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Ionic current flowing through a membrane pore with a helical architecture may impart considerable
torque to the pore structure itself. If the channel protein is free to rotate, it will spin at significant
speeds. Order of magnitude estimates of possible rotation rates are presented, as well as a few
arguments why such motion could improve ion transport.

The interior of a living cell is maintained at a different
electrical potential than the exterior, by differences in the
concentration of various ion species [1]. Changes in this
voltage, during action potentials for example, occur via
ion flows through specialized pores in the cell membrane.
The more rapid the ionic flows through the pores, and
the more quickly they can be gated, the more efficient
the overall system can be.
Recent advances in imaging pore proteins at the

nanoscale have shown that pores are not just simple
holes through the membrane, but are sculpted structures,
particularly on the intracellular side of the membrane.
For example, the elegant images of Sokolova et al [2] of
the potassium Shaker channel show a “hanging basket”
structure decorating the interior side of the membrane
(Fig. 1). Recent images of sodium channel proteins by
Sato and colleagues [3] and Payandeh et al [4] again dis-
play not just a simple hole, but an intricate series of
tubes, suggesting a nanofluidic device (Fig. 2). In each of
these examples there are lateral tubes, lying parallel to
the membrane surface.
What are the functions of these shapes? As an evolved

form, they need not have any single “function”. But one
can still speculate as to how a particular shape might
facilitate the task of gating a stream of ions from one
side of a membrane to the other. We will suggest that
as part of this task, some membrane pore proteins may
be in rapid rotary motion. By simple angular momen-
tum arguments, if ions and water molecules follow any
sort of spiral path through the membrane pore, rotary
motion of the pore protein itself is not only possible, but
likely. Further, ions driven by an electrical field along a
helical path can generate considerable torque acting on
the structure as a whole.
The motif of a spinning biochemical rotor is by now

familiar. Besides bacterial flagella, we have the example
of ATP synthase, a catalyst which operates a rotating
motor on a molecular scale [5]. So if it can be demon-
strated that ionic pores rotate during conduction, we sim-
ply have another example of a known architecture, albeit
one that perhaps at least temporarily takes over the title
of “smallest biological motor”.

I. THREE ARCHITECTURES

A variety of pore protein structures have been visual-
ized, at increasing resolution. They typically are com-

posed of subunits, assembled with a twist, a definite
handedness. Here are a few examples from recent lit-
erature, interpreted with a view towards possible pore
rotation.

A. The “lawn sprinkler”

Payande et al [4] present remarkable images of a
voltage-gated sodium channel, produced by crystalizing
the pore membrane protein. Figure 2 sketches what they
observed. Four subunits assemble into a structure shaped
like a top, with an embedded pinwheel pattern of chan-
nels connecting the central pore to the outside. Their
work, in accordance with conventional understanding, as-
sumes that the central pore passes all the way through
the protein, and that this is the path that the sodium
ions take. They note though that the supposed “acti-
vation gate” at the bottom of the protein is closed, and
that “it is surprising” to find a closed gate under the con-
ditions in which the protein crystal was formed. They
suggest that the lateral channels somehow close up when
the channel is being gated.
However let’s assume for the sake of argument that the

flow in fact travels the paths revealed in the new images,
that is, down the center from the top, then out the sides
through the bent chanels. This leads to a rather different
conception of the flow pattern. The sodium ions exit the
pore protein laterally, and then proceed downward to the
cytoplasm along the outside of the protein.
As indicated in Fig. 3, this fluid path will add a large

helical component to the path. First, there is the pin-
wheel structure of the lateral channels, as shown in the
left panel of the figure. This causes a clockwise turn in
the flow. Then, there are the helical grooves along the
outside of the protein, which act to impel a further ro-
tation of the flow, again in the clockwise direction, as
can be seen in the stereogram in the right side of the fig-
ure. As will be discussed later, both these effects result
in a reaction torque of the rotor in the opposite counter-
clockwise direction.
Note that there is an additional sharp right-hand and

downward curve at the outer ends of the lateral channels.
The explanation for the existence of these channels sug-
gested in Ref [4] is that they provide access to the central
pore for lipid soluble drugs. But the form of these pas-
sageways seems not suited for direct access to the center,
and argues instead for a much more dynamical function.
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FIG. 1: Image of the “Shaker” potassium channel from Sokolova et al [2]. From left, side view (with indication of membrane
location), bottom view, top view. Scale bar is 100Å. Note the four windows at the bottom, and the four exit pores at the top.
There is a twist in the fluid path between bottom and top.

FIG. 2: A voltage-controlled sodium channel, as imaged by Payande et al [4]. The central tube of the protein is connected to
the outside by pinwheel-shaped channels (colored red).

Figure 4 sketches a side view of this protein, which
emphasizes the prominent spiral vanes running along the
outside of this structure, at about a 45 degree angle, and
the pinwheel shape of the interior channel. On the face of
it, at least to a naive observer, this looks a rotor, which
might act as some sort of pump or turbine.

Adding details to a speculation increases the probabil-
ity of being wrong, nevertheless consider the cartoon of
sodium channel ion gating drawn in Fig. 5. The protein
as a whole lifts up, and then spins, allowing ion passage
on the outside. There is perhaps an attractive simplic-
ity to this mechanism. For example, when the channel
is open, not all ions need pass through the “selectivity
filter” located in the center of the pore, thus increas-
ing overall flow. In addition, it might help explain the
movement of observed “gating charges” which precede
the flow, as well as the action of certain lipid-soluble tox-
ins which only act when the channel is open [1].

B. The “four-by-four”

The images in Sokolova et al [2] of the “Shaker” potas-
sium channel, produced using cryo-electron microscopy,
again did not reveal a simple hole through the membrane,
far from it. Instead, as sketched in Fig. 1, ions apparently
enter the pore laterally through four windows in a large
“hanging basket” structure which extends into the cyto-
plasm, then exit through four holes at the outside of the
membrane. Now if the two sets of four holes were at the
same relative angle, we would expect no net torque due
to the flow, by symmetry. But in fact a net twist was ob-
served, which breaks the symmetry. It appears that the
fluid flow undergoes a 45 degree turn as it passes through
the top part of the structure. A 45 degree twist is also
reported between upper and lower orifices in a sodium
channel imaged by by Sato et al [3], although the ge-
ometry of the plumbing of this channel is again not yet
clearly resolved.

The “hanging basket” or “gondola” seems to be a re-
curring theme in the flood of striking images that have
been appearing. In an intriguing recent paper, Clarke
et al [6] explicitly address the torsion between top and



3

l

r

FIG. 3: Geometry of the rotor. (left) High speed jets of sodium ions and water exit the four portals, spinning the pore protein
in the direction indicated. The angular momentum of the fluid flow depends on the length of the non-radial straight segment
l, the moment arm r and the total mass flux through the pore. (right) Stereo viewgraph, adapted from the Supplementary
Material of Payande et al [4]. (Presented for viewing with eyes crossed). View is same as left panel, from top of the protein.
Note that counter-clockwise rotation of the helix corresponds to a downward flow of ions and water on the exterior of the
protein.

FIG. 4: Sketch of the exterior of the sodium channel protein (left), and the shape of the interior channel (right), through which
a flow of sodium ions and water passes. Computer graphic courtesy of Chris Shaw. Sure looks like a rotor!

bottom of such a structure (Fig. 6), in another potassium
channel protein. They observe variable twists of up to 23
degrees (perhaps 45/2?), and suggest that this motion
might have a relation to channel gating. Their observa-
tion that the twist is variable may mean that, if channels
spin, the rate of rotation itself is under biological control.

C. The “twisted barrel”

Among the most spectacular of the recent molecular
images are those of Unwin and collaborators, of the “nico-

tinic acetylcholine receptor” of the electric organ of the
marbled electric ray, Torpedo Marmorata. This organism
feeds by shocking passing fish. Large voltages and cur-
rents are required to operate in the high conductivity salt
water environment, these are generated in high-density
arrays of channels called “electrocytes”. The channels
will naturally organize into a lattice, this tendency to
crystallize allowed high-resolution Fourier analysis.

The resulting pictures showed what Unwin called a
“twisted barrel” [7]. Later images indicate a more intri-
cate structure, but to a first approximation the channel
is constructed of five subunits, “in which each subunit
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FIG. 5: Putative operation of a voltage-controlled sodium channel. The entire protein moves vertically, allowing spinning and
lateral flow out the four windows, and down the sides to the cytoplasm. The diagram indicates the possibility that some flow
bypasses the central pore altogether.

FIG. 6: (left) Diagram from Clarke et al [6]. A potassium channel, with similar architecture to Fig. 1. Twist angle between
upper and lower portions of the protein is variable, up to 23 degrees. (right) Sketch indicating that a helical fluid flow in a
cylinder (entering the bottom and exiting the top holes) will result in a rotation in the other direction of the cylinder itself.
Rotation rate will depend on relative angle between upper and lower holes.

resembles the blade of a propeller” [9], see Fig. 7. Note
that the angle of the blades is around 45 degrees.

This channel opens when the neurotransmitter acetyl-
choline binds to two specific sites on the protein. Sodium
ions then pour through the channel, along a helical path,
and as will be argued below, can exert considerable
torque on the protein as a whole.

II. WHY THE ROTATION?

An open ion channel can easily pass 107 ions per sec-
ond, this can be directly measured by patch clamp tech-
niques. This is the same order of magnitude as move-
ments expected in bulk diffusion; flow through an ion
channel can be 30 times greater than through a simple
pore like gramicidin A [1]. That such a flow though a sin-
gle file pore could occur at these rates simply by unaided
diffusion strains credulity, at least for some authors, see
for example the discussion in Eisenberg [10].



5

FIG. 6. ACh-induced changes at the level of the gate, in the middle of the membrane. The �-helical rods move back toward the outer,
star-shaped rim of density, widening the pore at this level; in contrast, there is no significant change in the structure of the outer rim. Blue,
before exposure toACh; white and pinkish brown, after exposure toACh.

FIG. 7. Configuration of �-helical rods around the open pore. The bend is at the same level as in the closed pore (see Fig. 4a), but instead
of pointing inward has rotated over to the side. A right-handed twisted barrel configuration of helical segments is formed in the
intracellular leaflet of the bilayer. The broken line indicates the level of the section shown in Fig. 6.

187NICOTINIC ACh RECEPTOR OF THE Torpedo RAY

FIG. 7: Central pore of the open acetylcholine receptor channel, at 9Å resolution, from Unwin (1998) [7]. Sodium ions flow
downwards, past five helical blades. Considerable torque on the unit as a whole can be generated.

the a-subunits) linking the disturbances around the

binding pockets to the membrane-spanning part of the

receptor. In the membrane, the exposure to ACh did

not bring about any obvious alteration of the rim of

density facing the lipids, whereas the M2 rods switched

quite dramatically to a new con¢guration in which the

bends, instead of pointing towards the axis of the pore,

had rotated over to the side. As ¢gure 5 shows, the

pore was opened up in the middle of the membrane as

a result of this action, increasing its diameter there by

ca. 4 Ð.

In the cytoplasmic lea£et, the con¢guration of M2 rods

around the open pore consisted of a `barrel’ of a-helical

segments (¢gure 6a), resembling the right-handed twisted

barrels of pore-lining a-helices found in the bacterial

toxin B-pentamers (Merritt & Hol 1995) and the

mechanosensitive channel, MscL (Chang et al. 1998).

However, in the case of the receptor, the a-helical

arrangement gave the pore a strongly tapered shape,

making it most constricted at the cytoplasmic membrane

surface. Furthermore, only the lower portions of the a-

helices came close enough to each other to be stabilized

by side-to-side interactions around the ring. This limited

association, combined with the rigidity of a barrel, might

be important in ensuring both precise permeation and

fast gating kinetics.

A tentative alignment of the densities in the cyto-

plasmic lea£et with the M2 sequence suggested that a line

of small polar (serine or threonine) residues would lie

almost parallel to the axis of the pore when the channel

opens (¢gure 6b), an orientation that should stabilize the

passing ions by providing an environment of high polariz-

ability. The threonine residue at the point of maximum

constriction (Torpedo aThr244), when substituted by other

residues of di¡erent volume, has a pronounced e¡ect on

ion £ow, as if it is at the narrowest part of the open pore

(Imoto et al. 1991; Villarroel et al. 1991). Mutagenesis

experiments conducted on residues in the loop next to the

threonine residue also emphasize the critical nature of

this region (Wilson & Karlin 1998; Corringer et al. 1999),

although the e¡ect of the substitutions and/or insertions

on the folding of this sensitive part of the protein are

unknown.

A simple mechanistic picture of the structural transi-

tion, obtained from the study of the activated receptor, was

as follows (¢gure 7). First, ACh triggers distinct, localized

disturbances at the binding sites in the two a-subunits.

Second, the e¡ects of these of these disturbances are

communicated, through small rotations of the a-subunits,

to the structure in the membrane. Third, the M2

segments in the membrane transmit the rotations to the

gate-forming side-chains, drawing them away from the

central axis; the mode of association near the middle of

the membrane is thereby disfavoured, and the segments

switch to the alternative side-to-side mode of association,

creating an open pore.

1820 N. Unwin Fast synaptic transmission

Phil.Trans. R. Soc. Lond. B (2000)

Figure 7. Schematic drawing of the opening mechanism

suggested by the freeze-trapping experiments. Binding of ACh

to both a-subunits initiates a concerted disturbance at the

level of the binding pockets, which leads to small (clockwise)

rotations of the a-subunits at the level of the membrane. The

rotations destabilize the association of bent a-helices forming

the gate, and favour the alternative mode of association

(¢gure 6), in which the pore is wider at the middle of the

membrane and most constricted at the cytoplasmic membrane

surface. (Adapted from Unwin 1998.)

Figure 8. Architecture of whole receptor, emphasizing the

external surface and openings to the ion-conducting pathway

on the extracellular and cytoplasmic sides of the membrane.

The positions of the two a-subunits, the binding pockets

(asterisks), gate of the closed channel (upper arrow) and the

constricting part of the open channel (lower arrow) are

indicated. The subunits are slightly tilted around the axis of

the receptor; thus it is the ad-subunit that can be seen through

the `window’ in the wall of the cytoplasmic vestibule at the

back of the receptor.

FIG. 8: Views of the acetylcholine receptor channel, at higher resolution. (left) Side view, asterisks indicate locations where
acetylcholine molecules bind. Both sites must be occupied for the channel to be opened. From Unwin, (2000) [8]. (right) Side
view, and a cross-section of the channel taken midway through the membrane. Water and ions are conjectured to enter at the
asterisk (top), and to be present at the arrow (bottom). From Miyazawa, Fujiyoshi and Unwin (2003) [9].

If ion channels rotate, they presumably do so to in-
crease ion flows across the membrane. But how can in-
serting a rotor in a simple open hole increase the net
transport of ions? This will be a preliminary discussion,
more careful work is in preparation.

Figure 9 presents a proposed explanation. On the left
side of the figure, consider an ion resting on the vane of
a rotor, free to turn. An electric field acts on the ion,

producing a downward force. If the vane is at an angle,
this force is resolved into a torque on the rotor as a whole,
the torque is at a maximum when the vane is at an angle
of 45 degrees. We can compute the torque, given the
charge of the ion and the radius of the rotor.

However in a real ion channel, there are often many
ions in the pore at one time, and few if any would be
actually sitting directly on a vane. How can we estimate
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FIG. 9: A possible explanation why adding a rotor increases transport across a membrane. (left) An ion pulled by an electric
field imparts a torque to the rotor. (right) The rotor efficiently propels ions and uncharged water molecules downwards. The
net transport of the mixture is greater than that of a simple open pore of the same effective area.

the total torque on the rotor in this case?
The answer may be simple. The system is dominated

by friction, an ion will experience many thousands if not
millions of collisions as it passes through the pore. We
expect first-order dynamics [10]. Consider weighing the
system consisting of a marble sinking in a jar of honey.
Once the marble has reached its terminal velocity, the
system is in a “dynamic equilibrium”, and its weight is
the simple sum of the marble and the jar of honey, even
though the marble is moving.

The rotor situation is similar, because of the large
time-scale differences between dynamical relaxation pro-
cesses in the fluid flow, and any likely rotor motions. A
gas of hard disks, for example, relaxes to a local Maxwell-
Boltzmann velocity distribution in only a few collision
times, although diffusional spatial mixing takes much
longer (unpublished computer simulations). The mean
time between collisions in water is of the order of 10−13

seconds, thus we can expect relaxation to an equilibrium
momentum distribution within a picosecond. Thus, from
the point of view of the fluid moving through the pore,
even a rotor turning at say 100 kHz acts as a nearly sta-
tionary boundary condition. So the stresses of any mov-
ing ions in the fluid will be collected by the rotor below,
and converted to torques in a simple additive fashion.

Stated another way, momentum degrees of freedom re-
lax essentially at the speed of sound, but spatial mixing is
sterically hindered. Note that in this picture the torque
on the rotor is independent of rotation rate. So the ro-
tor would accelerate until its speed is checked by back
pressure of the ion flow, or overall friction on the rotor.

The right side of the figure schematically indicates that
the rotor can in turn impart momentum coherently to the
fluid volume as a whole. This results in less dissipation
within the fluid, and greater net transport. Momentum
passes through the single degree of freedom of the rotor,
and is added to the motion of in particular the uncharged
water molecules, in the direction of the flow, in a much
more efficient fashion than less oriented collisions with

individual moving charged ions. In this sense, the rotor
acts directly as a pump. Diffusion of isolated ions moving
through water in a fixed channel would be much slower.
Admittedly, this is a central argument of this paper,

and needs to be made more precise. A computer simula-
tion is under construction.
Again, how can an added mechanical degree of freedom

improve upon the diffusion occurring through a simple
open hole? It perhaps seems like perpetual motion. But
we must remember, this is not an equilibrium situation,
and intuitions based on equilibria may not apply. For
example, a rectifier, a highly nonlinear circuit element,
can be constructed on the nanoscale which will operate at
arbitrarily small potential differences [11–14]. Also, the
work of Helbing et al [15] on the movement of crowds,
as well as recent work of Zuriguel et al [16] on granular
flow from a hopper demonstrates that placing obstacles
in a diffusive flow can actually enhance the flow rate, in
a strongly nonequilibrium situation.
It is worth noting that, even if the rotor were not free to

turn, the torque imparted to the helical structure would
be large, more than enough to produce conformational
changes. To put in some numbers, and referring again to
the left side of Fig. 9, consider the torque on a rotor with
vanes inclined at the kinetic optimum of 45 degrees, pro-
duced by an ion of charge e, in an electric field E pointed
downward. A voltage of 70 millivolts across a membrane
of only 25 Å or so produces a very large electric field.
Assuming a rotor radius of 10 Å, we obtain a torque of
τ ≈ 2.5× 10−14 dyne-cm per charge.
If the protein is not free to rotate, but is still subject to

a rotational torque, bonds will presumably be deformed
in response. We can estimate the amount of elastic en-
ergy stored as a result. Energy stored in a linear spring
is E = 1/2 kθ2, where k is the torsional spring constant.
But we know that τ = kθ, and we have an estimate
of τ from above. So E = 1/2 τθ, assuming a modest
twist θ ≈ 1, we get E ≈ 10−14 erg, or of the order of
kT stored energy due to the torque from just a single
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charge. Many charges acting cooperatively would result
in enough available energy to at a minimum produce con-
formational changes of the protein.

So the general picture is that part of the energy avail-
able in the form of the electric potential across the mem-
brane is used to operate the rotor directly as a pump, in-
creasing the flow of ions across the membrane. It might
be objected that there is not enough energy available
to overcome friction and spin a “heavy” protein, weigh-
ing about 300,000 daltons, at any significant speed. The
question of “friction” at molecular length scales is prob-
lematical, but the available energy is enormous. A quick
estimate shows that if even one millionth of the elec-
tric potential energy passing through the channel were
diverted to pore rotational energy, the protein would ac-
celerate to 1000 Hz in a microsecond. From this point of
view, if there is any helicity at all in the protein structure,
the question becomes not why the pore protein spins, but
why it doesn’t.

III. GATING AND ROTATION, THE
“HANDBRAKE”

A central task of an ion channel is to gate ionic flows,
to open, either in response to the presence of a particular
molecule (a “ligand”) such as acetylcholine (ACh), or a
change in voltage across the membrane. Usually, pore
openings are binary events, the pore is either completely
open, or completely closed. Pores open and close stochas-
tically, governed by a probability distribution which is
influenced by, for example, the voltage across the mem-
brane. The Hodgkin-Huxley equations, which give mem-
brane currents as a continuous function of voltage, de-
scribe a macroscopic average over many pores.

If the argument of this paper is correct, the observed
bistability of channel flow, whether a given channel is
conducting or not, corresponds to a protein rotating or
not rotating. Ligands or voltages would control “hand-
brakes” which halt the rotation by friction. The stochas-
tic element of channel opening and closing could be de-
scribed as a “stick-slip” regime of the rotor frictional en-
vironment. Again, the meaning of “friction” on these
atomic scales is questionable, but perhaps some macro-
scopic intuitions are still useful.

A further possible advantage of the handbrake and ro-
tor architecture is that more than one brake could act
on the single central rotor. That way, different influences
could act in parallel to slow or stop the rotor. For ex-
ample, a brake more towards the intracellular part of the
pore would correspond to an “activation gate”, and an-
other brake closer to the outside would correspond to an
“inactivation gate”. This positioning is in accord with
the current understanding of ion channel physiology and
structure [1].

A. ACh receptors, “handbrakes” on the rotor

The nictotinic ACh receptor requires the binding of
two molecules of acetylcholine to open the channel. As
sketched on the left in Fig. 10, in the nonconducting state
two of the five subdomains are in a “distorted” confor-
mation. But when acetylcholine binds to these sites, they
relax to a conformation similar to the other three units.
Both receptors must be filled for the channel to conduct.
To quote Unwin and collaborators [20], “The conversion
of the receptor to a more symmetrical state is therefore
an additional, fundamental property of the activation
mechanism”. The interpretation in terms of the rotat-
ing channel picture is clear, acetylcholine retracts a pair
of “brakes”, allowing the rotor to turn, and the channel
to conduct.
Unwin and collaborators describe changes in the pore

configuration as the receptors are filled. But a recurring
difficulty of trying to describe gating of this channel is
the long distance (50 angstroms) from the receptor sites
to the location where the actual gating is assumed to
take place. As shown on the left in Fig. 8, the binding
sites are up above the membrane at the asterisks, and the
gates are presumed to be down at the membrane level,
indicated by the two black arrows. So a long molecular
linkage must be found; the handbrake model does not
have this problem. Perhaps the two descriptions can be
combined, when both brakes are released, the central por-
tion can twist, and affect the pore geometry through a
torsional conformational change.
Natural channel toxins, from spiders, snakes, poi-

sonous plants, snails, frogs, and other creatures best
avoided, have been invaluable in the study of ion channel
function [1]. The action of several of these toxins can
interpreted as freezing the “handbrakes” either on or off.
Figure 11A and B, adapted from Hansen et al [18], show
the effect of various toxins on a simpler ACh-type recep-
tor, one with a rotor constructed of five identical units.
“Antagonist” toxins jam the channel closed, with “C-
loops” extended, as shown on the left of Fig. 11A, while
“agonist” toxins pull the C-loops in, allowing the rotor
to spin, and holding the channel in a conducting state.
The action of the Lynx spider toxin, illustrated in

Fig. 11C is particularly easy to understand, if ion chan-
nels rotate. One end of the toxin attaches to the rotor,
and the other end anchors to the membrane [19], thus di-
rectly preventing rotation. How this toxin might operate
otherwise is obscure, as it attaches to locations far from
both the ligand binding sites and the gate.

B. Voltage control and “handbrakes”

Exactly how voltage changes across the membrane
are converted to ion flux changes, thus enabling trav-
eling nerve impulses and all animal mischief, remains un-
clear. For one introduction, see Horn [21], and references
therein and thereto.
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domain are each organised around two sets of
b-sheets packed into a curled b-sandwich and
joined through the disulphide bridge forming the
Cys loop, as was shown by the structure of the
closely related soluble protein, AChBP.6 The ACh-
binding sites lie at the a–g and a–d subunit
interfaces, and are contributed mainly by residues
from loops A, B and C, connecting b-strands in the
a subunits.7–9 The subunits in the membrane-
spanning domain are each made from four a-helical
segments (M1–M4).10 The helical segments are
arranged symmetrically, forming an inner ring of
helices (M2), which shape the pore, and an outer
shell of helices (M1, M3 and M4), which coil around
each other and shield the inner ring from the lipids.
In the closed channel, the inner ring of helices come
together near the middle of the membrane to make
a constricting hydrophobic girdle, which consti-
tutes an energetic barrier to ion permeation11,12 and
may function as the gate of the channel.10,13 The
subunits in the intracellular domain each contribute
one a-helix (part of the M3–M4 loop), which
together make the wall of the vestibule.14

Insight into the structural mechanism of gating
has been obtained by electron microscopical
experiments on helical tubes grown from Torpedo
postsynaptic membranes,15,16 using a rapid spray-
freezing technique to mimic the synaptic release of
ACh and trap the open-channel form.17 These
experiments showed that binding of ACh initiates
two interconnected events in the ligand-binding
domain. One is a local disturbance in the region of
the ACh-binding sites, and the other a larger-scale
conformational change, involving rotational move-
ments predominantly in the two a subunits. The
inner M2 helices also change their configuration in
response to ACh, widening the lumen of the pore at
the middle of the membrane. Higher resolution
studies of the extended conformational change18

and of the structure in the membrane10 suggested a
simplified mechanical model for the channel open-
ing mechanism, whereby ACh triggers rotations of
the inner b-sheets of the a subunits and the twisting
movement, communicated through the inner
helices, breaks the gate apart.

In addition to the structural details, summarised
above, the roles played by individual amino acid
residues in determining the ligand-binding, gating
and cation-conduction properties of the ACh
receptor have been extensively characterised by
chemical labelling and by site-directed mutagenesis
experiments combined with electrophysiological
study of function.19–28 Other experiments of this
kind, performed on GABAA, glycine, 5-HT3 and
neuronal a7 receptors constitute a wealth of
complementary information.

We report here a preliminary three-dimensional
framework for relating these biochemical and
physiological data, based on refinement of a 4 Å
structure obtained from electron images of the
tubular Torpedo membranes frozen in a near-
physiological ionic environment.10 The refined
model enables a detailed description of the whole

receptor in the closed-channel form, including the
ligand-binding region and vestibular entrances,
which have not previously been interpreted at a
chemical level. We confirm that the two ligand-
binding a subunits have a different extended
conformation from the three other subunits in the
closed-channel form of the receptor,18 and identify

Figure 1. Packing of receptors in the p2 tubular surface
lattice. (a) View down the axis of a single receptor and
(b) view from the side, parallel with the membrane plane.
Individual receptors are embedded in a curved lipid
matrix and come closest to each other at radial 2-fold axes
(asterisks in (a)). A disulphide bridge between cysteine
residues of neighbouring d subunits lies at one such axis
(blue asterisk); the C loops of neighbouring a subunits
(ag) lie at the other (red asterisk). The direction of the tube
axis and location of the membrane are indicated in (a) and
(b), respectively. The cysteine residues at the 2-fold axis
are the penultimate residues of the d subunits (see
Figure 5), and are in a region of weak densities where
the polypeptide chain could not be traced (broken line in
(a)). Individual subunits are in different colours (a, red; b,
green; g, blue; d, light blue).

968 Refined Structure of Nicotinic Acetylcholine Receptor

the b1–b2 loop), which are critical for receptor
function. The membrane-spanning portion is com-
posed of four a-helical segments, M1–M4, and the
functionally important M1–M2 and M2–M3 loops.
It is joined covalently to the extracellular domain at
the end of M1, and also interacts, through M2–M3,
with the b1–b2 and Cys loops. The intracellular
portion is composed mainly of the stretch of
sequence between M3 and M4, and includes a
curved a-helix, MA,34 which precedes M4. Most of
the rest of M3–M4 (i.e. M3–MA) appears to be
disordered and is not seen in the structure.

Figure 5 shows how the structural elements of the
a polypeptide chain are organised in relation to
the amino acid sequence. The aligned b, g and d
chains have the same organisation, and their
corresponding three-dimensional structures closely
resemble that of the a chain, except in some
short non-conserved regions (e.g. in the b8–b9 and
C loops).

Symmetry

The approximate 5-fold symmetry of the

receptor was examined further by determining the
angles required to achieve optimal least-squares
superposition of the subunits around the pentamer.
Deviations from 5-fold were found to be smallest
in the membrane-spanning domain, where each
subunit assumed an orientation lying within 28
(s.d.Z1.618) of the value required for exact register
with a 5-fold-averaged structure. These deviations
appeared to be a consequence of structural
variations (which are most pronounced with
M410) arising from the non-identical amino acid
sequences. However, the deviations from 5-fold
were greater in the ligand-binding domain, because
the two a subunits achieved exact register at
rotation angles quite different from those of the
other three. Using superpositions of the 190 most
closely matched Ca atoms, for example, the devia-
tions were: agZK3.178; bZC0.858; gZC2.718;
dZC3.718; adZK4.088 (ag is the a subunit next to
g; minus is anticlockwise, viewed from the synaptic
cleft). Hence there is an apparent anticlockwise
rotation of the a subunits relative to the non-a
subunits in the ligand-binding domain. This
apparent rotation reflects the fact that the a
subunits in the closed channel have a distinct

Figure 4. Ribbon diagrams of a
single subunit (a) viewed parallel
with the membrane plane, in orien-
tations such that the central axis of
the pentamer (vertical line) is (a)
at the back and (b) to the side.
The a-helices are in yellow; the
b-strands composing the b-sand-
wich are in blue (inner) and red
(outer). Locations of the N and C
termini, aTrp149, aV46, the Cys-
loop disulphide bridge and the
membrane (horizontal bars) are
indicated. Part of the M3–M4 loop
(connecting MA to M3) is missing.
Labelling of secondary structural
elements and loops in this Figure
and Figure 5 corresponds to that
given inpreviouspublications.6,10,34
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FIG. 10: (left) Diagram of “handbrakes”, both must be retracted to enable rotation of the channel. (center) Arrows indicate
location of “C-loops”, which retract when acetylcholine binds to the receptor. (a) top view, (b) side view. (right) Structure of
one of the pentamer units. Note that there seems to be no direct connection between the outer M4 - MA sheath and the rest
of the protein. Center and right panels taken from Unwin (2005) [17].

Figure 12, adapted from Horn [21], sketches one promi-
nent model. Charged “voltage control paddles” move in
response to a membrane depolarization, and open the
channel [22]. Many details of this model remain con-
tentious issues. How exactly does the supposed “linker”
at the bottom open the central pore [23]? Do the “pad-
dles” move across most of the span of the membrane [22],
or only a short distance [24]? Or do the paddles even de-
tach completely when the channel opens [25]?

Though this is just one of several competing models, it
is worth noting that the “paddles” are at the periphery
of the pore protein, not next to the channel as might be
expected for direct control of gating by a voltage sensor.
Further, a proposed motion of the paddle which opens the
pore is a retraction from an extended position to a more
compact configuration. This is akin to the “handbrake”
model discussed above, the channel can more easily ro-
tate if extended arms are pulled in.

Figure 13 illustrates a top view of the “Shaker” voltage
controlled potassium channel, according to Phillips and
Swartz [26]. The four outer units, the putative charged
voltage sensors, are attached by apparent hinges to the
central putative pore. Phillips and Swartz argue, on the
basis of mutation studies, that their data is best ex-

plained by a model in which the four “paddles” move
independently, and that “the channel is open (conduct-
ing) only when all four voltage sensors move into the
open position”. In another mutation study, Gagnon and
Bezanilla [27] disable two and even three of the “paddles”
by neutralizing their charges, and find that the chan-
nel still functions, reacting to voltage changes across the
membrane. Presumably the disabled paddles are in the
“up” position (“up” and “down” are common terms in
the literature for voltage sensors in respectively the open
and closed position). Again, a model wherein all four
handbrakes must be released to enable rotation and thus
conduction is capable of explaining these results.

Much of the discussion of voltage gating appearing in
the literature is perhaps somewhat suspect, for the fol-
lowing reasons. The standard picture [1], which goes back
to Hodgkins and Huxley, is that the channel is opened in
response to a voltage change across the membrane, by
a conformational change. Some “gating charges” move
in the electric field, “performing mechanical work” on
the channel, and opening it. A thermodynamical treat-
ment, assuming an equilibrium Boltzmann distribution
and a fixed temperature, can relate the steepness of an
observed voltage response curve to the number of gating
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antagonist-bound ‘intermediate’ conformations (apo struc-
ture and MLA complex); (iii) the agonist-bound ‘closed’
conformations (LOB and EPI complexes) (Figure 5B). Indeed,
A-AChBP in the apo conformation lies between the peptide
antagonist- and the agonist-bound conformations. Loop C in
the Cbtx–L-AChBP complex adopts a similar intermediate
conformation as seen in the apo structure and the MLA–A-
AChBP complex, but it is tangentially displaced by B4 Å
toward loop b7–b8 (Bourne et al, 2005), suggesting either
a common mechanism for peptide toxin antagonism or that
the Cbtx fingers lock loop C in a unique position. The slower
ligand association rates observed for the peptide toxins
(Hansen et al, 2002, 2004), being well below the diffusion
limitation, may be a consequence of the transition to the
extended (open) loop C conformation.

Residues at the tip of loop C contribute to the subunit
interface and wrap around the bound agonist, with Ser196
bound to Asp164 in loop F from the (!) face as seen for
Hepes-bound L-AChBP (Brejc et al, 2001). Hence, a series
of local conformational changes specific to each ligand is
observed, and loop C behaves as an induced-fit ‘sensor’
adapting its configuration to the structural characteristics of
the ligand entering the binding pocket (Figure 5B). This motif
may not only govern ligand specificity but also whether the
ligand elicits channel-opening events, that is, the efficacy of
the ligand as an agonist. These findings are consistent with

early studies where the vicinal Cys residues on loop C of the
nAChR were reduced and labeled with quaternary sulfhydryl
reactive reagents. Those reagents with less bulk and shorter
distances between the quaternary nitrogen and reactive elec-
trophile produced a depolarization, while the more bulky
ligands with larger intersite distances maintained the receptor
in an inactive state (Karlin, 1969).

In the apo A-AChBP structure, the architecture of the
binding pocket is reminiscent of a resting state of the
nAChR (Unwin, 2005) with low affinity for the nicotinic
ligands. In contrast, the agonist-elicited closure of loop C is
associated with substantial reorganization of the recognition
determinants, for example, Gln186, Tyr188, Glu193, and
Tyr195; this results in a binding pocket configuration that
perhaps reflects a ligand-induced open channel or desensi-
tized state of the nAChR. At two of the five-subunit interfaces
in the ImI–A-AChBP complex, loop F adopts two alternative
conformations, indicating that this region also displays
significant conformational flexibility when antagonists
are bound.

Ligand selectivity
The aromatic nest rich in Tyr and Trp residues that charac-
terizes the ligand-binding site of AChBP and the nAChR
emphasizes the importance of cation–p interactions to stabi-
lize the cation of the nicotinic ligands (Lester et al, 2004).

Figure 5 Conformational fit mechanism and ligand selectivity. (A) Top views of the ImI-bound (red loops C) and EPI-bound A-AChBP
pentamers (blue loops C) showing the distinctive conformations for the antagonist and agonist complexes. (B) Overlay of loop C in apo A-
AChBP (gray) and the ImI (red), MLA (green), and EPI complexes (blue); the bound EPI molecule is shown in light gray. The curved arrow
denotes opening and closure of loop C upon antagonist and agonist binding. (C) Overlay of the A-AChBP-bound antagonists ImI (red) and MLA
(green). The surfaces of the (þ ) and (!) faces of the subunit interface are shown in yellow and cyan, respectively. The common competitive
binding site is at the center (labeled II); the two peripheral nonoverlapping sites are distinguished by ImI Trp10 (I) and the MLA N-phenyl
succinimide moiety (III).
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of local conformational changes specific to each ligand is
observed, and loop C behaves as an induced-fit ‘sensor’
adapting its configuration to the structural characteristics of
the ligand entering the binding pocket (Figure 5B). This motif
may not only govern ligand specificity but also whether the
ligand elicits channel-opening events, that is, the efficacy of
the ligand as an agonist. These findings are consistent with

early studies where the vicinal Cys residues on loop C of the
nAChR were reduced and labeled with quaternary sulfhydryl
reactive reagents. Those reagents with less bulk and shorter
distances between the quaternary nitrogen and reactive elec-
trophile produced a depolarization, while the more bulky
ligands with larger intersite distances maintained the receptor
in an inactive state (Karlin, 1969).

In the apo A-AChBP structure, the architecture of the
binding pocket is reminiscent of a resting state of the
nAChR (Unwin, 2005) with low affinity for the nicotinic
ligands. In contrast, the agonist-elicited closure of loop C is
associated with substantial reorganization of the recognition
determinants, for example, Gln186, Tyr188, Glu193, and
Tyr195; this results in a binding pocket configuration that
perhaps reflects a ligand-induced open channel or desensi-
tized state of the nAChR. At two of the five-subunit interfaces
in the ImI–A-AChBP complex, loop F adopts two alternative
conformations, indicating that this region also displays
significant conformational flexibility when antagonists
are bound.

Ligand selectivity
The aromatic nest rich in Tyr and Trp residues that charac-
terizes the ligand-binding site of AChBP and the nAChR
emphasizes the importance of cation–p interactions to stabi-
lize the cation of the nicotinic ligands (Lester et al, 2004).

Figure 5 Conformational fit mechanism and ligand selectivity. (A) Top views of the ImI-bound (red loops C) and EPI-bound A-AChBP
pentamers (blue loops C) showing the distinctive conformations for the antagonist and agonist complexes. (B) Overlay of loop C in apo A-
AChBP (gray) and the ImI (red), MLA (green), and EPI complexes (blue); the bound EPI molecule is shown in light gray. The curved arrow
denotes opening and closure of loop C upon antagonist and agonist binding. (C) Overlay of the A-AChBP-bound antagonists ImI (red) and MLA
(green). The surfaces of the (þ ) and (!) faces of the subunit interface are shown in yellow and cyan, respectively. The common competitive
binding site is at the center (labeled II); the two peripheral nonoverlapping sites are distinguished by ImI Trp10 (I) and the MLA N-phenyl
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In most regions that receive cholinergic innervation, the high
density of acetylcholinesterase (which can hydrolyze ACh at
a rate of one per 100 ms!) might vitiate the volume transmission
mechanism. In the interpeduncular nucleus, the acetylcholines-
terase density is sufficiently low to rationalize long-awaited,
recent evidence that 20–50 Hz presynaptic stimulation eventu-
ally generates a postsynaptic response via volume transmission
(Ren et al., 2011). As we will see below, the mystery of somato-
dendritic nAChRs can also be resolved by the sensitivity of a7
nAChRs to constant levels of another agonist, choline.
Although researchers have located the cholinergic neurons

and the nicotinic receptors, the problem remains: how can
changes in biophysical switches lead to widespread modula-
tion? A series of explanations arise, because nicotinic systems
are tightly balanced through a multilayered hierarchy of control
mechanisms. Acetylcholinesterase efficiently hydrolyzes acetyl-
choline, both turning off cholinergic signaling and also reducing
the likelihood of receptor desensitization. In addition, changes in
subunit composition and stoichiometry can influence receptor
desensitization, ligand affinity profiles, and conductance. Muta-
tions in nicotinic receptor subunits are linked to human disease,
a4 and b2 in some epilepsies, a7 in schizophrenia, and a5 in
nicotine addiction; and each mutation ultimately manifests itself
as an imbalance in the properties of neuronal circuits. Hyperac-

tivating mutations in nAChR subunits have revealed the exis-
tence of previously underappreciated cholinergic mechanisms
(Fonck et al., 2005; Drenan et al., 2008). Furthermore, posttrans-
lational mechanisms such as upregulation can play a part in
modifying the response properties of nAChRs and may underlie
susceptibility toward nicotine dependence. Finally, nAChRs
exist in complexes in the brain; interacting proteins engage in
complexes with nAChRs and aid in the assembly and trafficking
of nAChR to the plasma membrane; examples are RIC-3 (Lans-
dell et al., 2005), 14-3-3 proteins (Jeanclos et al., 2001), neurex-
ins (Cheng et al., 2009), and VILIP-1 (Lin et al., 2002).
The challenge of explaining the modulation of behavior in

terms of the microscopic properties of all-or-none synapses
occupies much of neuroscience; but one expects studies on
nicotinic systems to lead the way, if only because of their vener-
ability. Within the control hierarchy, especially sensitive points of
regulation can have important sequelae. This review discusses
three emerging hypotheses about ways that the nicotinic system
can be modulated. First is the role played by lynx modulators as
molecular brakes over the cholinergic system in stabilizing neural
plasticity and circuitry. A second example is a critical time in
neurodevelopment that controls the maturation of inhibition;
misregulation of a7 nAChR function may lead to increased
risk of schizophrenia. Lastly, we discuss how chronic nicotine

Figure 1. Major Characteristics of Some
nAChRs
(A) A diagram of the symmetric or pseudosym-
metric pentameric extracellular binding region,
modeled by the acetylcholine receptor binding
protein AChBP. The eyepoint is the cytosol; the
side chains and transmembrane domains do not
appear. The exemplar agonist (nicotine) is repre-
sented in black; two agonist binding sites form
at the interface between subunits. The open
state of the ion channel is more likely to occur
when agonist molecules bind at both interfaces
than at a single interface. An a subunit (red and
yellow) always participates in the binding inter-
face; the other participants are either a subunits
(in a7 homopentameric nAChRs) or non-a subunits
(in heteropentameric nAChRs such as a4b2*);
(see the table in C). The auxiliary subunit (aux, in
blue) does not participate in an agonist binding
site.
(B) Depiction of a nAChR molecule in the
membrane. The eyepoint is a neighboring nAChR.
The receptor is Unwin’s model for the Torpedo
electric organ muscle-type AChR (Unwin, 2005).
The model depicts the full extracellular region
(mostly b sheets), which strongly resembles the
AChBP structure shown in (A). Ribbons depict the
structural elements, whereas neither backbone
nor side-chain atoms appear. The model includes
the full transmembrane region (mostly a-helical)
and only part of the intracellular domains. The
schematic also imagines a lynx molecule (red)
bound at an a/non-a interface, positioned as in
structures of snake a-toxins bound to AChBP
(Hansen et al., 2005) or to the muscle nAChR
(Dellisanti et al., 2007). Lynx binding, as indepen-

dently proposed in a recent study (Lyukmanova et al., 2011), occurs at the agonist site shown in (A). The lynx molecule, unlike toxins, is tethered to the membrane
by a GPI linkage, here stretched to nearly its full extent and depicted as five hexagons.
(C) Some major nAChR subtypes found in brain. Each column represents the composition of a single pentameric receptor. The table shows our best present
knowledge about the properties of detailed stoichiometries. The colored boxes correspond to the subunits of (A) and (B). The bracket and the nicotine molecules
show the agonist-binding interfaces between individual subunits. Expression of each receptor subtype is wide-spread (WS), or restricted in the case of a6*
nAChRs, confined largely to dopaminergic neurons (DA), noradrenergic neurons (NA), or retinal ganglion cells (RGC).
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FIG. 11: Suggested mechanism of operation of various toxins on acetylcholine-type receptors. (A) top view, an “antagonist”
toxin extends the C-loop “handbrakes”, while an “agonist” toxin retracts them, allowing rotation in the direction indicated by
the red arrows. (B) various positions of the “handbrake”, fixed by toxins. red - α-conotoxin (sea snail) venom, an antagonist;
blue - epibatidine (Ecuadorian frog venom), an agonist; green - lobeline (“indian tobacco”), a partial agonist. (C) side view,
lynx spider venom. This toxin operates by attaching to the rotor, and dropping a “GPI” anchor to the lipid membrane, thus
precluding rotation. Panels (A) and (B) adapted from Hansen et al [18], panel (C) taken from Miwa et al [19].

charges required. Numbers on the order of 10 to 15 ele-
mentary charges moving across the entire potential drop
of the membrane are obtained, and this is often treated
as a hard constraint in the literature [1].

But there is no reason to expect channel gating to be an
equilibrium process. In fact, when the channel is open, a
full picowatt can be dissipated in the near neighborhood
of this supposed equilibrium. This is a large amount of
power on a molecular scale, a picowatt can bring a 10 Å
cube of water to a boil in under a microsecond.

By adding mechanical degrees of freedom to a system,
one can manipulate flows of energy in ways not amenable
to an equilibrium thermodynamics treatment. For exam-
ple, when you stop a car going down a hill by applying
the brakes, you are not actually “performing mechanical
work” on the vehicle with your foot. The additional de-
grees of freedom allow one to control a large object with
a small expenditure of energy.

IV. LOOKING FOR THE “SOCKET”

The membrane pore structures described above are
proteins of around 300 - 400 kDa, with radii near 30 -
50 Å, floating in a lipid bilayer. As mentioned earlier, if
such an object floats freely in a two-dimensional mem-
brane liquid, classical arguments yield a rotational diffu-
sion coefficient on the order of 104 second−1 [31]. This
means that even without external driving, the object will

be randomly rotating, due to thermal fluctuations. Aver-
age angular displacement will increase as the square root
of time, and a meander of a full rotation is expected in a
few milliseconds. An early experiment showed that the
rhodopsin molecule turns freely in the frog retina [32],
and the observed rotational diffusion was used to esti-
mate the diameter of a rhodopsin [33].

However, sodium and potassium channels often do not
move freely in the membrane, lateral diffusion does not
take place. In neurons, they are tethered to the cytoskele-
ton in dense groups, at the axon initial segment, and in
the nodes of Ranvier, and have been since around the
time we became chordates, and, a short eon later, ac-
quired a hinged jaw [34]. This localization would seem
to immobilize the channels, and preclude the premise of
this paper. But happily, a further exploration of the lit-
erature provides some intriguing detail, and a reprieve.

Connections between membrane proteins and the cell
cytoskeleton are made via “ankyrin” proteins, first found
in red blood cells [35]. Sodium channels in higher animals
are localized by a particular type, “ankyrin-G”. Now
channels in general often do not occur in isolation, but
rather as a part of a molecular assembly. For example
it was found that sodium channels in mammals occur in
association with “auxilliary β subunits” [36]. Subunit
β1 has been identified as the site to which ankyrin-G
attaches at one end, and the spectrin of the cytoskeleton
at the other, thus localizing the sodium channel. However
the β1 subunit is not covalently bound to the main α
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Channel Closed (arms out) Channel Open (arms in)

FIG. 12: Suggested operation of a voltage controlled gate. Changes in voltage across the membrane act on the charged paddles,
and pull the arms upwards and inwards, releasing the “handbrakes”, and allowing rotation. Figure adapted from Horn [21].

FIG. 13: Top view of the “Shaker” potassium voltage controlled gate, according to Phillips and Swartz [26]. The outer charged
paddles move upwards (towards the viewer) when the channel is opened, and are loosely attached to the central pore. Choveau
and colleagues suggest they might even detach completely [25].

FIG. 14: Diagram of the possible sodium channel subunit architecture, taken from the Isom lab website [28]. There is no
covalent bond between the β and α subunits, the latter is free to turn. The helical nature of the α subunit is not represented
here.
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FIG. 15: Diagram of a possible potassium channel subunit architecture, taken from Chen et al [29]. Once again, a β subunit
might serve as a socket allowing the interior rotor to freely turn.

with the exception of Trp453 in gM4 [54]. Spin-labeled
androstane and CSL are steroid analogs that differ from
the naturally occurring sterol, Chol, either in the presence
or absence, respectively, of an –OH group. The presence
of agonist modifies the accessibility of these spin-labeled
lipid analog to the fluorophore(s) in the AChR protein.
From the study of other systems such as the sarcoplasmic
reticulum Ca2+-ATPase [119], it was concluded that the
paramagnetic quenching of membrane-bound fluorophores
was predominantly static in nature. This is due to the fact
that the measured phospholipid lateral diffusion in
membranes, D, is about 10!8 cm2 s!1, i.e. relatively
slow with respect to the time window of these measure-
ments and thus the distance between the fluorophores and
quencher does not appreciably change during the lifetime
of the former. In the case of the quenching of AChR
intrinsic fluorescence, the mechanism is more complex,
probably mixed in nature, because of the dynamic
components arising from rotational motions and peptide
chain wobbling.

6. Stoichiometry and selectivity of the protein-vicinal
lipid

ESR is an excellent biophysical method for studying
the mobility, stoichiometry and selectivity of lipids at the
intramembranous surface of integral membrane proteins,
because its dynamic sensitivity is optimally matched to
the timescale of lipid rotational motions in biological
membranes, in the order of nanoseconds. ESR spectra of
spin-labeled lipids sense molecular motions corresponding
to rotational frequencies of about 108–105 s!1 [122].
Thus, spectra of lipids motionally restricted by interac-

tions with the surface of, or bound to, integral membrane
proteins are suitably resolved from those corresponding to
the fluid bilayer regions of the membrane. We have
reported that lipid mobility at the lipid shell surrounding
the AChR protein (the AChR-vicinal lipid, see Figs. 2–4)
is reduced relative to that of the bulk membrane lipid,
giving rise to a two-component ESR spectrum from
which the number and selectivity of the lipids at the
lipid–protein interface may be quantitated (see, e.g. Ref.
[125]). In this way, we were first able to demonstrate the
protein-induced restriction in mobility of spin-labeled fatty
acids and spin-labeled androstanol [123] and of spin-
labeled phospholipids [126] in AChR-rich membranes
from T. marmorata. Subsequent work demonstrated the
preferential association of AChR with spin-labeled ste-
roids, phosphatidic acid (PA), and fatty acids, rather than
with other kinds of lipid [77,163].

The possible functional implications of this topograph-
ical relationship between lipid and AChR protein became
apparent in studies showing that Chol and negatively
charged phospholipids were required to support the ion-
gating activity of the AChR [61,62,87], whereas fatty acids
blocked the ion-flux response [4]. The latter was inter-
preted as the perturbation of the functionally significant
interaction between AChR and Chol or negatively charged
phospholipids.

The FRET studies described above using the SM
fluorescent derivative also yielded information on the
relative affinity of the SM derivative for the AChR
protein. Thus, Py-SM exhibited a moderate-to-low selec-
tivity for the protein-vicinal lipid domain, with a calculated
relative affinity Kri0.55 [37]. This figure should be added
to the list of known selectivities of other lipids for the
AChR calculated from early ESR experiments: PS (0.7),

Fig. 3. Schematic diagram depicting the protein-vicinal shell and bulk lipid regions surrounding AChR molecules. Left panel: Unlike the vast majority of

individual proteins in cell-surface membranes (biceberg-like embedded proteins in a sea of lipidQ), the AChR molecules form tightly packed two-dimensional

arrays in the postsynaptic membrane, in which lipid molecules fill in the interstices. Red spheres immediately adjacent to the AChR molecules represent the

polar head regions of the phospholipids in the first-shell (bbelt layerQ, bannularQ) region. Only three to four phospholipid shells (lighter spheres) of bbulkQ lipid
separate the protein-vicinal first shell from an homologous, adjacent one surrounding a neighbour AChR protein. Right panel: Detail of the first-shell lipid in

Torpedo receptor-rich native membranes from fish electrocytes, all lipids in the membrane are in the liquid-ordered (lo) phase, with decreasing polarity towards

the protein molecules [7]. That is, the protein-vicinal lipid-belt region is more ordered than the bulk, bilayer lipid, and yet the two lipid regions form a

continuum from the physico-chemical point of view. The reasons for this are: (i) the protein-vicinal first-shell lipid is relatively immobilized with respect to

motions both around and perpendicular to the long molecular axes of the lipid molecules, respectively, with rotational correlation times about 50–100 times

longer than is typically found with fluid bilayer lipid [123]; (ii) the protein-vicinal shell lipid is characterized by a lower degree of penetration of water

molecules, thus rendering it less polar than the bulk bilayer lipid [7]; (iii) from (i), the lateral translational motion of the protein-vicinal lipid is inferred to be

50–100 times slower than that of the fluid bilayer lipid, i.e. ~105 s!1 [123], as expected for a lo phase.

F.J. Barrantes / Brain Research Reviews 47 (2004) 71–95 79

FIG. 16: Impression of an array of acetylcholine receptors, taken from Barrantes [30]. Proper functioning of these channels
requires at least one layer of surrounding lipids, indicated in red. The lipids could “lubricate” rotation or twisting.

subunit. Figure 14, taken from the Isom lab website [28],
illustrates the situation. From the point of view of this
paper, subunit β1 is a socket within which the α unit
spins.

The study of “subunits” for potassium channels is also
rapidly advancing [37]. Particularly evocative in the con-
text of a possible “socket” is Fig. 15, a diagram taken
from work by Chen et al [29].

Likewise the nicotinic acetylcholine channel (NACh)
does not float freely in the membrane. In the electric ray,
the channels occur in a lattice, and are localized by their
neighbors. In muscle, the channels are localized in the
neuromuscular junction. In either case, lateral motion
is impossible, so we must look for some sort of sheath
within which the protein rotates.

Unwin and coworkers crystalized a lattice of NACh
units, presumably similar to that of the in vivo electro-
cytes of the electric ray. This lattice is thought to be
fixed by disulphide bonds between neighboring units [38]
(the blue asterisk in the lower center of Fig. 10). Thus
for rotation within this constraint, we either have to ex-
plain away the disulphide bridge in Fig. 10, or look for a
socket. There does in fact appear to be a candidate. A
study of Unwin’s work suggests a division between parts
of the protein that rotate, and parts that are stationary.

The right panel of Fig. 10, from Unwin, shows one of

the five subunits, apparently divided between an interior
part, featuring chains M1 through M3, and an exterior
part, chains M4 and MA, in Unwin’s notation. Now it has
been generally assumed that all the chains, and all the
subunits are conjoined into a single unit. But a detailed
reading of Unwin’s admirably careful work suggests the
possibility that in fact the interior part might be able
to move relative to the exterior part, which is in contact
with the lipid membrane. If one looks for direct evidence
for a solid connection between the M4-MA portion (puta-
tive socket) and the M1-M3 portion (putative rotor), one
find comments like [9, 17] “Helix M4 is less precisely po-
sitioned ... and comes away from the others, by variable
amounts, at its extracellular end.” “Part of the M3-M4
loop (connecting MA to M3) is missing.” “Most of the
rest of M3-M4 (i.e. M3-MA) appears to be disordered
and is not seen in the structure.” “However, the descrip-
tion of these regions may be incomplete, given that parts
of the M3-MA loop may be involved that are not visible
in the structure.”

In short, there is enough uncertainty in the connection
to allow, at a minimum, continued wishful thinking.

An alternative possibility is suggested by work re-
viewed in Barrantes [30]. In this picture, schematically
illustrated in Fig. 16, NACh receptors are still closely
packed, but float either in a natural or a reconstituted
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lipid membrane. The emphasis of the Barrantes article
is that the surrounding lipids are absolutely necessary for
the proper function of the acetylcholine receptor. In fact,
at least one full layer of lipid (about 45 lipid molecules)
must surround the receptor protein for it to function [39].

Additional support for this picture is supplied by a
number of recent papers, e.g. [40], which note the “sur-
prising” fact that mutations affecting the structure of
M4, out towards the lipid membrane boundary, can have
a large effect on the behavior of the pore. Typically,
changes at the outer edge of the protein affect the statis-
tics of opening and closing, but not the actual magnitude
of the flow through the pore [41]. These experimental
facts are not surprising, and are in fact to be expected,
if NACh receptors are rotating.

V. ROTATION RATE ESTIMATES,
MECHANISMS

An interesting feature of the (presumptive) architec-
ture of the Payande et al sodium channel model, as well
as other models, is that the fluid paths are separated into
lateral portions, perpendicular to the electric field, and
thus not accelerated by it, and vertical portions moving
through the vanes of a rotor. We have possibly two func-
tionally separate structures, mounted on a single shaft,
like the compression and exhaust turbines of a jet engine.

In the case of motion perpendicular to the field, we can
consider conservation of angular momentum of this part
of the flow, in isolation. This gives a rotation estimate
which is just a function of the flow velocity, independent
of any applied field. In the second case, the electric field
does act on the fluid, and imparts a torque to the ro-
tor. This torque will accelerate the rotor, until opposing
forces rise enough to maintain a steady terminal velocity.

Again, the system is dominated by friction, we expect
first-order dynamics [10]. Estimates of the directed ro-
tation rate of a pore will be superposed on the random
thermal rotary motion. Numbers are taken from Hille’s
inescapable reference [1].

To begin, let’s consider the angular momentum of the
horizontal plate with spiral channels of Fig. 3, perpendic-
ular to the field, in isolation. Despite the thermal buf-
feting, and high dissipation, overall angular momentum
will be conserved. Even toothpaste squeezed through this
spiral path will produce a counter rotation, if the plate
is free to turn. So all we need do, if the protein is free
to turn, is compute the change in angular momentum of
the fluid flow around the protein axis, and apply it in the
opposite direction to the protein itself. If the flow were
strictly radial, there would be no angular momentum as-
sociated with it. But as diagrammed in Fig. 3, the fluid
flow takes a bend a short distance from the center, and
there is a net moment around the axis, if we take this
picture of the flow pattern seriously.

Angular momentum referred to some axis is r × p,
where p is the linear momentum, and r is the vector from

the center of rotation. The relevant linear momentum is
contained in the fluid not moving radially, the portion of
length l in the figure. This momentum is estimated from
the ionic flow rate. Assume an open sodium channel cur-
rent of 107 ions per second. To this flow we must add the
flow of associated water molecules. This number is much
less clear, for some potassium channels it is thought to be
only one or two water molecules for each K+ ion [42, 43].
But for higher volume sodium channels one might infer
that there must be at least several water molecules per
ion passing though the pore. Otherwise, reassembly of
the hydration shell at the exit of the pore would require
a considerable counterflow of water, which would be in-
efficient. So just to pick a modest number, let’s say the
flow through the pore has a mass flux F ≈ 109 Dal-
tons/second, corresponding to four waters for each Na+

ion.

The angular momentum of this flow does not depend
on the cross-sectional area of the tubes, or the fluid ve-
locity, or the number of outward channels, these factors
cancel out. We need know only the length of the non-
radial part of the channel, and the moment arm, we ob-
tain L = F ∗ l ∗ r. Taking a moment arm of 2Å and a
non-radial channel length of 5Å (see Fig. 3) we estimate
L = 107 kDa Å2/sec.

Now the required counter-rotation of the protein pore
is given by L = Iω, where I is the moment of inertia of
the protein. Let’s assume a cylinder of mass 400 kDa,
and radius 7Å. We have I = mr2/2, plugging in the
numbers, and using the value for L we obtained above,
we get ω = 1000 radians/sec, or a rotation frequency on
the order of 150 Hz.

We have been assuming that the fluid velocity is much
greater than any movement of the channel walls. Assum-
ing that ions move single file across a 25Å membrane at
a rate of 107 per second, we get a velocity of 2.5 cm per
second! The model architecture of Fig. 5 suggests that
there may be ways to defeat the single-file requirement,
but even dividing by one hundred, we have a furious jet
on the nanoscale.

The preceding spinning rate was estimated considering
only the momentum, the mass transport of the stream of
ions. But the energy involved in this process is rather
small compared to the energy available to ions moving
across the electric field on the membrane. We’ve argued
that a large torque can be generated by a helical struc-
ture, and that this torque is to a first approximation in-
dependent of the rotor rotation rate.

So what does oppose the electrical torque, so that the
rotor does not accelerate indefinitely? First, note that
the reaction torque due to accelerating the mass of the
ion-water mixture downward is negligible, the electrical
forces completely dominate any forces required to change
the momenta of the fluid stream.

The rate-limiting step possibly is the pressure gradi-
ent set up across the pore. If we have a spinning rotor,
ions and water must be forced into a local pressure max-
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imum, and near the entrance to the pore, a local relative
vacuum is created. This suction could act to accelerate
ions towards the entrance of the channel (suggestion of S.
Still). At some rotation rate, the work required to move
fluid across this gradient may become comparable to that
available from the torque due to the electric field. The
writer is fairly clueless as how to estimate these values,
a computer simulation may provide more insight.

Another effect which would limit rotation is simple fric-
tional drag, as the protein turns in the membrane. The
classical discussion of Saffman and Delbrück [31] allows
an estimate of the frictional torque of a cylinder floating
in a lipid membrane. We expect the angular velocity to
be related to an imposed torque by a “mobility”, ω = b τ ,
in the linear regime near equilibrium.

Via Stokes we have b = 1/(4πµr2h) where µ is the
viscosity and r and h are the radius and height of the
cylinder. Via Einstein we have Dr = b kT where Dr is
the rotational diffusion coefficient, thought to be around
104 sec−1 for a large protein floating in a membrane. So
with ω = τDr/kT , and using the torque generated by a
single charge, plugging in the numbers, we have, at room
temperature, ω ≈ 105 rad/sec, or around 15,000 Hz.

There typically will be multiple charges in a pore,
which would produce even higher rotation rate estimates.
However, membrane protein shapes are clearly not purely
cylindrical (Figs. 1,2,6,8), thus the frictional response
may well be larger, and more complicated. There is no
reason to expect why extrapolating the friction from the
linear Onsager regime to spin rates of 15 kHz and more
would be valid.

A final rough estimate is obtained by just assuming
that we indeed have a rotor, and that it turns approxi-
mately with the mean speed of the flow past it. If we have
a flow of 107 ions per second, each would pass through
the membrane in 100 nanoseconds. If the path of an ion
were to remain strictly vertical, and undeflected by the
rotor, the rotor would have to turn at a certain rate to
“keep up” with the flow. Again referring to the geometry
of Figs 2, 3 and 4, the rotor would have to turn 90 de-
grees in that time. That gives an extraordinary rotation
rate of around 2.5 MHz. Presumably the fluid path is
deflected by the rotor, so this would be an upper bound.

Of course, these are crude estimates. But they do at
least show that rotations driven by the electrochemical
potential across the membrane are physically possible.
If rotations actually occur, presumably the channel ge-
ometry and flow patterns are optimized to produce the
best rotation, under constraints of total channel length,
moment arm, and any number of other factors. The
nanoscale images give us what the answer is, we just
have to figure out the questions!

VI. ADVANTAGES OF ROTATION

Given the notion of a rotating channel, one can imagine
many advantages of such motion for a living cell. At the

risk of presenting only an “alternative reality biophysics”,
here is a summary list of speculations.

a. Increased net transport As argued above, insert-
ing a rotor in a simple open hole might in fact increase
the net flow of ions across the membrane. This, if it
exists, is a strong nonequilibrium effect.

b. Part of a gating strategy Also as argued above,
viewing gating as a mechanism of brakes acting on a ro-
tor has advantages of simplicity, and not requiring any
particular minimum gating charge for operation. The
usual equilibrium treatment of gating theory may not be
particularly relevant.

c. Rotor as agitator One function of spinning “bas-
kets” and “gondolas” may be as simple as promoting dif-
fusion by distributing (or picking up) ions over a wider
area than what is possible with a simple passive pore.
The cytoplasm is a complicated material, a local mea-
surement of rotational diffusion of some molecules shows
a viscosity not much larger than water, but lateral trans-
lation of large molecules can be hindered by factors of
thousands [44]. Direct mechanical, or electromechanical
agitation in the style of a washing machine might serve
to overcome local barriers to diffusion, which may exist
in particular near the cell membrane boundary [45].

It might be objected that fluid flow on small length
scales corresponds to low Reynolds number, where “stir-
ring” does not imply efficient “mixing” [46]. But on scales
so small that the spatial extent of molecules comes into
play, quite different physics arises.

d. Communication between pores Naundorf et al
convincingly argue [47] (at least I’m convinced) that ob-
served action potentials are better explained by a model
in which ion channels communicate with each other,
rather than the Hodgkin-Huxley model, in which pores
are independent, and are affected only by an overall mem-
brane potential. Further, within the Hodgkin-Huxley
model, 85% of the electrical energy used in depolariz-
ing and repolarizing the membrane is wasted [48]. Just
from an energetics point of view, it would be much more
efficient if, say, the opening of a potassium channel was
coordinated with the closing of local sodium channels.
The image of spinning rotors emphasizes the point that
the membrane is a highly integrated and optimized sys-
tem, and perhaps makes more plausible the idea of com-
munication between pores.

e. Rectification The cylinder of Fig. 9 is symmetric
in the vertical direction, and would conduct equally well
in the opposite direction. But the structure of biological
ion channels breaks this symmetry, and many channels
can act as rectifiers, allowing flow in only one direction
[1]. There have been a number of suggested rectification
mechanisms, the pinwheel of Payende et al [4] (Figs. 3
and 4) adds one more.

Consider Fig. 16, taken from Ernst Mach’s 1883 “The
Science of Mechanics” [49]. This shows a pinwheel rather
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Fig. 153 b.

FIG. 17: Mach’s 1883 “reaction wheel” acts as a rectifier. Air blown out the spokes of the wheel will cause a clockwise rotation,
but the same amount of air sucked into the spokes produces no such rotation, in either direction.

similar in geometry to the Payende description. If we
imagine Mach’s “reaction wheel” operating in air, or a
lawn sprinkler operating under water, the experimental
observation is, forcing fluid out the jets causes the ro-
tor as a whole to turn, while sucking fluid back in does
not in general produce continuous rotary motion. Now
physicists have been arguing about this problem since
at least the time of Mach, see the article by Jenkins for
history, and a discussion of the effect [50]. A quick ex-
planation is to note that the inward flow pattern is not
a simple reversal of the outward; in the inward case, the
net pressure gradients on the rotor cancel, there is no
net torque on the rotor. The end result of this geome-
try is perhaps to produce a rectifier, the rotor turns if
fluid flows downward into the cytoplasm (in the case of
sodium channels), but does not turn if there is a gradient
in the other direction.

Installing a “ratchet” in the channel might speed ionic
flow. So the picture is (wave hands vigorously), when
there is a field across the membrane, the sodium ions are
directly driven downward. But even when the membrane
is depolarized, the rotor could continue to turn, as the
spiral channel structure rectifies fluctuations in concen-
tration. Though this view clearly needs refinement, there
is no problem with the Second Law, as the system is not
in equilibrium. The energetics, the direction of flow, is
given by the Nernst-Planck equation, but the rate of flow
is the result of a nonequilibrium process.

The study of the dynamics of electrolyte solutions is a
difficult field [51, 52], not to mention the many unknowns
of the material properties of cell membranes. Consider-
able modeling effort may be required to promote any of
these speculations to “theory” status.

VII. CAN THESE ROTARY MOTIONS BE
OBSERVED?

This paper perhaps has assembled a quantity of strong
but entirely circumstantial evidence for pore rotation,
there is no definitive proof. Also, much of the phe-

nomenology could be explained in a picture not of full
rotations, but partial twisting, under the influence of
torques caused by fluid flow.
There is no substitute for experimental confirmation,

especially when the rate of rotation, if present, is so un-
clear. The rotary motion of ATP synthase was directly
visualized by attaching a piece of fluorescent actin to part
of the rotor [53]. Perhaps something along these lines
could be done for pore proteins. Another possibility is
suggested by the work of Mannuzzu et al [54] and Cha
and Bezanilla [55]. They were looking for movements
of the “gating charge” by fluorescently tagging certain
residues of the pore protein, and then looking for flu-
orescent signals in a membrane containing many pores,
functioning under physiological conditions. If the pores
are actually rotating, some average rotation of polarized
light might be observed, since all pores are presumably
turning in the same direction.
I will happily present a bottle of fine scotch to the first

people to do this.

VIII. “STIRRING” CONCLUSION

We have argued that the nanoscale pictures alone, par-
ticularly of the sodium channel, make a rather compelling
case for rotary motion of the entire pore. At a minimum,
flow through a helical geometry can generate enough
torque to provoke substantial conformational changes.
The shaped proteins act more like a nanofluidic device
than a mechanical gate. Besides the notion of rotary
motion, speculations presented here include the sugges-
tion that significant ion flow may occur outside the pore
protein itself. If any of this is the case, it raises more
questions than answers, and requires a complete rethink-
ing of the dynamics of membrane pores.
People say that the easiest person to fool is yourself

[56]. But if all this is a delusion, at least it’s a remark-
ably detailed and entertaining one. Though maybe it’s
true! Some turn left, some turn to the right, they whirl
together, floating on a tremulous sea of noise.
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