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Abstract: Ion channels and the electrical 
properties they confer on cells are involved in 
every human characteristic that distinguishes us 
from the stones in a field. Every perception, 
thought, movement, and heartbeat depends on 
electrical signals generated by the activity of ion channels. Early views of the 
relationship between channel structure and function have undergone substantial 
modification following the cloning of various ion channels and the determination of 
the structure of a simple bacterial K channel, the KcsA channel. This review focuses 
on the relationship between the structure and function of voltage-dependent K 
channels, covering the molecular bases of channel selectivity, conduction, and 
gating. The evolution of ion channels in bacteria is discussed, as well as the basis of 
channel selectivity and conduction in the KcsA channel. More complex channels 
have evolved molecular "gatekeepers," allowing them to respond to appropriate 
stimuli by opening, closing, and inactivating. 

  Introduction 

Ion channels and the electrical properties they confer on cells are involved in every 
human characteristic that distinguishes us from the stones in a field. Every 
perception, thought, movement, and heartbeat depends on electrical signals 
generated by the activity of ion channels. Ultimately, the magical properties that 
animate us arise from the ability of channels to facilitate the movement of selected 
ions across membranes, which inherently are strong barriers to ion passage. Just 
as important as the abilities to select and conduct ions are the abilities to open and 
close (gate) in a timely manner and to respond to gating signals thanks to a 
"gatekeeper." There are a variety of gatekeepers, some of which respond to 
mechanical stimuli, as in touch receptors and cochlear hair cells; others to 
chemicals, as in olfaction and vision; and others to voltage, as in axonal 
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transmission and the timing of the heartbeat. The focus here is the voltage-gated K 
channel, which has been intensely studied since the great work of Hodgkin and 
Huxley (1). Excellent progress has been made in the last two decades, beginning 
with the cloning of channels (2, 3, 4, 5), the description of the inactivation 
mechanism in K channels (6), the discovery of the pore region (7, 8), and 
determination of the structure of a simple K channel (9). 

  Early Views  

An early view of a voltage-gated potassium channel is shown in Fig. 1. This view 
was based largely on evidence from experiments with tetraethylammonium (TEA) 
and its derivatives (10, 11) and influenced by the intriguing experiments of Hodgkin 
and Keynes (12), who suggested that several K+ ions move simultaneously through 
a long K pore. At the inner side of the membrane, there is a gate, which operates in 
an all-or-none manner; in other words, it is entirely open or entirely closed. The 
gate controls access to a vestibule that is large enough to accept a hydrated K+ 
ion, or a TEA+ ion, which is about the same size. The pore then narrows to the 
diameter of a dehydrated K+ ion in the filter region. A K+ ion can enter the filter by 
shedding its hydration waters, but this is not possible for a TEA+ ion with covalently 
attached arms: It remains in the vestibule and blocks conduction. The filter is lined 
with dipolar carbonyl groups, which attract the K+ ion and substitute for the 
hydration waters. On leaving the filter at the outer end, a K+ ion rehydrates. TEA+ 
can be driven out of the vestibule by making the internal voltage negative, in the 
presence of external K+ ions, which drive TEA+ inward. Experiments showed that Na
+ ions in the internal medium can be forced into the vestibule (13), but, as does TEA
+, they block ion movement because they cannot enter the filter, even though in 
dehydrated form they are smaller than K+ (Pauling radii Na+ 0.95 Å, K+ 1.33 Å). 
This paradox is explained under Selectivity below.  

View larger version (17K):
[in this window]

[in a new window]
  

Fig. 1. 

An early view of K channel architecture. 
A K channel is shown at left with closed 
gate, and with a dehydrated K+ in its 
filter. The filter is lined with polar 
carbonyl groups capable of replacing 
the water molecules that surround a K+ 
ion in solution. When the gate opens 
(center) hydrated K+ ions enter the 
vestibule, dehydrate, pass through the 
filter, and rehydrate. When the gate is 
open, C9+ (nonyltriethylammonium ion) 
present in the cytoplasm can enter the 
vestibule because its triethylammonium 
portion is about the size of a hydrated K
+ ion. Once in, its position is stabilized 
by the binding of its nonyl arm to a 
hydrophobic region in the vestibule 
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wall. Because of its covalently linked 
arms, C9+ is too large to enter the 
filter, and it remains in the vestibule 
blocking K+ movement until driven out. 
Experiment shows that the gate can be 
forced with difficulty to close behind the 
C9+. [Reprinted from (23), p. 332, 
courtesy of Marcel Dekker, Inc.] 

 

The vestibule has a hydrophobic moiety that binds the hydrophobic arm of C9+, a 
TEA derivative formed by extending one ethyl arm with seven methylenes 
(nonyltriethylammonium ion). C9+ can be trapped in the channel by closing of the 
gate, showing that the vestibule remains at least partially intact in the closed state. 
This was summarized by drawing the gate as a flap covering the inner end of an 
invariant pore, a view that now must be modified, as described under The Gate 
below. 

As pointed out by Hodgkin and Huxley (1), the presence of mobile charge in the 
membrane that moves in response to voltage changes provides the only possible 
means of conferring voltage dependence on the opening and closing of the gate. 
Movement of these charges proved to generate a detectable gating current, first 
found in Na channels and later in K channels. These charges serve both to sense 
the membrane voltage and to drive the conformational changes that open and close 
the channel (14). 

Our first direct chemical knowledge of voltage-gated channels came in a blinding 
flash from Numa and his colleagues, who sequenced the sodium channel (2). The 
Na channel is composed of four similar domains, each containing six 
transmembrane segments. It is striking that the fourth segment (S4) of each 
domain contains four to eight positively charged residues, mostly arginines. This 
segment was the clear choice for the voltage sensor. The K channel, sequenced a 
few years later (3, 4, 5), proved to be very similar, but is composed of four 
identical subunits rather than four domains. Similar to the Na channel, the fourth 
segment of each domain contains many positively charged residues. The functions 
of conductivity and selectivity were assigned to a connecting segment called the P 
region between the fifth (S5) and sixth (S6) transmembrane crossings (7, 8). 

  In the Beginning: Bacterial K Channels 

The voltage-gated channel is a specialized and sophisticated structure with an 
interesting (although speculative) evolutionary history. Ion channels (15) and 
energy-driven ion pumps (16) got their start in bacteria. A central fact of bacterial 
life is a negative internal voltage of about –150 mV, necessary for membrane 
transport and the production of ATP (17). A side effect of the negative interior is 
the tendency to concentrate cations inside: monovalent cations by a factor of about 
300, and divalent cations by a factor of 105. To prevent saturation or crystallization 
in its interior, a bacterium must limit the permeability of cations that are at 
relatively high concentration in the environment. In most environments (soil, 
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brackish water or sea water, blood), sodium is more plentiful than potassium, and 
magnesium and calcium are present at low concentrations. If our blood is used as 
an example of a growth medium, a bacterium freely permeable to all cations would 
have equilibrium internal concentrations of Na+, Ca2+, and Mg2+ that are 
impossibly high, 40 to 100 M, leading to crystallization inside the bacterium. K+ 
would be high but below saturation, at about 1.3 M. Thus, to regulate its internal 
environment, the bacterium needs a highly selective K+ channel, allowing entry of K
+ but severely limiting entry of Na+ and divalent cations. Furthermore, it needs 
energy-consuming pumps to drive out Na+ and divalent cations, which would slowly 
accumulate despite low permeability. A pump for Cl–, which is repelled from the 
inside by the negative internal voltage, would be unnecessary, and few examples 
have been suggested in the animal kingdom. From these early housekeeping 
origins evolved the wide variety of channels and pumps that are found in our cells. 

  Structure of a Bacterial Channel 

An example of a bacterial K channel is the KcsA channel, whose structure is known 
from the groundbreaking work of MacKinnon and his associates (9). This relatively 
simple channel is composed of four identical subunits clustered around a central 
conducting pore (Fig. 2A). Each subunit has two transmembrane crossings, TM1 
and 2 (Fig. 2B), which are analogous to the S5 and S6 segments of the more 
complex, voltage-gated, Shaker channel (Fig. 2C). TM1 crosses from inside to out, 
where it connects to a "turret" that is important in toxin binding, a short pore helix 
that extends inward through about one-third of the membrane, and the selectivity 
filter with its characteristic glycine-tyrosine-glycine (GYG) motif that turns toward 
the outer surface. TM2 crosses from outside to in, and lines the "cavity," a large 
space just internal to the filter, and the gating region, which is at the inner end of 
the pore. As crystallized, this simple K+ channel lacks a gatekeeper, but has the 
three other key ingredients of a gated ion channel: conduction, selectivity, and a 
gate. We begin with the selectivity filter.  

View larger version (30K):
[in this window]

[in a new window]
  

Fig. 2. 

K channel structure. (A and B) The 
KcsA channel. This KcsA channel is 
composed of four identical subunits in a 
square array around a central pore (A). 
From the x-ray crystallography analysis 
of Doyle et al. (9), two subunits are 
shown in (B) with the pore axis in the 
plane of the page. Each subunit has two 
transmembrane segments, TM1 (white 
circle) and TM2 (green circle). 
Beginning at the outer end, the labeled 
regions are the selectivity filter 
(yellow), a glycine that serves as a 
hinge for gating movements (black), a 
large water-filled cavity (orange), and a 
gating region where the TM2 helices 
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converge (blue). (The labeled lines in 
the pore give the level of residues 
referred to in later figures.) In the more 
complex voltage-gated channel (C), 
there are six transmembrane segments, 
with the fifth (S5) and sixth (S6) 
segments (analogous to TM1 and TM2) 
forming the core channel. Four 
additional transmembrane segments, 
S1 to S4, provide voltage sensing. 

 

Selectivity 

The essential structural feature of the selectivity filter is the close spacing of 
carbonyl groups around the pore axis, shown in Fig. 3. A dehydrated K+ ion fits well 
between the carbonyl groups in the filter. In the absence of a pore, a cation cannot 
jump into the bilayer from the adjacent water, because it is bound electrostatically 
to water molecules, which are dipolar and turn their negative ends toward the K+ 
ion, as shown in Fig. 3C, a cross section through the cavity. The cumulative energy 
of binding to water is about equal to a covalent bond. Because the ion cannot bond 
electrostatically to the nonpolar lipid molecules, leaving water and entering the 
bilipid layer would require breaking all bonds to water without replacing them, at an 
enormous energetic cost of about 75 kCal/mol. The carbonyls of the selectivity filter 
solve this problem by replacing the hydration waters, making it energetically 
possible for the ion to leave water and enter the filter. The carbonyls bind tightly to 
a potassium ion (Fig. 3, A and B), in part because the carbonyls have a higher 
dipole moment (~3.5 D) than water molecules (1.8 D). This is helpful in 
overcoming the electrostatic forces that work against the entry of ions into the 
membrane.  

View larger version (57K):
[in this window]

[in a new window]
  

Fig. 3. 

Ions in the pore. (A) Longitudinal view 
of the selectivity filter, with carbonyl 
oxygens shown in red. Two dehydrated 
K+ ions are shown in the filter and a 
hydrated K+ ion in the cavity (waters 
not shown). (B) Cross section through 
the filter at the level of KcsA residue 
Thr75 (see Fig. 2), with a K+ ion snugly 
fitted in the carbonyls. (C) Cross section 
of the large aqueous cavity at the level 
of KcsA residue Ile100. A K+ ion easily 
enters this large aqueous space, 
surrounded by its hydration waters. 

 

The main task of the filter is to discriminate against anions, sodium ion, and 
divalent cations. Anion exclusion is inherent in the design of the filter, because the 
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negative ends of the carbonyl dipoles lining the filter repel anions. Why can't Na+ 
pass through the filter? Paradoxically, because it is too small! In Fig. 4 [taken from 
(13)], K+ and Na+ ions are shown in water and in the filter. The K+ ion is bound 
tightly by oxygens both in water and in the filter, whereas the Na+ ion is bound well 
only in water: the filter, for structural reasons, cannot constrict sufficiently to bring 
more than two of the carbonyls within good bonding distance of the Na+. As a 
result, the energy of the Na+ in the pore is very high compared with its energy in 
water. Overall, there is a low energy barrier for K+ entry into the filter, as required 
for fast throughput, and a high energy barrier for Na+ entry, as required for 
selectivity [see the appendix of (13)].  

View larger version (35K):
[in this window]

[in a new window]
  

Fig. 4. 

A model for K+-Na+ discrimination by the filter 
(13). A K+ ion (1.33 Å crystal radius) in the 
selectivity filter has about the same energy as 
in water and is bound to either oxygens of 
water molecules or carbonyl oxygens in the 
pore. The carbonyl groups have higher dipole 
moments than the water molecules, which helps 
to overcome the image forces that arise from 
the low dielectric constant of the membrane 
(54). An Na+ ion (0.95 Å crystal radius) in the 
filter has higher energy than one in water, 
because it binds effectively to only two of the 
four carbonyl oxygens shown. The other two 
carbonyls are prevented from collapsing around 
the Na+ ion by structural constraints in the filter 
wall. [Reproduced from The Journal of General 
Physiology, 60, 588 (1972); by copyright 
permission of The Rockefeller University Press.] 

 

The filter does not automatically reject divalent cations. Ba2+, which is the same 
size as K+, binds tightly in the pore and will remain there indefinitely under 
appropriate conditions. It enters the filter very slowly, presumably because of a 
barrier imposed by the need to dehydrate. Fortunately, Ba2+ is present at very low 
concentration in most environments. Ca2+ and Mg2+ apparently do not enter the 
filter, presumably for the same reason that Na+ does not--they are too small and, 
consequently, bind more tightly to water than to the carbonyls in the filter. 

Conduction 

As just noted, high ion flux through the pore depends on low energy barriers for 
transfer of an ion from water to the pore and back to water. Because a K+ ion is 
bound quite tightly in water, it follows that its binding in the filter must be tight as 
well. This seems indeed to be the case. Complete removal of K+ irreversibly 
destroys K+ conductance in the squid giant axon (18, 19), presumably because in 
the absence of cations the repulsion among carbonyl dipoles is strong enough to 
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destroy the integrity of the filter. Experiments by Gomez-Lagunas (20) in Shaker 
show a similar result, with the interesting addition that the gate must be opened 
after removal of K+ in order to abolish K+ conductance. K+ conductance remains 
intact indefinitely if the gate stays shut, but decreases by about 40% with each 
opening. This intriguing experiment suggests that, although K+ ions are bound in 
the filter quite strongly, they can be displaced if bombarded in an open channel by 
a suitable replacement ion such as Na+. In this case, the rare entry of a Na+ ion 
into the filter displaces the bound K+ ion, which drifts away in the K+-free solution. 
The Na+ ion is not bound tightly enough to maintain the integrity of the filter. 

If binding to the filter is tight enough to immobilize the K+ ions in the experiment 
just cited, how is fast ion throughput achieved when the gate is open? A plausible 
answer is that a K+ ion cannot move unless its replacement is at hand. In this view, 
a sufficiently energetic ion approaching the filter repels the nearest ion in the filter, 
which in turn repels and displaces the next, and so forth. The startling results of 
MacKinnon and colleagues (21), in fact, show a K+ ion at the inner and outer ends 
of the filter, poised to displace ions occupying the filter. (Under normal ionic 
conditions, it seems likely that only the ion at the inner end, in the cavity, would 
usually be present.) The waters surrounding the ions at either end of the filter show 
an interesting order (21): They are in two layers, and in each layer, four waters are 
disposed with fourfold symmetry around the K+ ion. The symmetry is probably 
imposed by the fourfold nature of the channel (22). At the outer end of the 
selectivity filter, the backbone carbonyl of a glycine residue (G79 probably displaces 
the water layers as the K+ enters the filter) (21). The cavity and the inner portion 
of an open channel (see below) are large and easily negotiated by hydrated K+ 
(Fig. 3). Interestingly, the inner pore shows significant discrimination against Na+ 
ion (22), presumably because the hydrated radius of Na+ is larger than that of K+. 

One of the original pieces of evidence suggesting that ions crossed membranes 
through channels was the "long-pore effect" (12). This phenomenon can be 
understood by saying that transfer of a single radioactively labeled K+ ion through 
the pore requires that the labeled ion enter the pore, say from the outside, followed 
by enough successive ion entries from outside to drive the labeled ion from binding 
site to binding site all the way through the pore. If there are two binding sites, the 
first entry (the labeled ion entering site 1) must be followed by a second entry from 
the same side that drives it to site 2, followed by a third collision that drives it from 
site 2 to the cytoplasm (23). The tracer flux in this example would be proportional 
to the likelihood of three successive collisions from outside, and therefore to the 
3rd power of the external K+ concentration. Measured simultaneously, inward 
charge flux (K+ current) would be proportional to the first power of external K+ 
concentration, because each collision transfers one charge across the membrane 
(unless saturation is reached). The flux data (12, 24) and the KcsA structure are in 
good agreement. 

  The Gate  

It came as a surprise that a simple K channel like KcsA would have a gate, but a 
likely candidate was identified at the convergence of the TM2 helices near the inner 
end of the pore (9). In this region, it can be argued that there are three 
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"hydrophobic seals," at locations Thr107, Ala111, and Val115. At each of these points, 
hydrophobic methylenes from the cited residues crowd together so closely that 
even a dehydrated K+ ion cannot fit between them (Fig. 5). They thus form a 
succession of high-energy barriers that prohibit passage of K+ ions. Means of 
crystallizing the KcsA channel in the open state have not been found, but 
MacKinnon and colleagues (25) have recently reported a similar two-TM channel 
that serves as a model for the open state. This channel (Mthk) has a large ring 
structure at its cytoplasmic end that binds calcium and, apparently, pulls the TM2 
helices apart. The open channel thus has a large tube connecting the cytoplasm 
and the inner end of the filter. The closed state of the Mthk channel has not yet 
been described. An overlay of the two channels (Fig. 6) leads to the conclusion that 
the inner part of S6 rotates about a glycine hinge (arrow) during the open-to-closed 
transition. These snapshots of the closed and open channel must be essentially 
correct. Although there is still much to learn, they are fully compatible with 
biophysical data. An important finding by del Camino and Yellen (26) is that the 
gate near the inner end of the channel closes tightly enough to exclude Ag+ ions, 
which are slightly smaller than K+ ions.  

View larger version (91K):
[in this window]

[in a new window]
  

Fig. 5. 

One of three hydrophobic seals in the 
KcsA structure, this one at the level of 
Thr107 (see Fig. 2). At each seal, 
methylene groups from the four 
subunits converge too closely to admit 
passage of even a dehydrated K+ ion. 
The energy barrier at each of the seals 
would thus approximate the hydration 
energy of K+, estimated to be about 75 
kCal/mol, close to the strength of a 
covalent bond. 
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View larger version (36K):
[in this window]

[in a new window]
  

Fig. 6. 

Likely configurations for the gate, open and 
closed. Superimposed are the KcsA channel 
(red), which serves as a model for the 
closed state, and the Mthk channel (black), 
a model for the open state. The backbone 
structure of the TM2 helices converge in 
KcsA to form seals like the one shown in 
Fig. 5. The TM2 helices of Mthk diverge to 
form a large entryway for ions. 

 

  Gatekeepers 

Over time, gatekeepers of various types evolved to open and close the gate in 
response to chemical or electrical signals. The gatekeepers are separate parts 
added to the KcsA structure. The main focus here is the voltage-gated K channel, 
which was constructed by adding four additional membrane crossing segments (S1 
to S4) to the core channel formed by S5 and S6 (TM1 and 2 in KcsA are very 
similar to S5 and 6 in Shaker). Of the added segments, the highly charged S4 
segment, with a lysine or an arginine in every third position, is the obvious 
candidate for the voltage sensor. It has been shown by methanethiosulfonate 
(MTS) labeling (27) that S4 is a transmembrane segment and that it moves when 
the voltage changes. The precise nature of the movement is not yet clear (28, 29, 
30, 31), but it seems certain that the S4 serves both as a voltage sensor and as the 
engine whose movement opens the channel. The modular nature of the pore is 
emphasized by experiments showing that a hybrid channel made from the pore 
module of KcsA, and the voltage-sensing region of Shaker shows voltage-
dependent gating (32). 

Given the KcsA structure, it is fun to speculate on the events as the gate opens. 
Opening is a single, all-or-none event, and there is reason, as noted above, to 
associate this with an outward pull on the S6 helices that breaks hydrophobic seals 
similar to the ones in KcsA. [Some caution is in order because the gate region in 
Shaker K channels seems unlikely to be shaped exactly like the one in KcsA. In 
Shaker, there is a proline-valine-proline (PVP) motif, with the V at the same 
location as the outermost of the hydrophobic seals noted above in KcsA (33).] The 
pull originates in all probability from movement of the S4 helices. A diagram 
showing what might happen to the gate subjected to opening-pulls is given in Fig. 
7. In the closed state, four methylene groups like the ones in Fig. 5 are held 
together by hydrophobic bonds. Each methylene is connected to a "gating spring," 

http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10 (10 of 19)12/30/2005 11:01:49 AM

http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10/F6
http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10/F6
http://stke.sciencemag.org/cgi/content-nw/full/sigtrans;2003/188/re10/F6


AAAS | Science's STKE | Armstrong, pp. re10

whose other end is connected, indirectly, to S4, and is stretched by S4 movement. 
Pulling on one (B), two (C, D), or three (E) of the methylenes (arrows in Fig. 7) 
simply leads to rearrangement of the methylenes but no opening: In all cases each 
methylene is well bound to others, as in the closed state (with the possible 
exception of D). Only when the springs of all four methylenes are pulling outward 
simultaneously are the bonds broken effectively. Contributing to the all-or-none 
nature of the event, conduction does not begin until the separation is large enough 
to allow passage of a hydrated K+ ion. [Caution: The methylenes in the KcsA 
crystal structure (9) are too close together to admit a water molecule between 
them, but may be too far apart to form effective van der Waal's bonds.]  

View larger version (18K):
[in this window]

[in a new window]
  

Fig. 7. 

Opening the gate. The four methylenes of the 
hydrophobic seal shown in Fig. 5 are shown 
bound together in the resting state (A) and as 
they are pulled outward from the pore axis by 
activation of one to four (B to F) of the S4 
helices. Effective opening requires activation of 
all four S4s (F). 

 

There is another phenomenon observed in the interaction between the S4 helices 
and the gate that is not captured by the picture of the S4s pulling on a spring. 
When the gate is open, the S4s are almost completely locked in activated position, 
as is evident from the low amplitude of the gating current when the voltage is 
returned to the resting level (34). If the gate is prevented from opening by the 
application of 4-aminopyridine (4-AP) (35), the S4s can be driven into the activated 
position without becoming locked. A mechanical analog of the locking phenomenon 
and its prevention by 4-AP is shown in Fig. 8. A flange attached to each S6 helix 
moves outward from the pore axis as the gate opens after upward movement of all 
four S4 segments. The flange prevents (or, if slanted downward, hinders) inward 
movement of the S4 as long as the gate remains open. When closed, pressure of 
the S4 helices on the flanges (see Fig. 8A) locks the gate closed, which helps to 
explain the very low open probability reached at negative voltages (36). The 
presence of 4-AP in the cavity makes gate opening improbable, as described below, 
but hinders movement of the S4s only slightly [the Q-V curve is shifted by about 12 
mV (37)]. The near-normal movement of gating charge when 4-AP prevents 
channel opening implies that the work involved in stretching the gating spring is not 
very large. If the spring were very stiff, failure of the gate to open would strongly 
impede movement of the gating charge. The impediment is small, suggesting that 
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the work required to stretch the spring is much less than the work done by the field 
on the S4 helix as it moves. The spring in this view has only a modest effect on 
open probability, increasing it by a factor of about ten, from perhaps 0.08 to 0.8, 
the maximum observed. The interaction of the flange with S4 provides the strong 
coupling between S4 movement and the gate noted as necessary by Islas and 
Sigworth (36).  

View larger version (11K):
[in this window]

[in a new window]
  

Fig. 8. 

Two modes of controlling the gate. (A) 
The closed state. The S4 segment and 
the gate region of S6 are connected by 
a gating spring that, purely for 
simplicity, is shown as a direct 
connection. The spring is not stretched 
in the closed state. The deactivated S4s 
prevent opening of the gate by 
preventing lateral motion of the 
hypothetical flanges connected to the 
S6 segments. (B) When all of the S4 
segments move outward to activated 
position, the gate opens because (i) the 
S4s pull the gate region outward by 
means of the gating springs, and (ii) 
the S4s have moved out of the way, 
allowing the flanges to move laterally. 
The flanges prevent inward movement 
of the S4s until the gate closes. (C) If 
the gate is glued shut by 4-AP in the 
cavity (see text), the gating springs are 
under maximum tension when the S4s 
are activated. The relatively easy 
outward movement of the S4s in this 
condition, found in gating current 
experiments, shows that the stretched 
spring does not have enough tension to 
seriously disturb S4 motion. Similarly, 
inward movement of the S4s, judged 
from gating current, is completely free, 
because the flanges do not interfere. S4 
activation-deactivation is shown here as 
a simple sliding motion, though many 
types of S4 motion would work just as 
well with the flange idea. 

 

Two means of governing the open-closed state of a channel have just been noted: 
pulling the gate open or forcing it closed [compare (38)]. K channels may vary in 
their use of these two approaches. The KcsA channel in studies so far reported is 
usually closed, which suggests strong adhesion between the gating region of the S6 
helices. However, the data above suggest that Shaker's gate has only a mild 
preference for the closed state, and is locked closed by pressure of the S4 helices 
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on a flange. Interestingly, introducing electrostatic repulsion between the S6s by 
the proline to aspartate mutation P476D in the gating region renders the gate of 
Shaker incapable of closing (39). 

Cavity Occupancy and Gating 

As described above, blocking cations that act internally have long been thought to 
lodge in the cavity, near the inner end of the selectivity filter (10). MacKinnon and 
colleagues have in fact seen a tetrabutylammonium analogue at this position (40). 
When the gate is open, the cavity is also accessible to MTS reagents (27), which 
have been used by Yellen and colleagues to determine precisely which positions are 
protected by the closed gate (41). Mutation of isoleucine 470 (in the cavity wall) 
shows that occupancy of the cavity is closely related to the ability of the gate to 
open and close (42). TEA+ can enter a Shaker K channel with open gate and block 
it; and, once in blocking position, it prevents the gate from closing. TEA+ thus 
cannot be trapped in the cavity by the gate, because its presence there makes gate-
closing impossible. Replacement of isoleucine 470 by cysteine makes it possible for 
the gate to close and trap TEA+, presumably because the cavity is enlarged slightly 
(43). This suggests that the cavity constricts somewhat as the gate closes, making 
the cavity of unmutated Shaker too small to accommodate TEA+. This is quite 
consistent with the open and closed K-channel structures presented by Jiang et al. 
(25). 

Does the presence of other cation species in the cavity of Shaker have a similar 
effect on gating? Suspicion immediately falls on K+, which with one hydration shell 
is about the same size as TEA+. In fact, other cations in the cavity, including K+, 
appear to prevent gate-closing in Shaker but not in the I470C mutant (43). These 
experiments, like the ones with TEA+, suggest that the cavity changes shape or 
constricts as the gate closes. Of interest is the suggestion that 4-AP, a clinically 
used K-channel blocker, has the opposite effect when it occupies the cavity: It 
induces gate-closing, which biases the closed-to-open transition toward closed by 
about the energy of a hydrogen bond (33). 4-AP apparently enters the channel 
when the gate is open, then pulls the gate closed behind it. 

Inactivation 

Some Shaker K channels inactivate by a ball-and-chain mechanism, in which one of 
the "balls" found at the N terminus of each K channel subunit enters and occludes 
the channel (6). When it does so, it prevents the gate from closing, and freezes the 
gating charge in activated position. When the ball comes out of a channel during 
recovery from inactivation, the channel conducts transiently before its gate closes 
(44, 45). If the extracellular K+ concentration is high, recovery is faster, because K
+ entry displaces the inactivating particle from the channel. 

The inner end of the channel is partially covered by a "hanging gondola" that 
presumably protects the entrance and plays a structural role. Large pores between 
the shrouds of the gondola allow free access by ions (46, 47). Precisely how the 
inactivation balls of Shaker interact with the gondola is not clear, but one possibility 
is that the gondola serves to keep them near the channel mouth. It should be 
noted in passing that inactivation of the Na channel is similar but more 

http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10 (13 of 19)12/30/2005 11:01:49 AM



AAAS | Science's STKE | Armstrong, pp. re10

complicated: Inactivation can occur to some extent from the closed state (48, 49, 
50), and the channel does not conduct during recovery from inactivation (51, 52, 
53). 

  Conclusions and Questions  

Crystallization and x-ray analysis have transformed the K channel from an idea to a 
concrete structure. We now have a good understanding of selectivity and 
conduction, the location of the gate, and the broad strokes of the rearrangements 
as the gate opens and closes. Intriguing questions remain, and many of them 
concern precisely the portions of the K channel that have not been crystallized: the 
S4 and the links connecting it to the gate. Some of these questions are treated 
speculatively in the text above. How does the S4 move in response to voltage 
changes? Does it rotate (31), translate (28, 29, 30), or both? What and where are 
the counterions for the arginines and lysines of the S4? The counterions are not a 
part of the polypeptide itself, and must come from the internal and/or external 
solution, but which? and are there preferred anions? Do they move during gating? 
What are the nature of the aqueous clefts that give the anions access to the 
positive residues in the S4 (29, 55)? What more is there to learn about the 
influence on the gate of cavity occupancy by ions are drugs? Answering these 
questions will certainly be aided by crystallization of a complete voltage-gated K 
channel, but there is much to be learned in the meantime. 

Note added in proof. Since preparation of this review, MacKinnon and colleagues 
have accomplished the crystallization and structural analysis of a bacterial voltage-
gated channel (56). Crystallization required the use of an antibody scaffold to 
stabilize the protein. The observed structure is quite unexpected, with helices S1 to 
S4 lying within the plain of the membrane rather than crossing it, as suggested by 
MTS labeling experiments in the literature (cited in the text). One must ask how 
much of this unexpected structure was imposed by the antibody scaffold. The 
structure leads to a model for activation of each S4 in which four charges move 
together through a lipid environment at the periphery of the channel complex. 
Energetically, this seems highly unlikely. 

------------ 

*Contact information. E-mail, Carmstro@mail.med.upenn.edu  

  References 

1.  A. L. Hodgkin, A. F. Huxley, A quantitative description of membrane current 
and its application to conduction and excitation in nerve. J. Physiol. (London) 
117, 500-544 (1952).[Medline] 

2.  M. Noda, S. Shimizu, T. Tanabe, T. Takai, T. Kayano, T. Ikeda, H. Takahashi, 
H. Nakayama, Y. Kanaoka, N. Minamino, K. Kangawa, H. Matsuo, M. A. 
Raftery, T. Hirose, S. Inayama, H. Hayashida, T. Miyata, S. Numa, Primary 
structure of Electrophorus electricus sodium channel deduced from cDNA 

http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10 (14 of 19)12/30/2005 11:01:49 AM

mailto:Carmstro@mail.med.upenn.edu
http://stke.sciencemag.org/cgi/external_ref?access_num=12991237&link_type=MED


AAAS | Science's STKE | Armstrong, pp. re10

sequence. Nature 312, 121-127 (1984). [Medline] 
3.  B. L. Tempel, D. M. Papazian., T. L. Schwarz, Y. N. Jan, L. Y. Jan, Sequence 

of a probable potassium channel component encoded at Shaker locus of 
Drosophila. Science 237, 770-775 (1987).[Medline] 

4.  A Kamb, L. E. Iverson, M. A. Tanouye, Molecular characterization of Shaker, a 
Drosophila gene that encodes a potassium channel. Cell 50, 405-413 (1987).
[Medline] 

5.  O. Pongs, N. Kecskemethy, R. Muller, I. Krah-Jentgens, A. Baumann, H. H. 
Kiltz, I. Canal, S. Llamazares, A. Ferrus, Shaker encodes a family of putative 
potassium channel proteins in the nervous system of Drosophila. EMBO J. 7, 
1087-1996 (1988).[Abstract] 

6.  T. Hoshi, W. N. Zagotta, R. W. Aldrich, Biophysical and molecular 
mechanisms of Shaker potassium channel inactivation. Science 250, 533-538 
(1990).[Medline] 

7.  G. Yellen, M. E. Jurman, T. Abramson, R. MacKinnon, Mutations affecting 
internal TEA blockade identify the probable pore-forming region of a K+ 
channel. Science 251, 939-942 (1991). [Medline] 

8.  H. A. Hartmann, G. E. Kirsch, J. A. Drewe, M. Taglialatela, R. H. Joho, A. M. 
Brown, Exchange of conduction pathways between two related K+ channels. 
Science 251, 942-945 (1991). [Medline] 

9.  D. A. Doyle, J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gullbis, S. L. Cohen, 
B. T. Chait, R. M. MacKinnon, The structure of the potassium channel: 
Molecular basis of K+ conduction and selectivity. Science 280, 69-77 (1998).
[Abstract/Free Full Text] 

10.  C. M. Armstrong, Interaction of tetraethylammonium ion derivatives with the potassium 
channels of giant axons. J. Gen. Physiol. 58, 413-437 (1971).[Abstract/Free Full Text] 

11.  C. M. Armstrong, Ionic pores, gates and gating currents. Q. Rev. Biophys. 7, 179-210 
(1974).[Medline] 

12.  A. L. Hodgkin, R. D. Keynes, The potassium permeability of a giant nerve fiber. J. 
Physiol. (London) 128, 28-60 (1955).[Medline] 

13.  F. Bezanilla, C. M. Armstrong, Negative conductance caused by the entry of sodium and 
cesium ions into the potassium channels of squid axons. J. Gen. Physiol. 60, 588-608 
(1972).[Abstract/Free Full Text] 

14.  C. M. Armstrong, Sodium channels and gating currents. Physiol. Rev. 61, 644-683 (1981).
[Free Full Text] 

15.  H. Schrempf, O. Schmidt, R. Kummerlin, S. Hinnah, D. Muller, M. Betzler, T. 
Steinkampf, R. Wagner, A prokaryotic potassium ion channel with two predicted 
transmembrane segments from Streptomyces lividans. EMBO J. 14, 5170-5178 (1995).
[Abstract] 

16.  W. Epstein, M. O. Walderhaug, J. W. Polarek, J. W. Hesse, E. Dorus, J. M. Daniel, The 
bacterial Kdp K+-ATPase and its relation to other transport ATPases, such as the Na+/K+- 
and Ca2+-ATPases in higher organisms. Philos. Trans. R. Soc. London B. Biol. Sci. 326, 
479-486 (1990). [Medline] 

17.  B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, The Molecular Biology 
of the Cell (Garland Science, New York, 4th ed., 2002). 

18.  W. K. Chandler, H. Meves, Incomplete sodium inactivation in internally perfused giant 
axons from Loligo forbesi. J. Physiol. (London) 186, 121-122 (1966). 

19.  W. Almers, C. M. Armstrong, Survival of K channels in K free media. J. Gen. Physiol. 75, 
61-78 (1980).[Abstract] 

20.  F. Gomez-Lagunas, Shaker B K+ conductance in Na+ solutions lacking K+ ions: A 
http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10 (15 of 19)12/30/2005 11:01:49 AM

http://stke.sciencemag.org/cgi/external_ref?access_num=6209577&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=2441471&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=2440582&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=emboj&resid=7/4/1087
http://stke.sciencemag.org/cgi/external_ref?access_num=2122519&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=2000494&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=2000495&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=280/5360/69
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=58/4/413
http://stke.sciencemag.org/cgi/external_ref?access_num=4449982&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=14368574&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=60/5/588
http://stke.sciencemag.org/cgi/ijlink?linkType=PDF&journalCode=physrev&resid=61/3/644
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=emboj&resid=14/21/5170
http://stke.sciencemag.org/cgi/external_ref?access_num=1970651&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=75/1/61


AAAS | Science's STKE | Armstrong, pp. re10

remarkably stable non-conducting state produced by membrane depolarizations. J. 
Physiol. (London) 499, 3-15 (1997).[Abstract] 

21.  Y. Zhou, J. H. Morais-Cabral, A. Kauffman, R. MacKinnon, Chemistry of ion 
coordination and hydration revealed by a K+ channel-Fab complex at 2.0 ° resolution. 
Nature 414, 43-48 (2001).[CrossRef][Medline] 

22.  C. M. Nimigean, C. Miller, Na+ block and permeation in a K+ channel of known structure. 
J. Gen. Physiol. 120, 323-335 (2002).[Abstract/Free Full Text] 

23.  C. M. Armstrong, Potassium pores of nerve and muscle membrane, in Membranes: A 
Series of Advances, G. Eisenman, Ed. (Marcel Dekker, New York, 1975), vol. 3, pp. 325-
358. 

24.  T. Begenisich, P. De Weer, Potassium flux ratio in voltage-clamped squid giant axons. J. 
Gen. Physiol. 76, 83-98 (1980).[Abstract] 

25.  Y. Jiang, A. Lee, J. Chen, M. Cadene, B. T. Chait, R. MacKinnon, The open pore 
conformation of potassium channels. Nature 417, 523-526 (2002).[CrossRef][Medline] 

26.  D. del Camino, G. Yellen, Tight steric closure at the intracellular activation gate of a 
voltage-gated K+ channel. Neuron 32, 649-656 (2001).[CrossRef][Medline] 

27.  M. H. Akabas, D. A. Stauffer, M. Xu, A. Karlin, Acetylcholine receptor channel structure 
probed in cysteine-substitution mutants. Science 258, 307-310 (1992).[Medline] 

28.  N. Yang, R. Horn, Evidence for voltage-dependent S4 movement in sodium channels. 
Neuron 15, 213-218 (1995).[Medline] 

29.  N. Yang, A. L. George, R. Horn, Molecular basis of charge movement in voltage-gated 
sodium channels. Neuron 16, 113-122 (1996).[Medline] 

30.  H. P. Larsson, O. S. Baker, D. S. Dhillon, E. Y. Isacoff, Transmembrane movement of the 
Shaker K+ channel S4. Neuron 16, 387-397 (1996).[Medline] 

31.  A. Cha, G. E. Snyder, P. R. Selvin, F. Bezanilla, Atomic scale movement of the voltage-
sensing region in a potassium channel measured via spectroscopy. Nature 402, 809-813 
(1999).[CrossRef][Medline] 

32.  Z. Lu, A. M. Klem, Y. Ramu, Ion conduction pore is conserved among potassium 
channels. Nature 413, 809-813 (2001).[CrossRef][Medline] 

33.  G. Yellen, The moving parts of voltage-gated ion channels. Q. Rev. Biophys. 31 (3), 239-
295 (1998).[CrossRef][Medline] 

34.  E. Perozo, R. MacKinnon, F. Bezanilla, E. Stefani, Gating currents from a nonconducting 
mutant reveal open-closed conformations in Shaker K+ channels. Neuron 11, 353-3358 
(1993).[Medline] 

35.  C. M. Armstrong, A. Loboda, A model for 4-aminopyridine action on K channels. 
Similarities to TEA+ action. Biophys. J. 81, 895-904 (2001).[Abstract/Free Full Text] 

36.  L. D. Islas, F. J. Sigworth, Voltage sensitivity and gating charge in Shaker and Shab 
family potassium channels. J. Gen. Physiol. 114, 723-742 (1999).[Abstract/Free Full Text] 

37.  A. Loboda, C. M. Armstrong, Resolving the gating charge movement associated with late 
transitions in K channel activation. Biophys. J. 81, 905-916 (2001).[Abstract/Free 
Full Text] 

38.  Z. Lu, A. M. Klem, Y. Ramu, Coupling between voltage sensors and activation gate in 
voltage-gated K+ channels. J. Gen. Physiol. 120, 663-676 (2002). 

39.  D. H. Hackos, T. H. Chang, K. J. Swartz, Scanning the intracellular S6 activation gate in 
the Shaker K+ channel. J. Gen. Physiol. 119, 521-532 (2002).[Abstract/Free Full Text] 

40.  M. Zhou, J. H. Morais-Cabral, S. Mann. R. MacKinnon, Potassium channel receptor site 
for the inactivation gate and quaternary amine inhibitors. Nature 411, 657-661 (2001).

http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10 (16 of 19)12/30/2005 11:01:49 AM

http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jphysiol&resid=499/1/3
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/35102009&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=11689936&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=120/3/323
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=76/1/83
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/417523a&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=12037560&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1016/S0896-6273(01)00325-7&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=11719205&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=1384130&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=7619524&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=8562074&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=8789953&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/45552&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=10617201&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/35101535&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=11677598&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1017/S0033583598003448&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=10384687&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=8352943&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=biophysj&resid=81/2/895
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=114/5/723
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=biophysj&resid=81/2/905
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=biophysj&resid=81/2/905
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=119/6/521


AAAS | Science's STKE | Armstrong, pp. re10

[CrossRef][Medline] 
41.  Y. Liu, M. Holmgren, Y. E. Jurman, G. Yellen, Gated access to the pore of a voltage-

dependent K+ channel. Neuron 19, 175-184 (1997).[Medline] 
42.  M. Holmgren, P. L. Smith, G. Yellen, Trapping of organic blockers by closing of voltage-

dependent K+ channels: Evidence for a trap door mechanism of activation gating. J. Gen. 
Physiol. 109, 527-535 (1997).[Abstract/Free Full Text] 

43.  A. Melishchuk, C. M. Armstrong, Mechanism underlying slow kinetics of the OFF gating 
current in Shaker potassium channel. Biophys. J. 80, 2167-2175 (2001).[Abstract/Free 
Full Text] 

44.  S. D. Demo, G. Yellen, The inactivation gate of the Shaker K+ channel behaves like an 
open-channel blocker. Neuron 7, 743-753 (1991).[Medline] 

45.  J. P. Ruppersberg, R. Frank, O. Pongs, M. Stocker, Cloned neuronal IK(A) channels 

reopen during recovery from inactivation. Nature 353, 657-660 (1991).[CrossRef]
[Medline] 

46.  A. Kreusch, P. J. Pfaffinger, C. F. Stevens, S. Choe, Crystal structure of the 
tetramerization domain of the Shaker potassium channel. Nature 392, 945-948 (1998).
[CrossRef][Medline] 

47.  O. Sokolova, L. Kolmakova-Partensky, N. Grigorieff, Three-dimensional structure of a 
voltage-gated potassium channel at 2.5 nm resolution. Structure (Cambridge) 9, 215-220 
(2001).[CrossRef][Medline] 

48.  B. P. Bean, Sodium channel inactivation in the crayfish giant axon: Must channels open 
before inactivating? Biophys. J. 35, 595-614 (1981).[Abstract] 

49.  R. W. Aldrich, D. P. Corey, C. F. Stevens, A reinterpretation of mammalian sodium 
channel gating based on single channel recording. Nature 306, 436-441 (1983).[Medline] 

50.  F. Bezanilla, C. M. Armstrong, Inactivation of the sodium channel. I. Sodium current 
experiments. J. Gen. Physiol. 70, 549-566 (1977).[Abstract/Free Full Text] 

51.  C. M. Armstrong, F. Bezanilla, Inactivation of the sodium channel. II. Gating current 
experiments. J. Gen. Physiol. 70, 567-590 (1977).[Abstract] 

52.  C. M. Armstrong, R. S. Croop, Simulation of Na channel inactivation by thiazin dyes. J. 
Gen. Physiol. 80, 641-662 (1982).[Abstract] 

53.  C. C. Cuo, B. P. Bean, Na+ channels must deactivate to recover from inactivation. Neuron 
12, 819-829 (1994).[Medline] 

54.  A. Parsegian, Energy of an ion crossing a low dielectric membrane: Solution to four 
relevant electrostatic problems. Nature 221, 844-846 (1969).[Medline] 

55.  L. D. Islas, F. J. Sigworth, Electrostatics and the gating pore of Shaker potassium 
channels. J. Gen. Physiol. 117, 69-89 (2001).[CrossRef][Medline] 

56.  Y. Jiang, V. Ruta, J. Chen, A. Lee, R. MacKinnon, The principle of gating charge 
movement in a voltage-dependent K+ channel. Nature 423, 42-48 (2003). [CrossRef]
[Medline]

------------ 

Citation: C. M. Armstrong, Voltage-Gated K Channels. Sci. STKE 2003, re10 
(2003). 

© 2003 American Association for the Advancement of Science

http://stke.sciencemag.org/cgi/content/full/sigtrans;2003/188/re10 (17 of 19)12/30/2005 11:01:49 AM

http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/35079500&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=11395760&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=9247273&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=109/5/527
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=biophysj&resid=80/5/2167
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=biophysj&resid=80/5/2167
http://stke.sciencemag.org/cgi/external_ref?access_num=1742023&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/353657a0&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=1922383&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/31978&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=9582078&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1016/S0969-2126(01)00578-0&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=11286888&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=biophysj&resid=35/3/595
http://stke.sciencemag.org/cgi/external_ref?access_num=6316158&link_type=MED
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=70/5/549
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=70/5/567
http://stke.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=jgp&resid=80/5/641
http://stke.sciencemag.org/cgi/external_ref?access_num=8161454&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=5765058&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1085/jgp.117.1.69&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=11134232&link_type=MED
http://stke.sciencemag.org/cgi/external_ref?access_num=10.1038/nature01581&link_type=DOI
http://stke.sciencemag.org/cgi/external_ref?access_num=12721619&link_type=MED
http://stke.sciencemag.org/misc/terms.dtl

	sciencemag.org
	AAAS | Science's STKE | Armstrong, pp. re10



	HAIFPBKAJNJEOGIJDNIHMAFIJAHFENNC: 
	form3: 
	x: 
	f1: 
	f2: quicksearch_allorsection
	f3: 0
	f4: 3
	f5: 20
	f8: stke_preview,perspectives,reviews,protocols,editguides,twist,vj,wp,calendar,links,education,cmpath,cmcomp,cmnode,cmrel,forum,eletters,letters,errata
	f9: anytime

	f6: Search
	f7: 




