NEWS AND VIEWS
BROWNIAN MOTION

Moving forward noisily

S. Leibler

INSPIRED by biological systems or moti-
vated by biological applications, physicists
are currently creating and studying new
devices acting on submicrometre scales.
The latest example is the microscopic
structure  presented by  Rousselet,

Salome, Ajdari and Prost on page 446 of -

this issue!. It consists of an array of
‘sawtooth’-shaped electrodes which can
be made to propel small charged colloidal
particles by alternately switching on and
off the electric potential. This structure
can be viewed either as a device
inspired by the action of motor
enzymes, such as kinesin or
myosin, or as a: first step to-
wards new separation methods
for biological macromolecules,
chromosomes or viruses.

Let us take the possible ap-
plications first. This and similar
devices are fabricated by the
microlithography . - techniques
developed mainly for semicon-
ductor electronics, which allow
one to create well defined
structures with submicrometre
dimensions. Particles fitting in
and moving inside structures of
such small sizes are inevitably
subject to thermal noise: they
are ‘brownian particles’. To
master their behaviour one has
to understand the stochastic
processes involved in the
movement. Rousselet et al.
show that not only can one
successfully deal with the noisy
thermal environment on submicrometre
scales, but also, by adding to it some extra
component, possibly accomplish useful
tasks. )

Although the techniques allowing the
creation of the present device are relative-

ly new, the underlying ideas are old. A -

hundred years ago Pierre Curie defined”
the symmetry principle on which this
device is based. It implies that periodic
structures with spatial asymmetry may act
as ‘ratchets’ for brownian particles in the
presence of dissipation or other source of
time-reversal symmetry breaking. By a
ratchet we mean here a system which
moves the particles with non-zero macro-
scopic velocity without any macroscopic
forces or field gradients. Such a ratchet is
thus different from, for instance, a simple
electrophoretic machine in which the
moving particles are subject to a: macro-
scopic electric force.

Two years ago, Ajdari and Prost®,
working in Pierre Curie’s oid institution in
Paris, pushed his ideas further, showing in
theory how a simple microstructure could
act as a ratchet or a separation device.
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ticles can move in one direction with

Imagine brownian particles moving in a
sawtooth potential, U(x), whose ‘teeth’
are periodic but asymmetric. If the parti-
cles are subject only to thermal equi-
librium noise, then their movement is
not macroscopically biased in one of the
directions along the x-axis and the saw-
tooth potential cannot act as a ratchet for
brownian particles®.

But if one now constantly switches the
potential U(x) on and off, then the par-

Trickle down — tiny colloidal spheres trapped at the narrow necks
between ‘Christmas tree’ electrodes. Each on—off cycle of electric
field produces a net particle motion from left to right, Scale bar,
10 um. (Photo courtesy of J. Prost.) :

non-zero macroscopic velocity. During
the period in which the potential is switch-
ed off, the particles diffuse freely and their
distribution spreads along the x-axis.
Although the diffusion is symmetrical, the
potential U is not, so when it is switched
back on it pulls more particles in one
direction than in the other.

The calculation shows that in the sim-
plest case, in which the potential is switch-
ed periodically, the macroscopic flux de-
pends exponentially on the diffusion
coefficient D of the particle (at least in the
case of slow diffusion and thus low D).
This is particularly promising from the
point of view of using such systems to
separate particles of different diffusion
constant, for instance because of differ-
ences in size.

Ajdari and Prost have now gone beyond
this purely theoretical work: together with
their colleagues from Bordeaux' they
have built a microelectrode system based
on exactly the same principle of periodi-
cally appearing and disappearing saw-
tooth electrostatic potential, and they
have demonstrated that it does indeed

move forward small colloidal particles of
sizes varying between 0.1 and 5 pm (see
figure). Although inevitable complica-
tions of the real system, such as sticking of
the particles and non-isotropic diffusion,
prevent quantitative comparison with
theoretical predictions, the data agree at
least semi-quantitatively with the simple
theory.

The success of this exemplary interplay
between theory and experiment does not
yet imply the success of future applica-
tions. Although the present work clearly
shows that biased movement and separa-
tion can be achieved, it remains to be seen
whether the method can give better results
than more traditional techniques, such as

electrophoresis, in which mac-

roscopic gradients or forces are

directly applied, especially as a

new class of such techniques
_ has been introduced which also

takes advantage of the micro-
lithographic technology. For
instance, one can perform elec-
trophoresis of DNA molecules
in a submicrometre ‘maze’
structured in a silicon wafer’.

Further development of elec-

trophoresis in such well con-

trolled geometries might lead
to separation of relatively large
brownian particles (megabase
pieces of DNA or even whole
cells) for which the usual gel
" methods are inefficient.

Periodic switching of the
sawtooth potential is not the
only way of introducing the
time correlations necessary for

macroscopic movement — a

series of theoretical papers has

more recently explored other
possible ratchets. Magnasco® looked at
the case in which the particles are subject
to a periodically varying macroscopic
force, F(f). Strictly speaking this is not a
ratchet in the sense defined above, butitis
analogous to it, provided that the time
average of F(f) is zero. Analysis of this
model showed that macroscopic move-
ment takes place for various functional
forms of F(z).

Similar results can be obtained if one
simply modulates the height of the teethof -
the -potential. This can be done, as
before®, by switching between two diffe-
rent ‘sawtooth’ potentials’, or equivalent-
ly, by assuming that a brownian particle
can be in two different internal states,
each of which feels a different sawtooth
potential (ref. 8; and G. Oster, C. S.
Peskin and G. B. Ermentrout, personal
communication). Instead of introducing
the time correlations in the potential U(x)
itself, one introduces them in the transi-
tions between two internal states of the
particle. Out-of-equilibrium, correlated
noise (so-called ‘coloured noise’) is again
necessary: if the transition rates corres-
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pond to thermal equilibrium (‘white
noise’) then the partlcle cannot move on
average in one direction’. In the presence
of coloured noise the average flux de-
pends strongly on the noise.amplitude, in
some cases showmg a maximum for a well
defined value’.

Earlier this year Doering et al.'® investi-
gated how the average velocity of the
particles depends on the characteristics of
the out-of-equilibrium noise. Their com-
bination of numerical and analytical re-
sults shows that not only the magnitude of
the flux but also its sign depends on the
nature of the noise. This means that for a
given sawtooth potential the particles may
be moved in either direction by simply
changing the characteristics of time cor-
relations in the nonthermal component of
the noise.

Most of this theoretical activity was
inspired not by Curie’s old results but by
developments in the study of motor
enzymes'!. Molecular motors, such as
kinesins or myosins, move on protein
fibres many micrometres long, and can
transport objects such as vesicles or
chromosomes within the cell, participate
in cell locomotion or accomplish other
types of useful mechanical work. The
energetics of the action of molecular
motors has long been known'?: hydrolysis
of bound nucleotides such as ATP pro-
vides the necessary energy. But the dy-
namics of this process is less well under-
stood, although the crystal structure of
muscle myosin has now been established
and the action of single motors has been
observed with impressive nanometre
resolution'**>. Not surprisingly, experi-
mental - data like these have inspired
theorists to new efforts.

Motor enzymes and ratchets are indeed
analogous in many respects. Both work in
the presence of thermal noise and trans-
port brownian particles; the ATP hydroly-
sis which drives a molecular motor is local,
not involving gradients or forces on mic-
rometre scales; the fibre on which a motor
" enzyme moves shows periodicity and spa-
tial asymmetry because of the nature of its
protein components; the binding sites for
a motor on a fibre are analogous to the
minima of a sawtooth potential; and the
movement of a motor is directional, but

different motors may move in different
directions on the same fibre.

It is tempting to take the extra step and
argue that a ratchet and a motor enzyme
work in exactly the same way. Then one
can try to compare quantitatively their
characteristics’. Unfortunately, one can-
not then get anything beyond a simple

_dimensional analysis. The immediate
problem is which of the ratchet models is
the ‘most appropriate. For instance, can
the hydrolysis of ATP be considered as a

- source of a ‘coloured’, out-of-equilibrium
noise which moves the motor in a fixed

-fibre potential? Or is it better to say that
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the motor enzyme can be found in two
different states and ATP hydrolysis intro-
duces nonthermal transitions between
these states? One could also imagine a
motor locally modifying the fibre on which
it moves and thus changing the sawtooth
potential, or some still more complicated
situation. 7

The poirit is that all these questions are
of microscopic nature and will be
answered only by further experimental
studies of the details of molecular motors.
It is useful to know that simple physical
devices can perform tasks analogous to
those of biological systems, but this does
not mean that the latter are as simple as
the former.

Should we even try quantitatively to
model the motor enzymes? Well, the
effort might be worthwhile provided that
one stays on the phenomenological rather
than the microscopic level For instance,
in vitro motility assays '® characterizing
the action of molecular motors tell us that
the average motor velocity depends on
ATP concentration, or on the load acting
on the motors. Similarly, more quantita-
tive motility assays might establish the
relation between the mean hydrolysis rate
and motor velocity, or correlations be-
tween the statistics of hydrolysis events
and fluctuations in their movement. Phe-
nomenological models explaining all these

relations could also give some testable

predictions, point to the differences in the
action of different motors'” or even sug-
gest some molecular (genetic) modifica-
tions which could alter the action of the
motors.

Meanwhile, the work of Rousselet and
her colleagues provides us with a beautiful
example of biologically inspired physics
and, in addition, a device with possible
applications in biological research. ]
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Radical solution

Atlast, some cheering news for smokers.
Dosing-up with vitamin C can protect
againstone of smoking’s nastier side
effects —the clumping of white blood
cells onvessel walls, which can trigger
cardiovascular and pulmonary disease
(H.A. Lehr, B. Freiand K. E. Arfors, Proc.
natn. Acad. Sci. U.S.A. 91, 7688—7692
1994). Vitamin C, which is a water-
soluble vitamin, acts as an antioxidant,
disarming poisonous oxygen radicals
from cigarette smoke that cause the white
blood ceils to become sticky. But the
water-insoluble vitamin E, another
antioxidant that works by a different
mechanism, does not confer the same
protection. The secret is probably that the
oxygen species responsible for the effect
on a smoker’s leukocytes are more
soluble inblood plasma.

Oldcrocs -

CrocobiLestoday like their climate balmy
— 2510 35 °Cistheir preference, and
anything above 39 °C or below about 4 °C
isinhospitable. SoP. J. Markwick has
been comparing the distributions of
ancient crocodilians with their modern
counterpart Alligator mississippiensis
and drawing inferences about continental
temperatures across North America in the
Cenozoicera (Geology 22, 613-616:;
1994). Fossil crocodilians from the
Eocene (38—55 million years ago) are
widespread, but by the late Oligocene the
populations had apparently shrunk to
little more than modern-day Florida. The
Miocene again was crocodile-friendly, but
the Pleistocene and early Holocene were
emphatically not. The crocodilian low-
downon climate, part of a larger
compilation of vertebrate records, thus
backs up floral and modelling evidence
for climes milder than today’s during both
Eocene and Miocene.

High charges

THesimplest of all atomic systems are
those that, like the hydrogen atom, have
justone electron and so avoid the

interactions. And the higher the atomic
number of an element, the greater the
contributions of quantum
electrodynamics and relativity to the
atomic energy levels. The ideal testbed
fortheoretical models, then, is a heavy
ionwith every electron but one stripped
away— such as the high-velocity U91+
ions produced in a storage ring last year
(T. Stohlker et al. Phys. Rev. Lett. 71,
2184;1993). NowR. E. Marrs and co-
workers have gone further by trapping
single-electron U™, and even a few
naked U%?* ions, in a compressed
electronbeam (Phys. Rev. Lett. 72,
4082-4085; 1994). With the ions more
or less stationary, they were able to derive
cross-sections for electron impact
ionization, and suggest that current
theoretical estimates are too fow.




