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Ion channels within membranes cata-
lyze the transition of ionic species
across the hydrophobic cell membrane
and by opening and closing (gating)
allow this transition to be controlled
(Hille, 1992). The control of ion flow
can be used to regulate information
flow (e.g., the development of inhibi-
tory or excitatory potentials in neu-
rons) as well as a variety of intracellu-
lar chemical reactions to achieve cell
functions, such as muscle contraction.
Muscle excitation-contraction (E-C)
coupling hinges on the processes that
permit calcium ions to move down
their electrochemical gradient from the
lumen of the sarcoplasmic reticulum
(SR) to the cytosol (where they regu-
late contractile protein interaction and
metabolism). The ion channels regulat-
ing this process are ryanodine recep-
tors (RyRs) and are one member of a
super family of channels involved in
calcium homeostasis (Sorrentino and
Volpe, 1993; Williams et al., 2001).
The intracellular location of RyRs es-
sentially prevents analysis of their gat-
ing with in situ patch clamp techniques
and, until now, biophysicists have gen-
erally relied on reconstitution experi-
ments with artificial lipid bilayers or
extracted SR vesicles to gain insight
into their gating behavior. By combining
a number of technologies Wang et al.
(2002) have now gained new insight into

the gating behavior of RyRs in their na-
tive environment.

Spontaneous calcium release events
(calcium sparks; Cheng et al., 1993)
can be detected in isolated cells by
applying fluorescent calcium indica-
tors and confocal microscopy. By
incorporating EGTA in the dialysis
solution of the whole cell patch clamp
pipette (to limit the spread of the dye-
indicator complex) the time course of
calcium release may then be measured
with some fidelity. With this array of
state of the art techniques, Wang et al.
(2002) were in a position to examine
the duration of spontaneous calcium
release events at selected sites. The
duration of repeated spontaneous SR
calcium release events exhibited a
clear mode and, since the duration of
SR release should reflect the open time
of the RyRs within the cell, Wang et al.
(2002) concluded that the RyR open
time distribution must also be modal.
This result was in agreement with an
earlier cardiac muscle study which
showed that the amplitude of calcium
sparks at given sites are modal (Bridge
et al., 1999). For those interested in
muscle, this observation would seem
reasonable; the cell might well be ex-
pected to release calcium in quanta
(sparks) that are just sufficient to acti-
vate contraction and excess calcium
release would require more ATP to
pump calcium back into the SR, for no
obvious benefit. However, for the bio-
physicist this observation is puzzling.
Since the spontaneous calcium release
events repeated, the RyRs must have
been cycling though their open states
and, for a reversible reaction the open
time distribution should be exponen-
tially distributed, not modal. In fact,
exponentially distributed lifetimes for
ion channel states are generally ob-
served with few exceptions. To allow
steady-state behavior without micro-
reversibility requires an energy source
(Steinberg, 1987; Lauger, 1983). Since
potential energy is stored in the cal-

cium electrochemical gradient across
the SR membrane and RyR gating is
controlled by calcium ions, the energy
source for such non-reversible cyclical
gating would seem to be readily avail-
able. To examine this possibility Wang
et al. (2002) carried out experiments
on isolated RyRs in planar lipid bilay-
ers with realistic transmembrane cal-
cium gradients. In these conditions,
only exponentially distributed open
times were observed showing that the
energy gradient in the SR is not simply
powering the modal RyR behavior ob-
served in situ. In connection with this
observation, it is notable that the closed
time distribution (i.e., the time between
spontaneous spark events) was also
modal, another result which is not sim-
ply reconciled with energy being derived
from the dissipation of the SR electro-
chemical gradient. (Modal RyR gating
behavior has also been observed in skel-
etal muscle (Klein et al., 1999; González
et al., 2000) although the possible role of
the sarcolemmal voltage sensor in such
behavior remains unclear.)

While it is possible that some un-
known accessory protein for electro-
chemical gradient coupling could be
lost during RyR isolation, is such extra
molecular complexity really required?
Wang et al. (2002) then turn to com-
puter modeling and show that modal
behavior could still be observed in a
cluster of RyRs even when isolated
RyRs gate with exponentially distrib-
uted open times. The open times in this
model are not calcium dependent and
so are insensitive to any possible cou-
pling via calcium. In contrast, when an
array of RyRs is considered the ensem-
ble open states contain transitions
which are calcium sensitive (as one or
more RyRs open to join the ensemble
open state). Put another way, the en-
ergy in the SR electrochemical gradi-
ent could be coupled into the RyR gat-
ing scheme by the cytosolic calcium
which results from the flux of calcium
via a more distant RyR. This idea is
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made even more attractive by the fact
that E-C coupling occurs in a narrow
region between the SR and surface
membranes which restricts diffusion
and thereby increases the magnitude
and lengthens the time course of gra-
dients (Soeller and Cannell, 1997).
Since the purpose of ion channel gat-
ing is to control the flow of informa-
tion (implying a change in energy con-
tent of the system) perhaps we should
be more careful in our interpretation of
equilibrium (reversible) gating in iso-
lated channel experiments as energy
sources are often modified (or re-
moved) by the experimenter? Of
course at this point we are moving into
speculation, but the mathematical
modeling of Wang et al. (2002) fol-
lows the best biophysical traditions.
Rather than ‘hand wave’ the mathe-
matical models rigorously test the va-
lidity of the hypothesis and even give
insight that may be far from intuitive.

The paper of Wang et al. is “new
and notable” for the elegance with
which quite different state of the art
methods are all brought to bear on a
very difficult biophysical problem as
well as showing how reintegration
with computer models allows new
plausible hypotheses to be created. It is
likely that future progress in E-C cou-
pling will also require similarly diverse
techniques and the modern biophysi-
cist seems to need much more than a
few simple tools to open Nature’s se-
crets—indeed, a whole box of tools
would seem to be required! Finally, the
paper also reminds us that insight
gained from dissection of cell systems
may be limited (if not completely
flawed), since the macroscopic behav-
ior of protein/chemical complexes may
be quite different from their behavior
in broken cell systems. After all, the
cell is alive but the molecular compo-
nents of the cell are not (with apologies
to Albert Szent-Gyorgi).
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Ion channels are characterized by three
main properties: their gating character-

istics, their selectivities, and their con-
ductivity patterns. The crystal structure
of the KcsA potassium channel pore
(Doyle et al., 1998) provided immedi-
ate qualitative answers to most ques-
tions about potassium channel selectiv-
ity. It has led to an explosion of
computational papers that illustrate in
great detail how the various structural
features function to exclude anions,
stabilize cations, select for potassium
over sodium, and promote divalent
block. What remains wide open is un-
derstanding their enormous diversity:
they are gated in many ways and differ
greatly in their conductance behavior.
Selective potassium channels have five
strictly conserved residues (the signa-
ture sequence) and similar inner helix
sequences, motifs that form the filter
and the mid-channel aqueous cavity.
These features promote multi-ion sta-
bilization, a property initially deduced
by Hodgkin and Keynes (1955). Re-
gardless of their gating mechanisms,
they exhibit wide-ranging electrical
properties. Maximal conductivities
span a nearly 100-fold range.

The crystallographic pore structure
represents the channel in a closed state,
the constriction on the intracellular
side (the inner pore) being too narrow
to permit ion (or water) passage. As
has been pointed out repeatedly, struc-
tural modification of this inner pore is
required for current to flow. In this
issue, Chung et al. (2002) provide a
reasonable and intuitive, albeit specu-
lative, proposal for specific changes
that could account for the broad spread
of limiting conductances. The finding
is striking: a small adjustment of the
inner pore radius drastically alters
channel resistivity.

In a series of papers Chung and his
coworkers have exploited the advan-
tages of Brownian dynamics (BD) to
monitor ionic movement through chan-
nels and mimic experimentally ob-
served current-voltage-concentration
(I-V-c) profiles. The great virtue of BD
is that, unlike molecular dynamics,
large (picosecond) time steps can be
used so that, with ultra-high-speed
computers, multiple simulations can be
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run for hundreds of nanoseconds, long
enough to ensure statistical reliability
and observe repeated ion passage
through the pore, thus generating sets
of concentration dependent I-V curves.
Of course, much molecular detail is
suppressed with simplification. In ap-
plications to the potassium channel,
the protein is replaced by a few se-
lected electrical features probably
common to all such channels (the ox-
ygen containing dipolar moieties form-
ing the selectivity filter, the macrodi-
poles oriented toward the aqueous
cavity, and acidic guard groups at each
mouth) embedded in a low dielectric
milieu. The aqueous pore becomes a
high dielectric viscous continuum, in
which the filter radius is fixed, and the
radius of the inner pore and both pore
mouths are adjustable. In contrast to
continuum treatments like Poisson-
Nernst-Planck modeling (Eisenberg,
1999), ions are charged spheres of fi-
nite size, assigned their crystal radii.
This aspect of the model permits quite
rigorous treatment of two crucial fea-
tures: ionic repulsion and dielectric
variability. From the Brownian per-
spective ion movement is basically
electrodiffusive, driven by the poten-
tial due to the fixed model charges and
the applied voltage, subject to a diffu-
sive viscous drag, to random forces
mimicking thermal coupling to the sur-
roundings, to inter-ionic repulsion and
to reaction fields induced by dielectric
variation.

Previous work with this model
showed that BD provides a semiquan-
titative description of potassium con-
ductance. The mechanism for control-
ling ionic currents turns out to be
marvelously simple. It hinges first and
foremost on the filter and mid-channel
aqueous cavity being a region of high
negative charge density, always multi-
ply cation occupied. In effect the chan-
nel is blocked by its own permeant
ions. Conduction entails relief of this
block. Outward conductance requires
an ion to enter the inner pore, penetrate
the filter and drive out one of the res-
ident ions. For inward conductance an
ion must exit the filter region and tra-

verse the inner pore. In all cases, glu-
tamates at the inner pore entrance form
an ion-binding site. The inner pore is
ionophobic. As an ion moves outward
from the glutamates it must surmount a
substantial energy barrier until it is at-
tracted by the field of the macrodipoles
surrounding the mid-channel cavity;
it then accelerates rapidly, enters the
filter and effects conduction by
knock-off. Inward movement begins
by overpopulating the filter; the extra
ion then surmounts the pore’s internal
barrier, resides near the inner mouth glu-
tamates, and ultimately escapes. Increas-
ing the inner pore radius reduces its
ionophobic barrier height, thus increas-
ing current flow in either direction. A
change from 2 to 2.5 Å would drop the
barrier by almost 4 kT, leading to a
nearly 25-fold increase in current. Small
alterations in inner pore radius can ac-
count for the great diversity in potassium
channel conductances.

The paper makes predictions about
rectification (unidirectional ion pas-
sage). According to Chung et al.
(2002), were the inner mouth gluta-
mates fully protonated there would be
essentially no outward current; pre-
sumably without charged sites to at-
tract ions they wouldn’t enter the pore
from the intracellular side. Inward cur-
rent would still flow because escape
from the central cavity and overcom-
ing the pore’s internal barrier is rate-
limiting; the charge state of inner
mouth guard groups matters little here.
What about modifying the aspartates at
the outer mouth? Complete protona-
tion would make the channel slightly
outwardly rectifying, but the effect
would be much less dramatic. Unlike
at the inner mouth, where guard groups
are the sole force promoting ion entry,
entrance at the outer mouth also re-
flects the influence of the filter field.

However, all is not sweetness and
light. The model predicts superlinear
I-V relationships, which would seem
contradicted by most experiments, al-
though not all. But this may reflect the
presence of exogenous blockers rather
than the electrodiffusive properties of
the channel itself. Inward rectification

involves interaction of Mg2� or poly-
valent amines with acidic sites (Lu and
MacKinnon, 1994; Lopatin et al.,
1994). Could discharging guard groups
contribute as well?

Where do we stand now? The results
presented here provide a further pow-
erful incentive for intensive experi-
mental study of potassium channels (as
if one were needed). The basic obser-
vation, that inner pore size determines
ionic current, should encourage devel-
opment of improved molecular cali-
pers for sizing inner pores of potas-
sium channels, similar to work already
under way (Guo and Lu, 2001). What
about rectification? The polyamine data
suggest that the picture is complex and
that there are other acidic sites deeper
within the pore. Possibly these affect
both ion entry into and the ionic energy
profile within the inner pore. Could the
prediction of outward rectification by
discharging the outer mouth aspartates
be observed? If so, it would provide
powerful confirmation for the basic
model. A more detailed study of high
field currents is surely worthwhile. At
the very least it would critically test the
model presented here. It might provide
direct evidence for high field block.

This mechanism may not be limited
to potassium channels. The sequence
homologies among potassium, cal-
cium, and sodium channels suggest
they have similar architectures. Cal-
cium channels exhibit rectification and
require multiple ion occupancy for cal-
cium flow. Calcium channel conduc-
tances span a 10-fold range and so-
dium channels a 5-fold one. Does
access to the selectivity region in these
two families also involve ionic diffu-
sion through a long ionophobic pore?
BD has already been used to describe
coupled Na and Ca movement in
model pores. Might changes in the di-
ameter of the (putative) long inner pore
influence channel resistance much as it
seems to in potassium channels? Could
altering the charge of guard groups
also influence rectification? Of course
modeling calcium and sodium chan-
nels is much more speculative. At least
we have a potassium channel pore
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structure. Still, there are homology
models based on analogies with known
KcsA features. While these do not
agree on the details of the selectivity
filter, the BD treatment of potassium
channels indicates that understanding
resistivity hinges on getting the general
picture right. Conductance, unlike se-
lection, is not sensitive to slight struc-
tural change in the filter. Even if a
picture suggested by theory were not
precisely correct, intelligent specula-
tion is a goad for more intense exper-
imental scrutiny. And sometimes the-
ory gets it right.
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