy to a pump and dump scheme
for optical excitation of a chemical reaction. The dashed line repre-
sentsthe effective one dimensional potential for the reaction at equi-
librium in the absence of an applied electric field. The green curve
shows the effect of a positive cytosol potential (relative to outside),
and the red curve shows the effect of a negative cytosol potential

aterstherelative energy levels of the different conforma-
tional states of the protein.

The rate of movement of ions across the membrane in-
duced by the ac electric field is independent of ATP con-
centration but does depend on the frequency wof the field
asshowninFig. 4B, wherethe solid linesarethefit curves
calculated from an extension of relaxation kinetic theory
(Robertson and Astumian 1991) that showsthat theflux in
general can be expressed as a sum of Lorentzian curves:
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where the 7, are the relaxation times and the J; the relaxa-
tion amplitudes of the kinetic system, and J,.is the flux at
afrequency very large compared to any 7,7%. The effect on
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Fig. 7 A Thetimesequence of astimulating periodic membrane po-
tential. Thetime At (= t; —ty=tz—t, etc.) and the time 1/f = t,—t,.
B Schematic illustration of the relative state probabilities (E; isred,
E3 isyellow, E% isblue, and E, islight green, cf. Fig. 6) at different
times during a cycle of the applied field. For t > t, the enzyme cycle
is entrained by the applied field and follows the sequence E{ — E,
— E, = E5 — E}etc., transporting substrate from outside to inside,
even against a concentration gradient. C Time plots of the enzyme
state probabilities as cal culated by numerically solving the differen-
tial equations describing the kinetics of the system in an oscillating
field (Robertson and Astumian 1990)

Rb* (an analogue of K*) transport was maximal at 1 kHz,
and a maximum effect on Na" transport was observed at
1 MHz. The optimal voltage for stimulation in both cases
was 20 V/cm. This voltage optimum (not anticipated by
the relaxation kinetic approach) may have to do with the
field interacting with ion channels and inducing excess
noise across the membrane (Fulinski 1994).

Thenet transport wasinthedirection stimulated by ATP
hydrolysisin vivoin both cases, and from low to high con-
centration under the experimental conditions. Mechanisti-
cally these results can be interpreted in terms of stimula-
tion of non-canonical flux modes of the enzyme, slip cy-
cles that operate when either Na* or K* are omitted from
the medium. The energy from the field drives the “slip”
cyclesin adirection oppositeto that predicted based on the
chemical driving force of the cycle. The “slip” transitions



are shown as dashed arrows. The magentaarrows show the
most likely cycle stimulated by the ac electric field when
Rb* is present in the medium, and the green arrows show
the cycle most likely stimulated when Na* is present. The
conformational transition E; = P-E, confers the electrical
sensitivity on these processes. Although the charge move-
ment is minimal, the elctric work is 2 e Ay (where “€” is
theelementary charge) becausethe access of the negatively
charge binding site is changed from the outside to the cy-
tosol and so the charge effectively moves through the en-
tire membrane potential difference Ay.

How does a zero average electric field cause net trans-
port against an electrochemical gradient? Since the time
average of thefieldiszero, somesort of rectification mech-
anism must be at work, but the non-monotonic dependence
of the transport rate on the frequency of the field suggests
a more subtle mechanism than simple rectification of a
fluctuating net force or electrochemical gradient. Here, we
will discuss one model that is consistent with this obser-
vation, and extend the model to suggest how hydrolysis of
ATP causes directed transport.

Lauger (1991) has proposed a simple four-state mini-
mal mechanism for a p-type proton ATPase shown in
Fig. 5. A key featureisthat phosphorylation-dephosphor-
ylation of the enzyme servesto switch the protein between
two conformational states. In the phosphorylated state, the
enzymebindsaproton tightly, with easy accessto the bind-
ing site from the outside. In the dephosphorylated state the
proton binds much moreweakly, and accessiseasiest from
the inside.

The energy dissipated in one cycle of the enzyme com-
prises three terms: The chemical work done is the AGarp
for ATP hydrolysis; since one positive charge is trans-
ported per turnover, the electrical work is +1 Ay; and fi-
nally, the concentration work is kg T In ([Hg]/[Heyd).-

Clearly, at least one (and most likely several) transition
rate constants must depend on the membrane potential. Re-
cent work has suggested that the voltage dependent steps
may not be those in which charge translocation occurs, but
via the protein conformational change. This is known as
an “ion well” mechanism. Consider the case that the bind-
ing site in conformation E in Fig. 5A isfreely accessible
to the solution on the external side. Then the electric po-
tential at that site will be roughly the same as the electri-
cal potential in the bulk exterior. Similarly, if the binding
siteinthe E* Pformisfreely accessible onthe cytosol side,
the potential at the binding site will be roughly the same
asthat in the bulk in the cytosol. Thus, the conformational
transition H-E — H-E* P will effectively involve moving
the charge across the whole membrane potential even
though the physical displacement of the chargeisminimal.

Because the conformational transitions involve electri-
cal work, a sufficiently large oscillating electric field will
cause the conformational state of the transporter to alter-
nate in synchrony with the field. If the affinity for a pro-
tonisdifferent in the two states, this electric field induced
oscillation can pump the proton against its electrochemi-
cal gradient, thereby storing osmotic energy at the expense
of energy from the alternating electric field. In Fig. 6 we
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illustrate thisin terms of afour-state mechanism for trans-
port of a substance across a membrane (Astumian 1996).
For simplicity, we take the transported substance S to be
electrically neutral, and so the overall chemical affinity of
the transport reaction isindependent of the electric poten-
tial difference acrossthe membrane. Even though the over-
al affinity is independent of the membrane potential dif-
ference, the equilibria for some of the individual steps do
depend on the membrane potential difference. Because S
is uncharged, a DC electric field applied across the mem-
brane will not cause net transport, but the relative concen-
trations of the transporter states readjust since the differ-
ent states have different electrical properties. An oscillat-
ing or randomly fluctuating electric field however can
entrain the cycle and cause uphill pumping as shown in
Fig. 7. In order to capture energy from the applied field it
is necessary that the affinity for substrate be different for
the E and E*. In the example shown in Fig. 7, the affinity
of E for Sistaken to be much greater than the affinity of
E* for S.

There are two relevant time scales: At, the time scale
for switching the potential difference between + and—; and
1/f, the inverse of the frequency of oscillation defined by
Ay (t) = Ay (t+1/f). Since our purpose isto develop anin-
tuitive understanding, consider alimiting casethat thetime
scale for binding substrate islong compared to At, but that
the time scale for the conformational change between the
E states and the E* statesis short compared to At. Further,
let the time scale for binding and debinding of S on either
side be short compared to 1/f, but long compared to At, and
also that the field amplitude is large.

When the field is made positive on the right, all of
the molecules in state E; are converted to state E%, and al
of the molecules in state E, are converted to state E}
(tp<t<t,). Because the conformational changeis fast, this
conversion is aimost reversible. If the field remains posi-
tive on the right for a long time, chemical equilibration
between states E%, and E% occurs (t;<t<t,). Since the af-
finity of the E* state for Sissmall, thismeansthat Sisre-
leased on the right hand side, and ailmost all of the trans-
porter molecules end up in state E%. Now, when thefield is
switched back to become positive on the left hand side, the
transporter in state E% isconverted to state E,, and thetrans-
porters in state E% are converted to state E; (t,<t<ty).
Shortly after switching thefield, state E, predominatesover
state E;, but the affinity of Sfor the E formisvery large so
chemical equilibration between state E, and E; takes place,
resulting in the binding of Son theleft hand side (t;<t<t,).
In Fig. 7C we have plotted the enzyme state probabilities
as afunction of time. Asthefield oscillates back and forth,
the process continues, with binding of S on the left and re-
lease of S on theright, resulting in the eventual formation
of a concentration gradient of S. The transport flux at the
optimal frequency can be expressed as a generalized Mi-
chaelis-Menten equation (Robertson and Astumian 1990).
For small fields the cycling continues until the concen-
tration ratio [Sy,]/[Sex] = exp [z AYlkgT] where z is the
effective displacement charge associated with the protein
conformational transition. For avery large field the effect
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Fig. 8 Illustration of amore general model for the proton transport-
erinFig. 5that includesslip transitions. As explained in the text, the
preferred pathway is controlled either by switching the specificity
for binding ATP and releasing P; depending on whether the proton
binding site is occupied, or by using differences in the affinities for
proton binding in the two states such that the chemical steps are slow
compared to thermal activation of proton over the low barriers, but
fast compared to thermal activation of proton over the high barriers
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Fig. 10 A Brownian ratchet description of a chemically reversible
motor. The direction can be controlled either by the relative rates of
S binding and P release, or by the specificity of the H and L states
for Sand P. The red arrows indicate the path if binding of Sis fast
and the release of P isslow (or if the H state is specific for binding
Sand the L statefor releasing P), and the blue arrows show the path
if binding of Sisslow and the release of Pisfast (or if theL stateis
specific for binding S and the H state for releasing P). B If the local
equilibration within a well is fast, the process can be described in
terms of this chemical kinetics mechanism. The rate constants r (1)
indicate astep to the right (left) and d (u) indicate a step down (up),
and the subscript ij indicates the starting state (i) and ending state
(j)- Note: States 1, 2, 3, and 4 correspond to the states of Fig. 6A
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Fig. 9 A Schematicillustration of an“informationratchet” inwhich
the anisotropy necessary to break the symmetry of the system and
allow net motion is contained within the position dependence of the
transition constants between the chemical states. For simplicity we
have taken the equilibrium constant for the chemical reaction to be
unity, but the results do not depend on this scaling. B Illustration of
an energy ratchet, where the anisotropy is found in the function de-
scribing the potential energy of interaction between the motor and
itstrack. Thetransition constants can beisotropic. Theseillustrative
examples focus on electrostatic models for simplicity, but the same
symmetry and energetic principles could equally well beimplement-
ed with models involving conformational change

saturates and cycling continues until the concentration
ratio is[Sey/[Sexd = Kg,cyt/Kg,exi- The thermodynamic effi-
ciency can approach 100% (Markin et al. 1990).

I'n order to seethe connection between theseresultsand
the mechanism of ATP coupled transport, let usreconsider



the proton transporter illustrated in Fig. 5B. The way that
we have drawn the mechanism in Fig. 5 implies that pro-
ton transport is completely coupled to ATP hydrolysis.
Thisis of course only an approximation, and in principle
itisaways possible (though perhaps not likely) for a pro-
ton to leak across the membrane through the protein with-
out hydrolysis of ATP, or for ATP to be hydrolyzed with-
out pumping a proton. We can see the connection between
this type of alternating access model for membrane trans-
port and a Brownian ratchet by rewriting the mechanism
inFig. 5toexplicitly incorporate the possibility of leak, as
shown in Fig. 8. Here, we have written all of the chemical
transitions along the vertical axis, and the transitions in
which a proton moves across the membrane on the hori-
zontal axis. Thisemphasizesthefact that the two processes
are apriori independent, and that coupling is mediated by
the conformational switching of the protein between two
states with different affinities and access. The mechanism
in Fig. 8 isaBrownian ratchet (compare with Fig. 3). The
protein conformational changes are driven by ATP hydrol-
ysis, but the transition of the proton from bulk solution to
the binding site requires thermal activation over an energy
barrier.

The preferred (coupled) pathway is shown as the white
zigzag, and follows the same sequence of states asthe four
state cycle in Fig. 5. In order to achieve tight coupling it
isnecessary for two “rules’ to be followed (Jencks 1989).
First, the binding of a proton from the external solution in
the E state must be fast compared to the phosphorylation
of the enzyme by ATP, and second, the dissociation of a
bound proton to the outside must be faster than release of
inorganic phosphate in the E* P state.

One way this can be achieved is for the transition
between the E and E* states to be slow compared to the
hopping of the proton over the low energy barrier, but fast
compared to hopping of the proton over the higher barrier.
This situation can be achieved only if thereis alarge dif-
ference in proton binding energy (affinity) between the E
and E* states. Thisiswhat allows an external perturbation
to cause directed transport.

If the enzymeis caused by an external field to alternate
between the E and E* states sufficiently slowly the system
seeks its lowest free energy in each state — proton bound
in the E state and proton not bound in the E* state. The
most likely path is that which presents the lowest energy
barrier — binding from the exterior in the E state and re-
lease to the cytosol in the E* state. The net result is that
on average, one proton is pumped across the membrane
for each cycle of the field if the proton electrochemical
gradient is not too big. As the frequency increases, the
number of protons pumped per unit timeincreases. At very
large frequencies, however, the conformational transition
E = E* cannot keep up and the pumping rate decreases
with further increase in the frequency.

A second possibility, open to proteins, isthe control of
the chemical specificity of thereactionsby allostericinter-
actions between the protein and its ligands. If the protein
can be phosphorylated by ATP (or transfer P, to ADP) only
when the proton binding site is occupied, and can be
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dephosphorylated by transfer of inorganic phosphate to
water (or phosphorylated by P; from water) only when the
proton binding site is unoccupied, essentially complete
coupling of proton transfer to ATP hydrolysis occurs.

Both of these mechanismsfor enforcing asequential ki-
netic pathway can be achieved by purely structural features
of the enzyme — no continual energy input isrequired. But
these considerationsonly provide apreferred pathway, and
not directionality. If the proton electrochemical gradient
would be zero, and the ATP hydrolysisreaction at equilib-
rium, most of the kinetic traffic would indeed be along the
zigzag white path in Fig. 8, but the number of transitions
from the upper left corner to the lower right corner would
exactly equal thenumber of transitionsfromthelower right
corner to the upper left corner. The directionality is spec-
ified by the signs of the chemical and osmotic free ener-
gies—if the AG for ATP hydrolysisisgreater than the elec-
trochemical potential of proton, there will be more transi-
tions from upper left to lower right, and ATP driven pump-
ing of proton.

Complete coupling occurswhen proton associ ation-dis-
sociation to the E state is totally impossible from the in-
sideand to the E* statefrom the outside, and when the con-
version ATP= ADPistotally impossible when aprotonis
not bound to the enzyme, and the conversion E* P = E +
P, istotally impossiblewhen aprotonisbound. Inthiscase,
the net flux is zero only when AG,rp = Afiy+, and the ef-
ficiency can be 100%, in either direction — uphill transport
of a proton driven by hydrolysis of ATP, or synthesis of
ATP driven by downhill transport of a proton.

In general, any actual system will have reached a com-
promise where the enzyme operates at an acceptable rate,
but somedlip, particularly when doing work against alarge
load (e.g., pumping against a large Afiy+) is allowed. In
these realistic situations, the maximal efficiency is less
than 100%, and may be different in different directions.
Thus, some enzymes may work better using ATP hydrol-
ysis to pump protons uphill, while others may work better
using downhill proton transport to synthesize ATP. In or-
der to fully understand the mechanisms of molecular
pumps, it is essential to study not only those transitions
along the dominant pathway, but also those that result in
incomplete coupling and dlip.

Biased Brownian motion and molecular motors

The possibility that molecular motors might work by bias-
ing Brownian motion was first proposed by A. F. Huxley
(Huxley 1957) in the context of myosin and muscle con-
traction. His idea is very simple and elegant. The move-
ment of amyosin head relative to the myosin backbone can
be modeled as a spring, with different positive or negative
displacementsrepresenting different conformational states.
These states may of course have different chemical prop-
erties. Further, the relative affinity of the myosin for actin
may depend on the chemical state of the myosin head — a
head not bound to ATP may bind to actin with large affin-
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ity, while a head bound to ATP may be almost certainly
“detached”. Consider that a displacement of the spring to
theright relativeto its equilibrium position corresponds to
a conformation from which inorganic phosphate and ADP
release is rapid, and a small displacement to the left cor-
responds to a conformation where ATP binding and hy-
drolysis is fast. When by thermal diffusion the head has
wandered to the right, the myosin head will rapidly disso-
ciate ADP and P;, grab actin, pull to the left to the equilib-
rium point, and then rapidly bind ATP and dissociate from
actin. The cycle is repeated, hydrolyzing 1 ATP for every
incremental displacement of actin to the left. Just as a san-
ity check, think of the case that ATP hydrolysisis at equi-
librium, where by the second law of thermodynamics we
know that directed motion isimpossible. At equilibrium,
the binding of ADP and inorganic phosphate is just as fast
asitsrelease for conformations with a displacement to the
right, and release of ATP isjust as fast as binding of ATP
when the myosin head is displaced to the left. In this case,
it is easy to show that a displacement of actin to the right
is exactly aslikely as a displacement to the left.

A key ingredient in this mechanism is that the chemi-
cal ratesfor ATP, ADP, and P, dissociation and association
depend on the position of the myosin head. Recent work
has focussed on the possibility that the required anisotropy
isbuilt into the interaction between the motor and itstrack
(Astumian and Bier 1996; Julicher et al. 1997). This pos-
sibility is conceptually related to Feynman’s ratchet dis-
cussed earlier, and aspecific exampleisgiven by thechem-
ical ratchet presented in a previous section.

To better understand this key conceptual difference let
us examine two specific simplified models for chemically
driven transport — one based loosely on “Maxwell’s de-
mon”, which we call aninformation ratchet, and one based
on Feynman'’s ratchet and pawl, which we call an energy
ratchet. For simplicity we consider theinteraction between
the motor and its track in each case to be purely electro-
static.

Information ratchet

In Fig. 9A we depict a positively charged motor molecule
that diffuses along a polymer filament each monomer of
which also bears a positive electric charge. The motor is
an enzyme that catalyzes the chemical reaction S = P,
where both S and P each bear a negative charge. When the
active site on the motor is unoccupied, the net charge on
the motor is positive and there is an energy barrier for the
motor to passover the positive charge onthefilament back-
bone, as shown on the curve labelled U;,.. When the ac-
tive site is occupied by either S or P the motor is electri-
cally neutral, and in this chemical state thereis no barrier
for the motor to diffuse over the positive charges on the
filament, asreflected intheflat potential energy profilela-
belled Upoung-

If it could be arranged that the active site of the motor
would most probably be occupied when the motor is just
to the left of a charge on the filament (the gray regions),

and unoccupied when the motor is just to the right of a
charge on the filament (the black regions), | eft to right mo-
tion arises trivially. The barriers act as a series of gates.
Every time amotor would approach abarrier from the left,
Sor Pwould most likely bind causing the “gate” to open.
As soon as the motor would cross the threshold, S or P
would dissociate, causing the gate to close and preventing
backwards diffusion.

This condition is achieved if, for example, the associa-
tion/dissociation of Sis fast and association/dissociation
of Pisslow in the gray region, and vice-versain the black
region, but only when the S= P reaction is far from equi-
librium. A simple parametrization in terms of afactor “a”
isshown in Fig. 9A, where in the units used here the dis-
sociation constant Ky, s = Kp p = 1 for both S and P. Note
that the equilibrium constant of the overall reaction isin-
dependent of “&” asit must be. Therate at which the system
switches from the potential Usee t0 Upgung 1S the sum of
the rates for binding S and for binding P, y,inging = {a[S +
(L/a) [P]}. Similarly, therate at which the potential profile
switches from Uy ng t0 Usee IS the sum of the rates for
dissociation of S and for dissociation of P, Vyissociation =
[a+(1/a)].

When the chemical reactionisat equilibrium ([S] =[P]),
the ratio Yyinging/ Vaissociation 1S iNdependent of “a”, and no
directed motion occurs. However, when [§] > 1 > [P], the
active siteismost likely occupied whena> 1 (i.e, in the
gray region), but most likely unoccupied whena <1 (i.e.,
in the black region). This situation results in net motion
from left to right. Note however that an external random
switching of the potential from off to on would not gener-
ate net motion since therewould be no correlation between
the position of the motor and the probability for the poten-
tial to be on or off.

Energy ratchet

A second possibility for achieving net motion using
energy released from a chemical ratchet can be termed
an “energy” ratchet. This possibility is illustrated in
Fig. 9B. Once again the motor bearsanet charge, but now
the filament is modelled as an array of dipoles lined up
head to tail. We have shown several charges along the
axis of each monomer of the filament so that the motor
is never more than a Debye distance (represented by the
dashed line) from one of the charges on the filament.
When the active site of the motor isunoccupied, theinter-
action between the charge on the motor and the charges
onthedipolesgivesriseto apotential energy profile Uy e
that is well approximated by a sawtooth function as
shown. When the active site is occupied by either Sor P,
the charge on the motor is effectively neutralized and the
potential energy is approximately independent of posi-
tion.

Here, the dissociation constants K 5 and Kp p must
each depend on position since the difference in electro-
static potential energy between the bound and free states
depends on position. In general, this position dependence



isnot equally apportioned between the association and dis-
sociation rate constants since the transition state may
“look” either more like the free or like the bound state. In
Fig. 9B wehaveillustrated a specific caseloosely inspired
by the structure of the myosin molecule (Rayment et al.
1993). Inthis picture, S enters and leaves the binding cleft
from the “top”, where we imagine the transition state is at
the mouth of the cleft, far from the filament surface. Thus,
almost all of the position dependence of Ky, g appears in
the rate constant for dissociation of S since the transition
state looks more like the unbound state. On the other hand,
P enters and leaves the binding cleft through an opening
that is quite close to the binding site itself, and so the tran-
sition state “looks” more like the bound state. Thus al most
all of the position dependence of Ky, p is expressed in the
association rate constant for binding P. At equilibrium,
([S] = [P]), a Boltzmann relation between the yinging and
Yaissociation NOlAS and no directed motion occurs (Astumian
and Bier 1996). Far from equilibrium however (where
[S] > 10°[P]/¢), thetransitionsbetween “bound” and “ free”
states are approximately independent of position and di-
rected motion results.

In general, we can write the ratio between the net asso-
ciation and dissociation transition constantsin terms of the
difference in potential energy levelsin the bound and free
states of the motor and the free energy of the chemical re-
action as

(6)
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where Cisaconstant and g (X) depends on the structure of
the motor and track proteinsand their interactionswith one
another and with the substrate and product of the driving
chemical reaction. Thisinteraction function is not thermo-
dynamically constrained and can be the target for evolu-
tion of motor or pump function.

Note that to achieve a situation sufficiently far from
equilibrium with a chemical reaction having an equilib-
rium constant of one requires an unrealistically large dif-
ference in concentration between substrate and product.
For areaction such as ATP hydrolysis however, where the
equilibrium constant is very different from 1, concentra-
tions of substrate and product that are more reasonable can
providethe samefreeenergy todrivethetransport. A mem-
brane potential for a process driven by a proton electro-
chemical gradient achieves the same result.

Unlikethesituation with theinformation ratchet, for the
energy ratchet, applying either a fluctuating macroscopic
force, or externally switching the potential off an onwould
drive directed motion, even if the chemical reaction were
at equilibrium.

A chemically reversible molecular motor

Several mechanisms for reversing the direction of a
Brownian motor by changing the statistical properties of
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thenonequilibrium fluctuationsthat power themotion have
been given (Bier and Astumian 1996; Chauwin et al. 1995;
Tarlie and Astumian 1998). Below, we focus on a chemi-
cally driven motor that can be reversed by changing either
the rates or specificities on different conformational states
for binding substrate and release of product. This model
was motivated by consideration of kinesin and Ncd.

Kinesin and Ncd are two members of the kinesin super-
family of microtubule based molecular motors. Powered
by ATP hydrolysis these two molecules move in opposite
directions along a microtubule — kinesin towards the “+"
end and Ncd towards the “—" end. It was hoped that high
resolution crystal structureswould provideinsight into the
origins of the directionality. As it turns out however, the
two molecules are structurally very similar —amost super-
posable (Kull et al. 1996; Sablin et al. 1996). Further, they
bind with similar orientations on microtubules (Hirose et
a. 1996), eliminating the possibility that the opposite di-
rected motion is because the motors bind facing opposite
directions. Themystery isdeepened by arecent el egant ex-
periment in which a chimera was formed by attaching the
motor domain of Ncd to the neck region of Neurospora
kinesin (Henningsen and Schliwa 1997). Surprisingly, the
resulting motor catalyzed “+” end directed motion charac-
teristic of kinesin from which the neck region was taken.
Here we present a model based on a “Brownian ratchet”
(but incorporating several features of “ power stroke” mod-
els) in which the direction of motion is controlled by sub-
tle changes of the chemical mechanism of ATP hydrolysis
rather than by structural differencesinthemotor oritsinter-
actions with the microtubule.

To approach the detailed mechanism by which chemi-
cal energy is used to drive unidirectional motion imagine
aparticlemoving along afilament to whichit isassociated
through Van der Waals and hydrophobic interactions. The
particle is an enzyme, and the filament is along chain of
identical protein molecules. Although motion away from
the filament is constrained, the particle can still move
laterally along the filament by minute conformational
changes arising from Brownian motion and accompanied
by the breaking and making of many weak contacts. Thus,
we can imagine a “detached” state in which the force re-
quired to translocate the motor along the axis of the fila-
ment is small, but where the force necessary to move the
motor perpendicular to the filament is still large.

Typically, there will be a few sites of contact within a
periodic unit of the filament where the enzyme will be lo-
calized with high probability (binding sites). Occasionally,
atransition over an energy barrier to an adjacent binding
site on the left or right will occur. The potential energy of
the motor along the filament can be drawn as a curve rep-
resenting the projection of the complex conformational and
physical trajectory of the motor molecule onto asingle co-
ordinate. This is analogous to collapsing a multidimen-
sional chemical reaction on asingle “reaction coordinate”.
The interpretation of this coordinate must be done with
some care. Because of the periodicity, displacement of the
enzyme by one period implies that each amino acid of the
protein will have been displaced by precisely one period,
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and the relationship between the amino acid residues (i.e.,
the conformation) will be unchanged. Displacement by
half aperiod however does not imply translocation of each
amino acid residue of the motor by half aperiod, and could
well involve a significant conformational change.

In Fig. 10 we illustrate a chemically reversible motor,
where the interaction between the track and the motor de-
pends on whether the motor is bound to substrate. Within
one period there are two binding sites for the protein — a
relatively high energy (weak) binding site H, and arela-
tively low energy (strong) binding site L. Binding sub-
strate to the motor protein changes the locations of these
binding sites, as well as the locations of energy barriers
between the sites. When the chemical state changes there
is first afast equilibration in the local H binding site of
the new chemical state, followed by a slower relaxation
fromtheH siteto an L site. When the enzymeisnot bound
to substrate, a transition from the H to the L site to the
right is allowed, while the transition to the L site to the
left isblocked by avery high energy barrier. When the en-
zyme is bound to substrate, a transition from the H to the
L site to the left is allowed, while the transition to the L
site to the right is blocked. With the setup shown in Fig.
9, the direction of net motion changes when the relative
rates for binding of substrate and release of product
change.

Theblue arrows trace the case for slow association-dis-
sociation of S and fast association-dissociation of P. Be-
cause substrate binding is slow, the motor in the unbound
state relaxes with high probability to the L binding site to
the right before substrate associates. Following substrate
association, the motor rapidly equilibrates in the H bind-

H site completes one periodic displacement to the left on
the filament.

A second way that the direction can be switched is by
changing the chemical specificity for the H and L state. It
is easy to see that when [S]/[P] >K,, the motor will move
totheright if the L stateis specific for binding of Sand H
state specific for release of P, and to the left if the H state
is specific for binding of S and the L state specific for re-
lease of P.

If equilibration in the H binding site (well) isfast com-
pared to association-dissociation of Sand P, and compared
to the relaxation between H and L sites, we can treat the
overall processin terms of chemical kinetics, as shownin
Fig. 10B. Therate constants are subject to thermodynamic
constraints — any completion of a chemical cycle (conver-
sion of Sto P) must reflect the rel ease of the chemical free
energy AGgpem = AGP + kg T In ([S]/[P]), and any displace-
ment by one period must reflect the mechanical work done
in the presence of an external force, £FL, where L is the
period (=108 m for microtubule), we taken + for a dis-
placement to the right and — for a displacement to the | eft,
and apositiveforceisdirected totheleft. These constraints
are expressed below:

34 Ogp o _ e% sp |21 Gz _ e%
|43 Uzg Uzp Uaz 12 U3y ’
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One simple set of parameters consistent with these ther-
modynamic constraintsis:

—Fel +Feel —Feal +Foal
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ing site, but because dissociation of product isfast, P most
probably dissociatesbeforerelaxationtotheL binding site
to the left can occur, compl eting one cycle of chemical re-
action S - P. Thisisfollowed by rapid equilibration in the
H binding site, followed by relaxation to the L state before
S associates, completing one periodic displacement to the
right on the filament.

The red arrows trace the case for rapid association-dis-
sociation of Sand slow associ ation-dissociation of P. Here,
because substrate binding isfast, the motor in the unbound
state does not have time to relax to the L binding site be-
fore substrate associates. Following substrate association,
the motor rapidly equilibrates in the H binding site, and
because dissociation of product is slow, the motor relaxes
with high probability to the L binding site before product
dissociates. Product dissociation completesachemical cy-
cle, and therapid equilibration of the unbound motor inthe

where K isthe equilibrium constant for transition from the
H to L binding site and b scales the chemical transition
ratesrelative to the mechanical transition rates. The factor
a specifiesthe relative rate for association-dissociation of
substrate and product. If a> 1, binding and release of prod-
uct is fast, and that of substrate is slow, and the converse
if a<l. The factor s determines the specificity difference
—if s>1, theL stateisspecific for association of substrate,
and the H state is specific for dissociation of product. The
converse is true if s<1. The assignment of the AG o,
and external force dependence reflects a minimal chemo-
mechanical coupling (Leibler and Huse 1993; Duke and
Leibler 1996) — the effect of the chemical free energy
AGhem @ppears only in the transitions in the direction of
conversion of S — P and the effect of an external forcein
the transitions in the direction of conversionof P - S.
We can separately investigate the two possibilities that
the direction is controlled by switching the relative rates



for association-dissociation of S and P, with s =1, or by
switching the specificities for binding of S and release of
Pinthe H and L states, with a = 1. The kinetic equations
for these two cases can be easily derived, and in Fig. 11A
we see the velacity-force curves. In both cases, the rela-
tionship is approximately linear, and the velocities and
stopping force are in good agreement with values for kin-
esin in the literature. Figure 11B shows the efficiency as
afunction of applied force. We can further investigate the
rel ationship between the parametersby deriving simplean-
alytic equations for the stoichiometry and motor velocity
in the absence of an external force, withs=1anda#1

AGchem
o K(a?-1)e?%’ b
Stoich = ; o [ e 9
K +1) a+e 2T pOqK +1)+e2keT bag

The stoichiometry isoptimized by setting b, the scaling fac-
tor for the chemical transitions to b = (K+1)/e~Gehem/(2ke ),
and inserting thisinto Eq. (9) we find

K(a-1)
(K+D(a+D "

For K > 1, the stoichiometry is one step to the right for
every chemical cycle when substrate associati on-dissoci-
ation is much faster than product association-dissociation
(a> 1), and one step to the left for every chemical cycle
when substrate assocation-dissociation is much slower
than product association-dissociation (a < 1). Using the
optimal valuefor b, we obtain avery simple expression for
the motor velocity:

Stoichgy = (10)

0 4Cen  [J
a(a-1)e2ke’ -1oK L
O O
0 AGerem 0
(a+D) (a%+1)e?*T +aK
0 O

(11)

Vmech =

In the case that the directionality of the motor is controlled
by the specificity, s, witha= 1itiseasy to seethat the stoi-
chiometry approaches 1 (-1) ass - o (s - 0). Thus, the
sign of the mechanical flow is positive (negative) if the L
(H) stateis specific for binding of Sand theH (L) stateis
specific for release of P.

The model in Fig. 10 is a “Brownian Ratchet” even
though some of the motion (the downhill slides in Fig.
10A) has the character of a power stroke. The timing is
controlled by thermally activated transitionsfrom the H to
L sites, wheretheH sitesact as switching stationsat which
the chemical rates are compared to the mechanical H - L
transition rate. What this simple model shows is that
Brownian ratchet mechanisms can have a stoichiometry
very closeto unity, and that the direction of motion can be
controlled by the catalytic reaction rates and specificities
even when the interactions between the motor and the mi-
crotubule are identical for opposite directed motors in
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Fig. 11 A Velocity-force curves for the mechanism controlled by
relative rates of binding S and releasing P (solid line) with a = 10,
K =1000, and b = 0.05/sec which isthe optimal value (seetext), and
for the mechanism controlled by relative specificities of the H and
L states for binding S and releasing P (dashed line) with s = 1000,
K =650 and b = 1/sec. In both cases, we took AG em = 20 kg T, T =
300K, and L = 108 m. B Plots of the thermodynamic efficiency as
afunction of force for the two mechanisms, with the same parame-
tersasin A. Note that unlike a Carnot engine, the maximal efficien-
cy occurs at afinite velocity

every chemical state. The mechanism discussed here is
easily extended to include more realistic double headed
models, with both elastic (Derenyi and Vicsek 1996) and
chemical (Peskin and Oster 1995) interactions between the
heads.

We prefer to imagine the mechanismintermsof a“slid-
ing” motion of the kinesin heads along the microtubule
during the mechanical cycle, where the heads neither com-
pletely dissociate nor lose energetic contact with their
track. In this case, the H and L sites may represent differ-
ent physical locations along the microtubule.

The mechanism is, however, also in principle consis-
tent with a picture of the heads being completely dissoci-
ated during part of the mechanical cycle and held to the
microtubule by the other tightly bound head of the dimer.
In this case the H and L states represent different confor-
mations of the kinesin head. It is difficult, though, to see
how this picture can be consistent with the evidence
that single headed kinesins, while not processive (Berliner
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et al. 1996), already specify the direction of motion of the
motor (Stewart et al. 1993).

Conclusions and perspective

While the past two years have seen an explosion in struc-
tural analysis and in techniques for studying single motors
and pumps, great challenges remain before a deep under-
standing of any biomolecular machineis obtained. We pre-
dict that paradigmsborrowed from basi c physicsand chem-
istry will prove useful in the analysis of the molecular
events of single motor motion.

One such paradigm istheideaof an activated transition
— a process in which thermal energy is borrowed from
Brownian noisein the environment to overcome an energy
barrier. Such an ideaisreadily incorporated into the tradi-
tional model of a molecular motor in which motion is as-
cribed to aconformational change called a“ power stroke”.
The insight offered hereisthat the power stroke may well
be a thermally activated transition not unlike the confor-
mational changes by which molecular pumps bias the dif-
fusion of ions to form electrochemical gradients. While
many models for molecular motors visualize the motor as
completely dissociating from its track before stepping to
the next binding site, the model in Fig. 10 suggststhat this
is not necessary. The process of moving from one binding
site to the next may be similar to a one dimensional ther-
mally activated “hopping” process over an energy barrier.

We anticipate that with the ever increasing information
on ion pumps and molecular motors it will be possible to
develop insight into how each machine works and to es-
tablish whether common principles underlie their mecha-
nisms.
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