
ASTUMIAN VOL. 8 ’ NO. 12 ’ 11917–11924 ’ 2014

www.acsnano.org

11917

December 23, 2014

C 2014 American Chemical Society

Enhanced Diffusion, Chemotaxis, and
Pumping by Active Enzymes: Progress
toward an Organizing Principle
of Molecular Machines
R. Dean Astumian*

Department of Physics, The University of Maine, 5709 Bennett Hall, Orono, Maine 04469-5709, United States

Enzymes often undergo significant
conformational changes as they bind
substrate and release product1 while

carrying out their catalytic function. In a
viscous solvent such as water, each shape
change causes a translation through the
medium. Purcell, in a seminal paper, “Life at
Low Reynolds Number”,2 discussed the con-
straints on directed movement arising from
cyclic shape changes of an object for which
the inertial force is negligible in comparison
to the viscous drag force, the ratio of the two
forces being the Reynold's number. In order
tomake net progress in a particular direction,
the shape changes must occur in a nonreci-
procal cycle, where the sequence of changes
does not retrace itself as the object departs
from and then returns to some reference
shape. This conclusion has been termed the
“scallop theorem”, based on Purcell's discus-
sion of the mechanism of motion of a scallop
that works at medium and high Reynold's
number but fails at low Reynold's number.
The mechanism by which self-propulsion
occurs at low Reynold's number is geometric
rather thandynamical;thedistance traveled
per cycle of shape changes is independent
of how rapidly any of the changes occur.3

Muddana et al.4 recently demonstrated
experimentally that an active enzyme,
urease, diffuses more rapidly than the same
enzyme inactivated by the inhibitor pyroca-
techol, demonstrating that catalysis leads to
enhanced diffusion (see Figure 1a) and sug-
gesting the possibility that this enhanced
diffusion arises because of nonreciprocal
conformational changes. It must be noted
that Lauga5 has shown that even reciprocal
shape changes can give rise to enhanced
diffusion, so the observation reported by
Muddana et al.4 does not necessarily show
that the conformational changes during
catalysis by urease must occur in nonreci-
procal cycles. Further, Muddana et al.4 also
suggested that the mechanismmay involve
self-electrophoresis since the product of the
reaction catalyzed by urease is charged.
In this issue of ACS Nano, Dey et al.6

report on the experimental observation of
a phenomenon that is closely related to
enhanced diffusion, chemotaxis by active
enzymes in the presence of a gradient
of their substrate, as schematically shown
in Figure 1b. A continuous flow of substrate
through the upper channel maintains a
gradient of substrate. A mixture of active
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ABSTRACT Active enzymes diffuse more rapidly than inactive

enzymes. This phenomenon may be due to catalysis-driven con-

formational changes that result in “swimming” through the aqueous

solution. Recent additional work has demonstrated that active

enzymes can undergo chemotaxis toward regions of high substrate

concentration, whereas inactive enzymes do not, and, further, that

active enzymes immobilized at surfaces can directionally pump

liquids. In this Perspective, I will discuss these phenomena in light of Purcell's work on directed motion at low Reynold's number and in the context of

microscopic reversibility. The conclusions suggest that a deep understanding of catalytically driven enhanced diffusion of enzymes and related phenomena

can lead toward a general organizing principle for the design, characterization, and operation of molecular machines.
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and inactive enzyme flows through
the lower channel. Because the
diffusion constant of the active
enzyme increases with substrate
concentration, the active enzyme
preferentially moves toward the re-
gion of high substrate concentra-
tion and the solution that flows
out through the upper channel is
significantly enriched with active
relative to inactive enzyme. By use
of chemotaxis due to enhanced dif-
fusion, it is thus possible to separate
enzymes based solely on their che-
mical activity rather than on their
physical properties.
A third related phenomenon,

pumping of solvent by DNA poly-
merase immobilized at a surface,
was studied by Sengupta et al.7

The active enzyme in the presence
of the important cofactor Mg2þ, sin-
gle-stranded DNA, and free nucleo-
tide bases as substrate was shown
to have a significantly larger diffu-
sion constant than either a mutated
enzyme incapable of carrying out
multiple cycles of catalysis or the
wild-type enzyme without Mg2þ.
The active enzyme was also shown
to undergo chemotaxis toward re-
gions of higher Mg2þ concentration
in an experiment similar to that illu-
strated in Figure 1b. The polymerase
remained able to carry out its

catalytic functionwhen immobilized
on a gold surface and, in doing so,
caused net pumping of liquid as
shown schematically in Figure 1c.
Pumping was not seen with inactive
enzyme nor with enzyme in the ab-
sence of the Mg2þ cofactor. The
pumping was observed to reverse
direction relative to the glass surface
when the pump setup is inverted
such that the gold surfacewas at the
top of the chamber. This reversal
is consistent with a mechanism in
which pumping results in a decrease
in the fluid density near the surface,
and the mechanism seems to re-
quire a nonreciprocal cycle of con-
formational states.

The takeaway message of this
Perspective is that almost any en-
zyme can, in principle, function
as a molecular machine, and that
consideration of the phenomena
of catalysis-enhanced diffusion, che-
motaxis, and pumping in the context
of the symmetry constraints pro-
vided by Purcell's scallop theorem2

and by Onsager's principle of micro-
scopic reversibility8 can provide a
general understanding of the orga-
nizing principles governing the de-
sign, operation, and characterization,
of molecular machines.
In order to understand how cata-

lysis can lead to enhanced diffusion,
chemotaxis, and pumping, let us
consider one specific physical
mechanism for “swimming” at low
Reynold's number.

Swimming at Low Reynold's Number.
In a classic paper,2 Purcell pointed
out thatmanymechanisms of direc-
ted motion that we take for granted
at the macroscopic scale involve
inertia and are hence ineffective
when viscous damping is large. For
example, an animal that slowly fills a
cavity with water and then rapidly
squirts the water out will undergo
netmotion in the direction opposite
to that in which the water is
squirted out of the cavity. This
mechanism takes advantage of the
glide induced when the water is
rapidly squirted out of the cavity.
When viscous drag dominates iner-
tia, however, this mechanism can
no longer work since the motion
induced when the water is slowly
sucked into the cavity is opposite
and equal in magnitude to the
motion caused when the liquid is
squirted out, irrespective of how
rapidly the water squirts out;there
is no glide. The ratio of the inertial
force to the viscous drag force is

Figure 1. Illustration of three phenomena displayed by active enzymes but not by
inactive enzymes: (a) enhanced diffusion, (b) chemotaxis, and (c) pumping.
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known as the Reynold's number.
The Reynold's number for bacteria
and anything smaller moving in
water is very low and necessitates
a different mechanism for produ-
cing netmotion in a particular direc-
tion. The classic example of motion
at low Reynold's number posited by
Purcell is swimming by a three-link
swimmer device (Figure 1), where
the links move relative to one an-
other by some unspecified mec-
hanism. The basic idea is that the
“swimmer” undergoes a cycle of
changes inwhich themotions going
from one state to another do not
retrace themselves when the device
returns to its original state. The ori-
gin of the symmetry breaking is
clear when we make a parametric
plot of the two angles θ1 and θ2
against each other, as shown in
Figure 2b. Motion of R or R0 up or
down and to the right moves the
center of mass (magenta circle) of
the swimmer to the left, and motion
of R or R0 up or down and to the left
moves the center of mass to the
right.

We see in Figure 2b that those
motions tending tomove the center
of mass to the right occur when
R and R0 are on opposite sides of
the dashed line containing the cen-
tral link (trans), while those motions
that tend to move the center of
mass to the left occur when R and
R0 are on the same side of the of
the dashed line (cis). This difference
in hydrodynamic coupling between

the two cases is sufficient to allow
net directedmotion through a cycle
A* f B* f B f A f A*.

Now, let us explore more deeply
the constraints of the temporal
symmetry known as microscopic
reversibility9 on the mechanism by
which a nonreciprocal cycle through
conformational states can be
achieved.

Nonreciprocal Conformational Cycles
and CO Binding to Myoglobin. Consider
the binding of carbon monoxide to
myoglobin shown in Figure 3.

After CO attachment to the
heme group of myoglobin, the iron
moves into the plane of the heme,
and then a long-range conforma-
tional change propagates from the
heme group outward. It is natural
to hypothesize that after CO disso-
ciation in the reverse debinding
process the heme group returns to
the out-of-plane configuration, fol-
lowed by a global conformational
change to restore the protein to
its original unbound structure.
This common sense order of local
change followed by global change
in the debinding process is sup-
ported by experiments of Frauen-
felder and colleagues in which CO is
photochemically dissociated from
myoglobin. Their results led Ansari
et al.10 to conclude that “binding or
dissociation of a ligand from the
heme iron causes a protein quake”.
This conclusion, however, when
applied to thermal (not photochemi-
cal) processes, is not consistent with

the principle of microscopic reversi-
bility by which the mechanism for a
reaction is independent of its direc-
tion (http://goldbook.iupac.org/):

“In a reversible reaction, the me-
chanism in one direction is exactly
the reverse of the mechanism in the
other direction. This does not apply
to reactions that begin with a
photochemical excitation.”

Counterintuitive though it may be,
thermal dissociation must, on aver-
age, occur by an “un-quake” preced-
ing the return of the iron to theplane
of thehemeandonly thenby release
of CO. Unlike photochemical pro-
cesses, binding and thermal disso-
ciation of any ligand (including ATP)
to any macromolecule (including
proteins) must occur by the micro-
scopic reverses of one another.
The traditional picture of macro-
molecular dynamics involves “non-
equilibrium” functionally important
motions10;power strokes, protein
quakes, etc.;that are separate from
equilibrium conformational fluctua-
tions. However, the physicalmotions
following ligand binding, catalytic
conversion, and dissociation of li-
gands are all equilibriumprocesses11

irrespective of the bulk chemical po-
tentials of the ligands.

The impossibility of achieving
a conformational cycle in which
the backward path is not, on aver-
age, the microscopic reverse of the
forward path by thermal binding/
dissociation of a single ligand is
very important;any molecule that
moves between two conformation-
ally distinct states by different path-
ways in the forward and backward
direction is a “low Reynolds number
swimmer” as described by Purcell.2

If such a nonreciprocal cycle could
be driven by the binding and re-
lease of a single ligand, the Second
Law of Thermodynamics would
be violated since such a “swimmer”
can, when constrained in an appro-
priate topology, function as amolec-
ular machine. Hence, in designing
molecular machines, it is necessary
to understand how to achieve a
nonreciprocal conformational cycle
and, thereby, to understand how the

Figure 2. Illustration of Purcell's three-link swimmer. The critical spatial symmetry
breaking occurs because those motions of the swimmer that tend to move the
swimmer to the left occurwhen the left and right arms are both on the same side of
the middle arm, whereas those motions that tend move the swimmer to the right
occur when the left and right arms are on opposite sides of the line containing the
middle arm.
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input of energy can be used to
circumvent the constraints of micro-
scopic reversibility.

The Constraints of Microscopic Rever-
sibility;Optical versus Chemical Driving.
Microscopic reversibility constrains
the ratio of forward and reverse rate
constants for thermally activated
transitions (each denoted by “k”) to
be proportional to the exponential
of the energy difference between
the states

kij
kji

¼ Aije
ΔU0

ij=kBT (1)

where i and j are any two states. The
proportionality constant Aij may
involve, for example, the chemical
potential of some ligand (such as
S or P) that binds in the process or
the effect of external fields or devia-
tions of the thermodynamic para-
meters away from the standard
conditions under which ΔU0 is eval-
uated. The proportionality constant
depends on the specific path by
which a molecule in state “i” under-
goes transition to state “j” and vice

versa. The factor e(ΔUij
0)/(kBT ), however,

is path-independent.
For a photochemical reaction,

the ratio of forward to backward
transition constants (each denoted

by “ω”) calculated from the relation-
shipbetweenabsorption, spontaneous
emission, and stimulated emission
by Einstein12 is

ωij

ωji
¼ gi

gj

F(νij)
8πhν3ij
c3

þ F(νij)

" # (2)

where i and j are any two states, F(νij)
is the radiation density at frequency
νij=Uij/h, whereh is Planck's constant,
and gi and gj are the degeneracies
of states “i” and “j”, respectively. For
bright light at frequency νij, we have
gi
�1ωij = gj

�1ωji. Note that when we
insert the expression for the photon
density of ablackbody (bb) radiator at
the temperature T, Fbb(νij) =
8πhνij

3c�3(e(ΔUij)/(kBT) � 1)�1, we find
gi
�1ωij = gj

�1ωjie
(ΔUij)/(kBT). However,

theproportionality to the exponential
of the energy difference between
states i and j for a light-driven process
holds only for the Planck blackbody
distribution function. In contrast,
theproportionality to the exponential
of the energy difference between
states i and j in eq 1;microscopic
reversibility;holds for all thermally
activated processes irrespective of
whether any chemical driving is or is
not at equilibrium or whether there
is an external force acting. Only the

prefactor Aij depends on the external
conditions.

These different constraints for
thermal versus photochemical tran-
sitions suggest different design
principles for optically driven versus

chemically driven cycles. To see
how this works out, let us compare
a conformational cycle in which
the vertical transitions between the
nonstar and star states are driven by
light (Figure 4a)with a cycle inwhich
the vertical transitions between the
nonstar and star states are driven
by a catalyzed chemical reaction
(Figure 4b).

The systems can be set up such
that each completion of the cycle in
the clockwise direction A* f B* f
Bf Af A* does mechanical work,
Wmech, on the environment13 (e.g.,
lifts a weight or stretches a spring),
and each completion of the cycle
in the counterclockwise direction
A* f A f B f B* f A* absorbs
and dissipates mechanical work,
Wmech, from the environment (e.g.,
a weight is lowered or the spring
relaxes). For the chemically driven
cycle in Figure 4b, we have bor-
rowed Huxley's notation14 in which
each cycle of fi and gj* for i and j = A
or B involves catalysis of some

Figure 3. Carbon monoxide binding to myoglobin. After binding CO, the iron moves into the plane of the heme group. This
local configuration change is followed by a global conformational change to the stable CO-bound state in the upper right
corner (B*). Macroscopic intuition suggests that dissociation should also proceed from local to global, by a so-called protein
quake in which dissociation of the CO allows the local change in which iron moves out of the plane of the heme group,
followed by a global rearrangement in which the conformation of the protein returns to the minimum energy configuration
for the unbound state. This macroscopic intuition is validated by flash photolysis experiments in which this order is observed
to occur experimentally. Nevertheless, microscopic reversibility requires that thermal (as opposed to photochemical)
dissociation of carbon monoxide must occur preferentially by the microscopic reverse of the binding process, as illustrated
by the dashed arrows.
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substrate S to product P driven
by the free energy change Δμ =
μS � μP. These processes are not
the microscopic reverses of one
another, but rather fi* is the micro-
scopic reverse of fi and gj is the
microscopic reverse of gj*. The con-
straints of microscopic reversibility
on the “f” and “g” processes can be
summarized as

fAgA�
gAfA�

¼ f BgB�
gBf B�

¼ eΔμ=kBT

fAf B�
f BfA�

KA�B�
KAB

¼ gAgB�
gBgA�

KA�B�
KAB

¼ e�Wmech=kBT

(3)

The ratio of completions of clock-
wise to counterclockwise cycles for
Figure 4a,b is the product of clock-
wise rate constants divided by the
product of the counterclockwise
rate constants. For the optically
driven cycle, this ratio is

Ncw

Nccw

� �
opt

¼ ωA,A�ωB�, BKA�B�
ωA�,AωB, B�KAB

� e½(ΔUA�B� � ΔUAB) � Wmech�=kBT

(4)

where ΔUij = Ui � Uj is the energy
difference between states i and j

and where the approximation holds

for bright light. The predominant
direction of cycling is governed by
the relative energies of the states,
as well as byWmech. Themechanism
is described as an energy ratchet15

because in the excited (*) state, B* is
more stable than A*, whereas in the
ground state, A is more stable than
B. The same results hold when the
system is driven externally where
the thermodynamic parameters
are caused to fluctuate alternately,
favoring the star and nonstar
states.16

For the chemically driven cycle,
the ratio of clockwise to counter-
clockwise cycles is

Ncw

Nccw

� �
chem

¼ (fA þ gA)(f B� þ gB�)KA�B�
(fA� þ gA�)(f B þ gB)KAB

� e½(ΔE
†
B � ΔE†A) � Wmech�=kBT

(5)

where ΔEi
† = Ei,f

† � Ei,g
† is the differ-

ence in the activation barriers for
the f and g processes at site i = A,B,
and e(ΔEB

†�ΔEA†)/(kBT ) = (fAgB)/(fBgA).
The approximation holds for the
case of very strong chemical driv-
ing, that is, in the limit thatΔμf ¥,
and is derived using the constraints
of microscopic reversibility given in
eq 3. The ratio of clockwise to coun-
terclockwise cycles is independent
of the energies of the states and
depends only on the transition state
energies. Note that if someof the “f ”
and “g” rates are simply assigned to
be zero in eq 5, one can easily arrive
at the opposite, wrong, conclusion
that the ratio of clockwise to coun-
terclockwise cycle completions
does depend on ΔUAB and ΔUA*B*.
It is never thermodynamically cor-
rect simply to set a rate to be zero,
and doing so can lead to qualita-
tively incorrect conclusions even if
the quantitative magnitude of the
error introduced into numerical cal-
culations of kinetic behavior under
particular experimental conditions
is vanishingly small.

This mechanism describes an
information ratchet17 in which the
catalysis is kinetically gated by
allosteric interactions such that
process “f” is fast and “g” is slow

between states A and A*, and pro-
cess “g” is fast and process “f” is slow
between states B and B*, both at
and away from thermodynamic
equilibrium. At equilibrium, how-
ever, it is equally likely for the re-
action to proceed either in the di-
rection where S is converted to P
concomitant with completion of a
clockwise cycle or in the direction
where P is converted to S concomi-
tant with completion of a counter-
clockwise cycle. Directional cycling
requires input of energy. Net clock-
wise cycling in the case described
above occurs only if Δμ > 0.

Two-Dimensional Potential Energy Sur-
face of the F1-ATP Synthase. We can
appreciate the generality of the
independence of the directionality
of motion on the state energies in
terms of a recent computational
model of a two-dimensional poten-
tial energy surface for the F1-ATP
synthase18 shown in Figure 5a
and the corresponding expanded
kinetic lattice model19 shown in
Figure 5b. The low-energy path run-
ning from the lower left to the
upper right corner shows how ATP
hydrolysis that drives the motion
from left to right couples to drive
clockwise rotation from bottom to
top. In Figure 5a, it is clear that the
sense of rotation driven by ATP
hydrolysis does not change if the
energies of states A/C and B are
exchanged, whereas if the energies
of the transition statesEL andER are
exchanged, the sense of rotation
changes from clockwise to counter-
clockwise. A kinetic latticemodel for
the process is shown in Figure 5b,
where the transitions between the
states are color-coded to the ener-
gies of the saddle points (transition
states) in Figure 5a. Two periods
are shown in each direction in
Figure 5b, whereas only one period
is shown in Figure 5a and is indi-
cated in Figure 5b by the dashed
box.

Irrespective of how many states
are involved in the kinetic lattice de-
scribing a molecular machine, there
is, by symmetry, a one-to-one cor-
respondence between forward (F )

Figure 4. Two mechanisms by which
net cycling through several conforma-
tional states can be driven. (a) Optical
driving in which rates of absorption/
emission of light (ωij) are constrained
by the Einstein relations between ab-
sorption, spontaneous emission, and
stimulated emission of light (eq 2). (b)
Chemical driving, where each pair of
forward and reverse frequencies obeys
microscopic reversibility (eq 1).
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paths in which substrate is con-
verted to product (ATP is hydro-
lyzed for the case of F1-ATPase)
and the machine makes a forward
mechanical step (rotates clockwise),
backward (B ) paths in which sub-
strate is converted to product and
themachinemakes a backwardmec-
hanical step, forward reverse (F R)
paths in which product is converted
to substrate (ATP is synthesized)
and the machine makes a backward
mechanical step, and backward re-
verse (BR) paths in which product is
converted to substrate and the ma-
chine makes a forward mechanical
step. The ratiosbetweenprobabilities
for paths that are the microscopic
reverses of one another, P(F )/P(F R)
and P(B )/P(B R), are thermody-
namic identities. On the other hand,
the ratio P(B )/P(F ) depends on the
structure of the molecular machine
through the transition state energies.
The selection between paths F and
B is the sole determinant of the
intrinsic (zero load) directionality of
themachine. There are also slip paths
in which themotor takes a stepwith-
out conversion between substrate
and product and futile cycle paths
in which the motor catalyzes conver-
sion between substrate and product
without stepping. These slip and
futile cycle paths can only reduce
the intrinsic stepping ratio, efficiency,
stopping force, and stoichiometry
(number of steps per fuel molecule)
of the motor and do not impact the
preferred direction of stepping.

For the F1-ATPase, the ratioP(B )/
P(F ) = exp(�ΔE /kBT), whereΔE =
2(E R� E L). SinceΔE≈ 40 kcal/mol
is significantly greater than Δμ ≈
12 kcal provided by ATP hydrolysis,
a large torque that drives counter-
clockwise rotation of the F1-ATPase
drives synthesis of ATP by the path-
way F R and adding ATP will inhibit
counterclockwise rotation. In con-
trast, the difference in barrier ener-
gies for the F and B paths for
kinesin seems to be less than 10
kcal/mol, and thus in the presence
of an external force that is suffi-
ciently strong to cause backward
stepping, the pathway B is favored
over the pathway F R and added
ATP will stimulate back-stepping
as predicted19 and experimentally
observed21 for kinesin.

The result that the directionality
of mechanical motion induced by
chemical catalysis is independent
of the state energies and governed
entirely by transition state energies
is general.20 The principle of micro-
scopic reversibility guarantees that
the dynamics of a molecular mac-
hine in which directed mechanical
movement is coupled to a cata-
lyzed chemical reaction such as
ATP hydrolysis can be described
in terms of motion on a single
potential energy landscape;a sca-
lar field. On such an energy surface,
the sign of the coupling;the
directionality of motion induced
along one coordinate by a “gener-
alized force” acting along an

orthogonal coordinate;depends
only on the saddle point energies
and not on the energies of the
minima or maxima. This conclusion
arises from the fact that the energy
increases in every direction away
from a minimum, while at the sad-
dle points, there is one direction
along which the energy decreases
and perpendicular, [orthogonal] to
that direction the energy increases.
Thus, there is an inherent selection
of a preferred path at each saddle
point. The overall preferred path-
way for motion is determined by
the relative energies of the different
saddle points. The direction of mo-
tion on this overall preferred path
when the external force or torque is
zero is determined solely by mass
action;that is, by the sign of the
Δμ for the chemical reaction.

It is tempting, but wrong, to
attempt to describe the effect of
Δμ in analogy with the effect of
force acting along the chemical co-
ordinate of the reduced potential.
The effect of binding and release
of any ligand (substrate or product)
is local, and concentrations of sub-
strate and product impact only the
probability to bind substrate versus

product when the active site is un-
occupied and do not influence the
energetics at the single-molecule
level. The effect of Δμ is known as
mass action.

There is a better case to bemade
for modeling the effect of an exter-
nally applied force or torque as a tilt

Figure 5. (a) Potential energy surface for ATP-driven rotation of the F1-ATPase derived from calculation based on the crystal
structure ofWalker. Energies are given in kcal/mol. The energy surface is redrawnwith permission from ref 18. Copyright 2011
National Academy of Sciences. (b) Corresponding kinetic lattice model for the process, where the section enclosed in the
dashed box corresponds to that part of the periodic energy surface shown in (a).
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along the mechanical coordinate,
but even then, we must realize that
the external force or torque influ-
ences the relative energies of all
points on the reduced potential
to varying degrees. The effect of
the force or torque cannot gener-
ally be described as additive ex-
cept between periodically related
points.

CONCLUSIONS AND
PROSPECTS

The literature on molecular ma-
chines is replete with analogies be-
tweenmolecularmotors andmacro-
scopic machines, where the former
are described as wind-up toys,22

their motions are likened to judo
throws,23 and the effect of ATP
hydrolysis is described as being
equivalent to violent kicks.24

Further, animated movies of biomo-
lecular motors often represent ATP
hydrolysis as a flash of light. These
depictions are consistent with
what Bustamante has termed the
“mechanical paradigm” for molecu-
lar machines,25 echoing the classic
holy grail of attainingunderstanding
of molecular machines in terms of
Newton's equations of motion.
A strongly contrasting picture,

loosely describable as a Brownian
motor paradigm,26,27 has emerged
where the constructive role of ther-
mal noise is emphasized and the
mechanism can be described as a
randomwalk on a lattice of states.19

Instead of using energy to cause
forward movement, the motion
of a Brownian motor is caused by
thermal noise, which a priori occurs
randomly in all directions. The
input chemical energy is used to
prevent backward motion by open-
ing and closing gates depending
on the chemical state of the mac-
hine rather than to cause forward
motion.
As pointed out by Mukherjee

and Warshel,18 the potential energy
surface for any molecular machine
completely determines its function-
ality and coupling. Recent work on
catalysis-induced chemotaxis, en-
hanced diffusion, and pumping by

single enzymes shows that almost
all enzymes can, in principle, func-
tion as molecular motors, and that
the fundamental mechanisms point
to a geometric picture where the
enzyme is shepherded through a
cycle of states rather than to the
mechanical picture in which the
machine is pushed through its cycle
of states by power strokes. Using
this Perspective, we can go beyond
Warshel and Mukherjee's simple
recognition of the importance of
the energy landscape to the under-
standing that the specific features
of the energy landscape that
govern the coupling are the saddle
points;the transition states;as
predicted by a Brownian motor
model and not the energy differ-
ences between the states as pre-
dicted by the mechanical paradigm
in which the “power stroke” plays a
crucial role. Consideration of the
phenomena of enhanced diffusion
and chemotaxis by enzymes, as well
as active pumping when enzymes
are immobilized on a surface, illumi-
nates the importance ofmicroscopic
reversibility as an organizing princi-
ple of molecular machines by
which the motion of any chemically
driven molecular machine can be
described in terms of diffusion on a
potential energy landscape.
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