VLSTDESIGN

1998, Vol. 8, Nos. (1 4. pp. 75 78
Reprints available directly from the publisher
Photocopying permitted by license only

1998 OPA (Overseas Publishers Association) N V.
Published by hcense under

the Gordon and Breach Science

Publishers imprint.

Printed in India.

Ionic Channels in Biological Membranes: Natural
Nanotubes Described by the Drift-Diffusion Equations

BOB EISENBERG *

Dept. of Molecular Biophysics and Physiology, Rush Medical Center, Chicago 1L 60612

An important class of biological molecules —proteins called ionic channels—conduct
ions (like Na", K7, Cl") through a narrow tunnel of fixed charge (‘doping’). Tonic
channels are the main pathway by which substances move into cells and so are of great
biological and medical importance: a substantial fraction of all drugs used by physicians
act on channels. Channels can be studied in the tradition of computational electronics.
Drift diffusion equations form an adequate model of 1V relations of 6 different channel
proteins in ~10 solutions over +150 mV. Tonic channels can also be studied with the
powerful techniques of molecular biology. Atoms can be modified one at a time and the
location of every atom can be determined. Ionic channels are natural nanotubes that can
be controlled more precisely and easily than physical nanostructures but biologists need
help if realistic simulations are to be done atomic detail.
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Drift-diffusion equations, combined with Pois-
son’s equation (PDD), are widely used in physical
sciences to describe the flux of charge carriers
through systems containing fixed charge (doping)
[28]. An important class of biological molecules—
proteins called ionic channels—conduct ions (like
Na”. K", CI7), and thus current, through a
narrow tunnel of fixed charge (‘doping’) formed by
the polar residues of the protein [36] although
electron flow plays no direct role in their conduc-
tion of current. These proteins can be studied with
the full power of molecular biology [1]; for
example, they can be modified one atom at a time

with the techniques of molecular genetics. Thus,
these natural nanotubes are a natural ‘hole in the
wall’ that can be controlled more precisely and
easily than many physical nanostructures.

Tonic channels open and close (‘gate’) to give
currents that are a random telegraph signal [34].
The properties of gating are complex and the
structure(s) and mechanism(s) that produce gating
are not known [23], but the flow of ions through
open channels i1s much simpler, and obeys the
PDD equations, as we shall see [10-13. 19, 37].

Channels are the main pathway by which
substances move in and out of cells and so are of

*Invited by and submitted to VLSI Design (Proceedings of the Fifth International Workshop on Computational Electronics).

75



76 B. EISENBERG

great biological and medical importance: they are
responsible for signaling in the nervous system; for
coordination of muscle contraction- including the
coordination of cardiac muscle that allows the
heart to function as a pump-and they are
involved in transport in every cell and organ, for
example, in the kidney, intestine and endocrine
glands [1, 36]. A substantial fraction of all drugs
used by physicians act directly or indirectly on
channels [35].

Channels are studied one molecule at a time in
hundreds, if not thousands of laboratories every
day [14-16, 31], using Neher & Sakmann’s patch
clamp method [6. 32, 34] (for which they received
the Nobel Prize). The concentrations of ions
outside channels (that carry current through the
channel) can be directly controlled and the shape of
current voltage (I'V ) relations can be manipulated.
In this way, a wide range of IV behavior can be
measured from the single doping profile of one type
of channel and so much can be inferred about the
doping profile from IV measurements (if they are
taken in many different ( pairs of ) concentrations
of current carriers). For all these reasons, channels
are a popular object for experimentation: thou-
sands (1) of abstracts describing their properties are
presented each year at the annual meeting of the
Biophysical Society and hundreds of papers are
published about them, chiefly in the Biophysical
Journal and the Journal of Physiology (London).

Channels are also an appealing and important
object for theoretical analysis and numerical
simulation. Open channels are probably the
simplest protein structures of general biological
importance. Unlike many other subjects of bio-
physical investigation, ionic channels are a general
biological system with importance for every organ,
tissue, and cell in an animal and plant. Indeed,
they are probably just as important for subcellular
organelles. Ionic channels are well defined biolo-
gical systems that can be investigated both with
the techniques of molecular biology and of
biophysical chemistry, helped substantially by the
techniques and insights of semiconductor physics,
[ belicve.

Ionic movement plays an important role in the
function of all proteins—e.g., enzymes—and so a
model that describes ionic movement in channels is
likely to give important insight into protein
function in general. Indeed, the closely related
Poisson-Boltzmann theory [18,24] has been of
considerable help already, even though it is a
strictly equilibrium theory that does not permit
flux at any time or location.

Theories of physical chemistry [4] and electro-
chemistry [30] certainly should be able to predict
the movement of ions through a tunnel of fixed
charge-a hole in the wall-on the biological time
scale of 100 pusec~10sec, but they need to be
supplemented by the theories and simulations of
carrier transport in general, e.g., in semiconduc-
tors [28]. The physical chemical tradition has not
often dealt with flux [2, 3, 5, 8,9, 21, 22, 25, 29] in
such a system of fixed charge, whereas the flux of
charge carriers has been the main subject of
semiconductor physics and computational electro-
nics for many years, if not decades.

Five laboratories have shown that the PDD of
semiconductor physics form an adequate model of
IV relations of 6 different channel proteins in ~10
pairs of solutions (containing different concentra-
tions of the charge carriers Na ", K", Cl7) in the
range £150 mV [10-13, 37]. The IV relations are
qualitatively different in different types of chan-
nels —some are linear, some sublinear and some
superlinear —because different channel proteins
have qualitatively different profiles of fixed charge
arising from their different sequences of amino
acids.

The structures of two of these proteins ( porin
and its mutant G-119D) are known from the
standard methods of molecular biology: the loca-
tion of every atom has been determined by X-ray
diffraction [17, 26, 27, 33, 38] with an accuracy of
~0.1 A. The mutant has one extra negative charge.
Measurements of IV relations from a single
molecule of porin [37] allow the PDD model to
estimate the additional charge as —0.97 e, although
this estimate will undoubtedly change as more
work is done. (I hasten to add that no information
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about the proteins is used in the analysis except the
length and diameter of the channel; parameters
were not adjusted in any way.)

We conclude that the PDD equations seem to be
an adequate model open channels. It is surprising
that the PDD equations work as well as they do,
given their evident inadequacies. I imagine they
work this well because the fixed charge density of
channels is large (~3x 10" em ) compared to the
concentration of ions outside the channel (2x10"
to 1x10%" cm™?); because the biological range of
voltages is quite limited (200 mV ); and because
the PDD model uses effective parameters. Eisen-
berg, Chen, and Schuss have recently shown how
the PDD equations can be derived in single file
systems like channels that conduct one ion at a
time. The PDD equations, or equations quite like
them, describe the mean properties of ensembles of
Langevin equations, each of which specifies the
motion of a single ion (of a particular type moving
from a given side of the channel), each of which is
coupled to its own reaction field described by a
Poisson equation and boundary conditions.

The PDD equations are just a first, low resolu-
tion description of open channels. More realistic
models (using Monte Carlo simulations called
molecular dynamics in the world of proteins [7, 8,
20]) are needed to provide insight with atomic
resolution. It is likely that many critical functions
of channels and enzymes will be best understood
this way—by atomic resolution simulations that
include flux-but biologists cannot do the simula-
tions themselves: their simulations of atomic
resolution have been confined strictly to equili-
brium as have those of most chemists. Much help is
needed from the community of computational
electronics if flux, and electrical potentials at the
electrodes (i.e., boundaries) of the system, are to be
included in chemical simulations of atomic detail.

lonic channels are so important biologically, but
so well defined physically, that they are an ideal
object of biophysical investigation. The techniques
of computational electronics and molecular biol-
ogy can be joined together to determine how ionic
channels work. Perhaps the same will prove true of

many other chemical and biological systems, but it
is wise to try the simple ones first. Nothing is likely
to be simpler physically than a hole in the wall.
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