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Ion channels, like many other proteins, have moving parts that perform useful

functions. The channel proteins contain an aqueous, ion-selective pore that

crosses the plasma membrane, and they use a number of distinct ‘gating’

mechanisms to open and close this pore in response to biological stimuli such as

the binding of a ligand or a change in the transmembrane voltage.

This review is written at a watershed in our understanding of ion channels.

Until now, almost all of the information about ion channels and their moving parts

has come not from structural studies but from strategically designed functional

measurements. On the other hand, direct structural studies on ion channels and

of integral membrane proteins in general have lagged behind those of other

proteins. But with the recently solved structure of a K+ channel from bacteria, we

have a glimpse at part of the answer. This structure does not yet tell us how gating

occurs and where the moving parts are, but it is possible to make some pretty good

guesses using the structure together with the fruit of years of high-quality

functional work.

The biological role for voltage-gated ion channels is to produce electrical

signalling in neurons and other excitable cells. In response to a change in

transmembrane electrical potential, these proteins open an ion-selective pore

through which ions move passively across the membrane. When open, voltage-

gated sodium channels allow an inward flux of sodium ions that makes the

transmembrane potential (defined as inside minus outside) more positive; voltage-

gated potassium channels then open, allowing outward flux of potassium ions to

restore the membrane potential to its negative resting value. The opening and

closing of these channels, which is collectively called gating, is carefully

choreographed to produce the stereotyped and variable electrical signals required

by the nervous system for rapid signal transmission.

What are the ‘moving parts’ of these channel proteins that open and close the

pores in response to a voltage stimulus? This review will describe our current state

of understanding of these gating motions, with a strong focus on the gating of

voltage-dependent potassium channels. Various technical reasons have favoured

progress on these channels over the related sodium and calcium selective channels

in the family, though important work has also been done on these other channels.

Other recent reviews have treated the molecular structure of these channels,

including the organization and properties of the pore-forming region (Hille,  ;

Catterall,  ; Aidley & Stanfield, ), so these features will be described only
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in the detail needed to understand the gating motions. A recent review by

Armstrong & Hille () treats the entire subject matter of voltage-gated

channels and places it in a historical perspective, including the remarkable seminal

contributions of Hodgkin and Huxley to the original conception of voltage-gated

channels. Also, a lucid review by Sigworth () in these pages dealt with the

energetics and possible structure of the ‘voltage sensor’, a common feature of all

the voltage-gated channels that lets them respond to the change in transmembrane

voltage. Only the latest developments in this area will be considered.

. Basic structure of voltage-activated channels

The voltage-activated Na+, Ca#+ and K+ channels constitute a family of

structurally related integral membrane proteins. Voltage-activated Na+ and Ca#+

channels are composed of a single pore-forming polypeptide (the α subunit), plus

various auxiliary subunits. The α subunits of these channels contain four repeats

of a core motif, which consists of six predicted transmembrane regions, S–S

(Fig. A, B). Voltage-activated K+ channels are tetramers, with each subunit

containing a single core motif (Fig. B, C). The amino- and carboxy-termini of

the proteins are on the intracellular side of the plasma membrane, as are the loops

of Na+ and Ca#+ channels that connect the repeats of the core motif. Although this

overall description applies to channels in all three classes, there is virtually no

direct sequence homology between classes, even in isolated regions.

The ion-selective pore of these channels are formed by loops between the S

and S regions, often called the P-regions or P-loops; four of these loops approach

close together at the axis of the pore. These P-loops were originally identified in

searches for mutations that would alter the binding of various pore blockers

(MacKinnon & Miller,  ; Noda et al.  ; MacKinnon & Yellen,  ;

Hartmann et al.  ; Yellen et al.  ; Yool & Schwarz, ) ; their role in ion

selectivity has now been studied extensively in all three channel classes. Within

each channel class, the sequence of the P-loops is very highly conserved,

particularly at a few critical residues.

Because of the small size of the P-loops (only about  amino acids), it seemed

unlikely that they could line the entire length of the pore through the membrane.

Site-directed mutations in the neighbouring S region were found to alter the

sensitivity of Na+ and K+ channels to intracellular pore blockers (Choi et al.  ;

Kirsch et al.  ; Lopez et al.  ; Ragsdale et al. ), as well as single-

channel conductance and selectivity. These results suggested that the S might

also contribute to the pore lining. Some mutations in S and in the S–S linker

can also affect blockade (Isacoff et al.  ; Shieh & Kirsch, ).

Almost all of these conclusions about the pore from functional and mutagenesis

studies has been borne out by the recently solved structure of a bacterial K+

channel (Doyle et al. ). The KcsA channel from Streptomyces lividans was first

identified as a K+ channel from its sequence, using the prior identification of the

conserved P-region as a guide. Each subunit of the tetrameric KcsA has only two

transmembrane regions plus the P-region, and these are homologous to the
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Fig. . Structural overview of voltage-gated channels. (A) Transmembrane disposition of a single

voltage-gated K+ channel subunit. There are six transmembrane regions, denoted by S through S,

plus the ‘P region’ that forms the narrowest part of the pore (and thus crosses from the extracellular

vestibule of the channel to the intracellular vestibule). Both N- and C-termini are located on the

intracellular side of the plasma membrane. (B) Overall structural organization of the voltage-gated

channels. Na+ and Ca#+ channels have four homologous repeats of the core motif in a single polypeptide

chain; K+ channels are tetrameric assemblies of subunits with a single core motif. (C) Cartoon of a

voltage-gated channel. The four core motifs surround the central pore; one is removed here for

illustration.
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S–P–S region of the voltage-gated K+ channels. (The body plan looks closer to

the inwardly rectifying K
ir

channel family, which is not directly gated by voltage,

but the sequence is closer to the voltage-gated K
v
channels.) KcsA forms functional

K+ channels that are apparently controlled by extracellular protons but not by

transmembrane voltage (Cuello et al. ).

The extracellular part of the pore of KcsA (Fig. ) is formed by a narrow

constriction, with the first half of the P-region forming a ‘pore helix’ that supports

the extended loop structure containing the GYG sequence known to be

responsible for K+ selectivity. Only backbone atoms face the pore at this point. As

anticipated, the P-region does not form the whole length of the pore, and the

segment of the pore closer to the cytoplasmic surface is lined by the ‘ inner helices’

(corresponding to S). These helical rods are spread at the top (extracellular end)

to accommodate the selectivity filter, and the four helices (one from each subunit)

cross in a bundle near the cytoplasmic surface. The bundle does not completely

occlude access at the crossing – there is an aperture at the crossing that appears to

be more than adequate to allow ions and blockers to pass through. The structure

contains beautiful indications of how selectivity and ion permeation occur (see

Doyle et al. ), but because it is a structure of only a single gating state

(possibly an open state), it cannot yet show us how the protein moves. As we

discuss the various gating processes known to occur in the voltage-activated K+

channels, we will make reference to this structure, mindful that it comes from a

related but distinct type of K+ channel.

The other common structural feature of the voltage-activated channels, which

is not found at all in the KcsA channel, is the unusual S transmembrane region.

It contains a positively charged arginine or lysine residue at every third position.

This region, discussed in much greater detail below, is hypothesized to be the

principal voltage sensor of these channels.

. What are the physical motions of the channel protein during gating?

How does the pore open and close? In principle, the channel protein could move

hardly at all during gating. As Sigworth () has pointed out, an increase of only

C  kT in the energy barrier to ion permeation might effectively close the

channel ; this could probably be accomplished with a very subtle change in the

lining of the pore.

But there is no compelling reason to eschew the more commonplace mechanical

conceptions of gating. Many globular proteins of known structure undergo

substantial functional motions. The jaw movement of hexokinase and the hinged

lid of triose phosphate isomerase are just two examples of how metabolic enzymes

can gate access to their active sites by a mechanical obstruction (Steitz et al.  ;

Joseph et al. )." For channels there is still no three-dimensional structural

picture of the gating motions, but as we shall see, there is now good evidence to

" In these and many other cases, the ‘gate’ closes after the enzymatic substrate has entered the active site.

By enveloping its substrate(s), an enzyme can optimize positioning for catalysis and maximize the number

of specific interactions between itself and the substrate, while excluding water from the reaction

environment.
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(A)

(B)

(C)

Fig. . Crystal structure of KcsA, a bacterial K+ channel gated by protons. Three stereo

views of the architecture of the KcsA channel. (Reprinted with permission from Doyle et

al., Science , –, . Copyright  American Association for the Advancement of

Science.) The KcsA channel lacks the S through S transmembrane regions, but has

homology to the S–P-S regions of the voltage-gated K+ channels. (A) A ‘top’ view,

showing a ribbon representation of the fold viewed from the extracellular side. Each subunit

is colored differently. (B) A ‘side’ view, with the extracellular surface at the top of the

figure. The inner helix corresponds to the S of the voltage-gated channels. (C) A simplified

side view, showing the ‘ inverted teepee’ architecture of the KcsA channel, with the ‘bundle

crossing’ adjacent to the ‘ inner helices ’ label.
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Fig. . Overview and terminology for voltage-dependent gating. Simulated traces of

membrane current and the inferred open probability in response to various voltage stimuli,

for a hypothetical slowly inactivating voltage-gated channel. (A) shows the response to a

brief positive-going voltage step (on the order of  ms duration); (B) shows the response to

a longer step (on the order of – s) followed by a series of brief pulses.

The measurements. Gating of voltage-dependent channels is typically studied using step

changes in the membrane voltage (bottom row), applied with a ‘voltage clamp’ amplifier.

This feedback amplifier device applies a specific ‘command’ voltage step, while measuring

the membrane current that flows through the membrane during the voltage step (top row).

The membrane current through a single species of ion channel is determined by the product

of the open channel current and the probability that a channel is open (middle row). The open

channel current is determined by the number of channels, the conductance of each open

channel, and the passive flow of ions downhill according to their electrochemical potential

difference across the membrane. For the hypothetical K+ channel here, this open channel

current is positive (outward) during the positive voltage step, and negative (inward) at the

baseline or ‘resting’ voltage. The open probability is inferred from measurements of the total

membrane current and separate determination of the open channel current.

Description of the gating : For the brief voltage step (left), the channels rapidly activate when

the voltage is positive and deactivate when the voltage is returned to a negative value. This

is most directly illustrated by the open probability trace, but experimentally it is seen from

the membrane current. During activation, the flow of ions through the channel is outward

(positive), so activation is seen as a rise in positive current. When the membrane voltage is

returned to a negative value, the flow of ions switches instantly to inward (negative), so that

deactivation is seen as a decline in a negative current. These are sometimes called ‘tail

currents’. Channel inactivation is the transition of the channel to a non-conducting state

distinct from the resting closed (deactivated) state. It is seen here as the decline in open

probability in spite of a prolonged positive-going voltage stimulus, which initially opens the

channels. The reversal of this inactivation process is seen as recovery. This is measured by

the recovering ability to activate the channels by brief depolarizations. Recovery typically

occurs only when the voltage is set at a negative value for a prolonged period.
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support the idea that gating involves some mechanical motions of the channel

proteins.

. Gating involves several distinct mechanisms of activation and inactivation

A typical voltage-dependent channel has more than one way to open and close its

pore, and these multiple gating mechanisms are important in determining the

signalling behaviour of the channel. In response to a positive change in the

transmembrane voltage (defined as intracellular potential minus extracellular

potential), the channel will open rapidly in a process called ‘activation’ (Fig. A).

Immediate return of the potential to the resting level (generally about ® mV

inside) reverses the process, closing the channel (‘deactivation’). If, after

activation, the positive potential is maintained (Fig. B), the channel will close

despite the maintained activating stimulus; this type of closure is called

‘ inactivation’. This inactivated channel is generally unresponsive to further

activating stimuli, unless the membrane is returned to a negative potential, which

permits the channel to ‘recover from inactivation’ and return to the resting closed

state.

Experiments along these lines can readily convince us that the non-conducting

resting (‘deactivated’) channel and the non-conducting ‘ inactivated’ channel are

in different kinetic states. As we will see below, they also use quite different

mechanisms to occlude the pore. In fact, for voltage-dependent K+ channels there

are three well-defined mechanisms of gating, each with a different physical basis :

activation and two forms of inactivation (N-type and C-type).

.  

For almost all voltage-activated channels, the primary response to a positive

change in voltage (‘depolarization’) is a rapid opening or ‘activation’.

Conceptually, the mechanism for this response can be divided in two parts: the

‘voltage sensor’ and the ‘gate’. The voltage sensor motion is a conformational

change that moves a substantial amount of charge or charge dipoles relative to the

transmembrane electric field; some such motion is necessary to account for the

steep voltage-dependence of the activation process. The motion of the ‘gate’

opens or closes the pore. Both components are necessary and they must be

energetically coupled to each other, to ensure that a change in voltage alters the

open probability of the pore.

A priori, these two components need not be separable: a single global

conformational change might accomplish both changes. However, there has long

been evidence that activation gating involves multiple kinetic steps, and that

gating charge movement (a necessary consequence of the movement of a voltage

sensor) can precede channel opening. These findings make it seem reasonable to

consider the voltage sensor and the gate as energetically coupled but separate

motions.

The nature and identity of the voltage sensor were considered extensively in a

fine review by Sigworth (). Therefore, this review will focus primarily on the

nature of the activation gate, except for a brief update on the voltage sensor.
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. Early evidence for an activation gate at the intracellular mouth

.. Open channel blockade

Many of the clues about the nature of activation gating have come from studies of

pore blockers on voltage-activated K+ channels. Agents that block the pore from

the extracellular side tend to inhibit the channel irrespective of its activation state,

but most of those that block from the intracellular side exhibit features of ‘open

channel blockade’. That is, they cannot bind to the channel until the activation

gates have opened.

Because of the low affinity of the blockers and other experimental obstacles,

state-dependent binding has not been studied by biochemical techniques (except

in the case of some ligand-activated channels). Instead, the evidence for state-

dependent binding comes from studying the kinetics of inhibition. For K+

channels, Armstrong (, ) found it useful to use long-alkyl-chain

derivatives of tetraethylammonium (TEA), which have a higher affinity than TEA

itself. Figure A(i) shows the effect of intracellular application of such a long-

chain quaternary ammonium compound, decyltriethylammonium (C
"!

). In the

absence of the blocker, these modified Shaker K+ channels activate quickly and

remain open in response to a step change in voltage. When the blocker is present,

the channels still activate quickly – indicating that they were not blocked prior to

the voltage step – but then the current declines exponentially as the blocker

molecules bind to the open channels. The overall appearance of a transient

conductance can be described by a kinetic model (Fig. A(ii)) in which activation

gates must open (C!O) before the blocker can bind (O!B).

Ample evidence (reviewed in detail by Armstrong in ) supports the idea

that these blockers act by binding within the pore and occluding the movement of

K+ ions through the pore. The kinetics of inhibition match those for a bimolecular

association reaction, with the association rate linearly related to blocker

concentration, and the dissociation rate independent of concentration (Neher &

Steinbach,  ; Swenson, ). The binding affinity is enhanced by making the

intracellular voltage more positive, which tends to drive the positively charged

blocker molecule into the pore (Armstrong,  ; French & Shoukimas,  ;

Choi et al. ). This effect of voltage is expected for a blocker that partly

traverses the membrane (and therefore the transmembrane electric field) in order

to reach its site (Woodhull, ). Finally, dissociation of the blockers can be

enhanced by elevating the concentration of K+ on the opposite side of the

membrane (Armstrong,  ; Choi et al. ). This last result is taken to mean

that K+ ions can enter the pore and destabilize the bound blocker by electrostatic

repulsion.

Taken together, these results indicate that blockers (and thus probably permeant

ions) can enter the pore from the intracellular side only when the activation gates

are open. Similar results are found for positively charged intracellular blockers of

Na+ channels (Shapiro,  ; Yeh & Narahashi,  ; Cahalan & Almers,

a, b). Once bound to their site in the pore, these intracellular blockers can

interact with the activation gate in either of two ways, both consistent with the idea

that there is an activation gate at the intracellular mouth.
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Fig. . Activation gating at the intracellular mouth of K+ channels: biophysical evidence.

(A) An example of ‘open channel blockade’ in Shaker K+ channels (Choi et al. ),

modelled on the original experiments by Armstrong (). In the control trace (dark trace),

channels activate during a  ms voltage step from ® mV to  mV, and then deactivate

upon return to ® mV. In the presence of an intracellular blocker ( µ

decyltriethylammonium, or C
"!

; light trace), channels open and are then blocked by the

blocker. Deactivation appears slower because the blocker interferes with closure of the

activation gates (the ‘foot-in-the-door’ effect). (B) An example of trapping of an intracellular

blocker by the activation gates, in a mutant Shaker K+ channel (IC) (from Holmgren et

al. ). The first voltage step, in control conditions, shows activation (and no

inactivation). The second step, in the presence of blocker, shows the usual open channel

blockade, as in A. At the end of the step, C% of the channels are blocked. At the end of

this step, open channels close to the normal deactivated state and blocked channels close to a

‘closed-blocked’ state, in which the blocker is trapped (see cartoon in C). Even after the

extensive ("min) wash-out of the blocker, the third depolarizing pulse shows that the

% of closed channels open rapidly, while the % of closed-blocked channels can

conduct only after the slow release of blocker from the open-blocked state. (C) Cartoon

illustrating the imagined relationship between intracellular blockers and the intracellular

activation gate.
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.. The ‘foot-in-the-door ’ effect

The first possibility is that the bound blocker prevents the gate from closing. This

effect was first described by Armstrong (), and he later named it the ‘foot-in-

the-door’ effect (Yeh & Armstrong, ). The blocker’s effect on gating is seen

during ‘tail current’, which monitors the channels’ deactivation when the

membrane voltage is returned to its resting negative level (Fig. A(i)). Normally,

channel closing seen as a rapid exponential decline in the current (control trace

labelled O!C; the currents are negative because at this voltage, K+ ions flow

inward). In the presence of blocker (labelled OB!O!C), there is a rapid rising

phase (corresponding to blocker re-equilibration induced by the voltage change)

followed by a slower closing phase. The closing is slower in the presence of the

blocker because the gates cannot close unless the blocker has dissociated; that is,

there is no closed-blocker (CB) state. In a formal sense, the ‘foot-in-the-door’

effect is equivalent to saying that the blocker competes with the activation gate, or

that blockade and closure are mutually exclusive. This finding supports the idea

that there is a gate at the intracellular entryway to the channel that opens to allow

ions to pass through the channel, and it also reveals a binding site for channel

blockers.

.. Trapping of blockers behind closed activation gates

For some channel species and some open-channel blockers, there is no ‘foot-in-

the-door’ effect, and blockade and closure are not mutually exclusive. In these

cases, though, there is still an interesting interaction between the blocker and the

activation gate: the open-channel blockers can be trapped behind a closed

activation gate. There is no obvious effect on the deactivation as measured by tail

currents, because channels without a blocker close at the normal rate, and channels

with a blocker close ‘silently’ – they never contribute to the tail current. The

closure of the blocked channels can be inferred because the blocker remains stably

trapped in the closed channel. Even if all of the blocker is removed from the

solution bathing the channels, a subsequent attempt to open the channels reveals

that many of them still contain a blocker.

This type of blocker trapping is illustrated in Fig. B, for a Shaker K+ channel

with a point mutation in a part of the S region that contributes to the pore

(Shaker position ) (Holmgren et al. ). In the presence of the QA blocker

C
"!

, a positive voltage step opens the channels rapidly and they then relax to a new

steady-state with about % of the channels blocked. A negative voltage step closes

all the channels : the unblocked channels close to the normal resting closed state

(O!C), while the blocked channels close to a closed state containing a trapped

blocking molecule (OB!CB). After the unbound C
"!

is completely washed out, a

positive voltage step opens % of the channels quickly (these come from the

normal resting C state), while the % of the channels that had closed with a

blocker appear to open much more slowly. This corresponds to rapid (but silent)

opening of the blocked channels, followed by the slow appearance of current as

the blocker molecules dissociate.

This behaviour seems like the opposite of the ‘foot-in-the-door’ effect, but it is
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equally supportive of the notion of an activation gate at the intracellular entryway

to the channel. The main difference is that the trapping result implies the presence

of a cavity, behind the gate, that is large enough to contain the blocker even when

the gate is closed. Adetailed study of the energetics of blocker trapping shows that

in some cases the CYO and CBYOB equilibria are nearly the same, which says

that the binding energy of the blocker is approximately equal in the closed and

open states.# This suggests that, in contrast to the gate itself, this cavity must not

move much during gating.

Blocker trapping was first described for QA blockers in K+ channels by

Armstrong (). It has also been seen for local anesthetics in Na+ channels

(Strichartz, ), while larger Na+ channel blockers exhibit a ‘foot-in-the-door’

effect (e.g. Cahalan & Almers b). The ability to trap blockers can differ even

among closely related channels. The most extreme example of this variation

(Holmgren et al. ) is that normal Shaker channels show virtually no closing

in the presence of blockers, even for the small blocker TEA, while the same

channels with the previously mentioned point mutation at position  in S can

trap small and large blockers (TEA and C
"!

) nearly ideally (i.e. without energetic

cost). It will be interesting to learn whether these differences can be accounted for

by variations in the size of the cavity behind the gate.

Because the blockers cannot pass through the narrowest part of the channel

(often called the ‘selectivity filter’), the trapping cavity must be located between

the gate and the selectivity filter, as shown in the cartoon of Fig. C. This

hypothesis matches the KcsA structure beautifully. Though we do not yet know

precisely where the gate is located, there is indeed a water-filled cavity, with a

hydrophobic lining, located just to the intracellular side of the selectivity filter.

The several mutations best-known to affect intracellular TEA binding (Yellen et

al.  ; Choi et al. ), corresponding to Shaker positions ,  and ,

are all located within this cavity on or near the selectivity filter. Of course, the fact

that the cavity is lined mostly by hydrophobic amino acid side-chains also fits

beautifully with Armstrong’s original observation that the addition of long

hydrophobic alkyl chains enhances the binding of TEA derivatives.

. Site-directed mutagenesis and the difficulty of inferring structural roles from

functional effects

Progress beyond the simple cartoon stage in our understanding of channel gating

has mostly been made possible by the cloning, expression, and site-directed

mutagenesis of channel proteins. Because native cells (e.g. neurons) usually have

a mixture of channel types and subtypes, the ability simply to study a single

channel species in a heterologous expression system is a tremendous advantage,

and allows the investigator to focus on the detailed physiology and pharmacology

of channel gating free from the need to ‘separate’ currents by some (usually

imprecise) physiological or pharmacological manipulation.

# The binding energy of the blocker with the closed state must be inferred from the voltage-dependence

of the blocker’s escape from the trapped state, because the blocker cannot directly bind to or dissociate from

the closed state.
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Together with the ability to express individual channel types came the freedom

to change individual amino acid residues in the protein sequence and observe the

effect on function. With this remarkable new tool it was possible (by good guessing

and hard work) to identify some of the ‘good parts’ of the channel sequence:

regions that had specific effects on the binding of pore blockers, on the kinetics of

gating, and on the energetics of voltage-dependence.

The major triumph of this approach for learning about the moving parts

involved in channel gating was the elucidation of the N-type inactivation

mechanism (discussed below). For the other gating mechanisms, though, it was

possible to get many interesting effects of mutagenesis but very difficult to assess

their meaning. Many mutations in the S region gave large changes in voltage

dependence (Stu$ hmer et al.  ; Papazian et al. ), supporting the idea that

this region was somehow important in sensing the voltage (but in some cases

equally consistent with the idea that this was the gate). Directed mutations in

other regions, the S–S linker (McCormack et al. ) and in the outer S (Liu

& Joho, ), also produced marked effects on the kinetics of channel activation

and inactivation. In general, though, it has been quite difficult to make sense of

these effects in terms of any specific structural model. They could be due to a local

and specific change in a key part of the gating mechanism, or they could be due

to a more distant or general effect on the energetic stability of the various gating

conformations of the channel protein.

A recent improvement on this approach of site-directed mutagenesis driven by

iterative guesswork is the (actually more ancient) approach of random mutagenesis

coupled with genetic selection. This approach of ‘forward genetics’ has been used

by Loukin et al. () to select mutants of a yeast K+ channel that are defective

in closing. One such mutant screen yielded multiple hits at a small number of

specific sites, located in a region analogous to the intracellular end of the S

region. This approach represents an important advance in identifying key regions

for specific channel functions, in a way that is unbiased by preconceptions of the

investigators. In the end, though, even these unbiased mutational effects are

difficult to interpret in structural or mechanistic terms. They mainly contribute to

our knowledge of where the ‘good parts’ are located.

. State-dependent cysteine modification as a reporter of position and motion

A particularly useful tool for learning about the moving parts of ion-channel

proteins is the use of site-directed cysteine substitution. Unlike most site-directed

mutagenesis, the goal is not to discover how the substitution of cysteine changes

the protein’s function, but instead to introduce a reporter into an otherwise

normally functioning protein. In fact, it is ideal if the substitution itself produces

no change in the channel’s function. The cysteine can then be exploited in two

ways. Either the cysteine can be used as a point of attachment for a paramagnetic

or fluorescent probe, which can be used as a real-time monitor of changes in the

probe environment (illustrated below for studies of the voltage sensor), or one can

use the reaction rate between the introduced cysteine and an applied reagent as an
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Fig. . Activation gating at the intracellular mouth of K+ channels: evidence from cysteine

accessibility. (A) Gated access to an S cysteine (Shaker VC). The dots indicate the

channel current during brief test pulses applied every C s. Application of the modifying

reagent MTSET to the intracellular face of an excised patch produces no change, if it is

done while the channels are held in the closed state (bar). However, if the same reagent is

applied for only  ms during a positive voltage pulse to open the channels (arrow), a rapid

and irreversible reduction in current occurs. This cysteine is apparently accessible to

modification only in the open state of the channel. (B) State-dependent modification rates,

from a series of mutations in the S. The key diagram shows the location of the region

studied. Second-order rate constants are plotted for cysteine modification in the closed (+)

and open (D) states. On this logarithmic scale, the length of the bar connecting the two

symbols gives the fold-change in rate between the open and closed states (closed bar for
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). MTS reagents were applied from the intracellular
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indicator of the accessibility and reactivity of the cysteine in different states of the

protein.

Karlin and colleagues (Stauffer & Karlin,  ; Karlin & Akabas, ) have

designed a useful series of hydrophilic cysteine modification reagents (the ‘MTS

reagents’), based on the thiosulfonate chemistry previously exploited by Kenyon

and colleagues (Kenyon & Bruice, ). The most extensive use of these reagents

has been to identify the possible pore-forming regions of ion channels, and to

elucidate their secondary structure by scanning through individual positions in

these regions (a method called SCAM, or substituted cysteine accessibility

mutagenesis ; reviewed in Karlin & Akabas, ).

Only a few cloned channels have been expressed at high levels and subjected to

protein purification; it is much more common for these channels to be studied in

intact cell membranes using electrophysiological methods. This means that

analysis of cysteine modification in channel proteins is not done by direct

monitoring (fluorescence, radiochemical or biochemical), but rather by measuring

some functional effect of the chemical modification on the physiological function

of the channel. To measure the reaction rate for a specific cysteine mutant, it is

first necessary to determine the physiologically measurable endpoint of

modification – for instance, reduction of current or change in some kinetic

behaviour – and then to measure the approach to that endpoint as a function of

the reagent concentration and exposure time.

For learning about the moving parts of the voltage-gated channel proteins, it

has been most informative to measure the changes in cysteine reactivity in

different gating states of the protein. This is possible because the voltage clamp

that is used to measure the channels during modification can also be used to

control the gating state. For instance, at maintained negative voltages, these

channels remain closed; during brief positive voltage steps the channels open; and

during prolonged positive voltage steps the channels reach the inactivated state.

Modification reagents are applied during a voltage step when the channels are

(mostly) in the desired state. Because these manipulations are not absolutely

effective in placing all of the channels in a single gating state, it is always necessary

to evaluate the contribution of all gating states to the measurement, particularly

when a gating state has a low probability of occurrence but a very high rate of

cysteine reaction.

This type of state-dependent cysteine modification has been performed on two

regions of voltage-gated K+ channels that have been considered likely participants

in activation gating at the intracellular mouth: the linker between the S and S

transmembrane regions (hereafter, ‘ the S–S region’) (Holmgren et al. ),

side as in A. MTSET was used for all positions except  ; for this mutant, MTSEA but

not MTSET produced a change in current. Modification at most positions was monitored

by the reduction of current. Positions marked C were not affected substantially more than

control ‘wild-type’ channels. Mutants marked with an asterisk (*) were studied as tandem

dimers, with only one of the two protomers containing the mutation (these mutants did not

express functionally as homotetramers). Closed state modification at positions  and 

was slower than  −" s−". Each point is the mean of three or more determinations; standard

errors are all smaller than the symbols. (Adapted from Liu et al. .)
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and the latter part of the S region (Liu et al. ). To test for changes in gating,

MTS reagents were applied to the intracellular face of the channels in either the

closed state or the open state.

The most dramatic gating-dependent changes in cysteine accessibility are seen

in the S region (Fig. ) (Liu et al. ). At six of the seven deepest positions (i.e.

those furthest toward the extracellular side) that could be modified, the introduced

cysteines were very accessible when the channels were open but much less

accessible (-fold to -fold) when the channels were closed. These S

cysteines fit the expectation for a cysteine located in the pore, behind the gate: easy

access in the open but not the closed state. For several of these cysteines (, )

there is additional evidence that they are located in the pore. Cd#+ ions have a high

affinity for the thiol side chains of the introduced cysteines. For these mutants (but

not for the wild-type channels), Cd#+ acts as an open-channel blocker. Also,

binding of a quaternary ammonium pore blocker (tetrabutylammonium) to the

mutant channels protects the cysteine from modification.

By contrast, the remainder of S has no more than -fold changes in reaction

rate between open and closed; in one case the cysteine reacted faster in the closed

state than the open state. Cysteine modification in the S–S region is also rather

weakly state-dependent (Holmgren et al. ). Overall, cysteines in the S–S

have much slower absolute reaction rates (a maximum of $–% −" s−", with

many rates below  −" s−", compared with rates closer to & −" s−" in the S

region).

. Localization of activation gating

So where is the activation gate? Is it in the middle S, which shows the enormous

state-dependent changes in reactivity, or in the lower part of S or the S–S,

which show definite but more subtle state-dependent changes in reactivity? Either

– or neither – of these regions might be the gate.

.. The trapping cavity

Although these results do not immediately reveal the location of the gate, we can

readily identify a related feature of the gating process – the blocker trapping

cavity. The deep S positions  and  probably lie within the trapping cavity.

One indication is that a point mutation at position  can change a non-trapping

channel into a trapping channel (see Section .. above); this is simplest to

explain if mutating position  simply changes the size of the trapping cavity.

A stronger indication comes from the interaction of Cd#+ ions with these two

cysteine mutants (Liu et al. ). As mentioned above, Cd#+ blocks these mutant

channels with high affinity. Each of these mutant channels actually has four

cysteines, one in each of the subunits. Because Cd#+ binds with a very high affinity

that is substantially reduced in heteromultimers with fewer cysteines, it appears

that a single Cd#+ ion binds simultaneously to multiple cysteines. Cd#+ ions can

reach these high affinity cysteine binding sites only when the channel is in the open

state; exposure to Cd#+ in the closed state produces no long-lasting inhibition.
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Functionally, this identifies these positions as behind the gate (and thus in the

trapping cavity) or on the gate (and somehow inaccessible to Cd#+ when the gate

is in the closed state).

Because the Cd#+-thiolate interaction is such an intimate one, the binding

energy for Cd#+ should be very sensitive to any change in the distance between the

cysteines in different subunits. If these cysteines move during gating, then a

bound Cd#+ should introduce a strong energetic bias in favour of one of the gating

states (whichever has the optimum positioning for Cd#+ binding). The bound

Cd#+ prevents current flow through these channels, so the gating of Cd#+-blocked

channels cannot be measured directly. However, Cd#+ ions that bind to these

mutant channels are trapped by the gate, much as the QA blockers can be. Release

of a bound Cd#+ ion is very steeply voltage-dependent, as though the Cd#+ can

escape only when the channel is open. From this voltage-dependent release, the

gating equilibrium of the blocked channels can be inferred – and it is scarcely

different from the normal gating equilibrium. This implies that these cysteines do

not move during gating: that is, they are not at the main site of gating. The large

change in their reactivity during gating is caused by the motion of a gate that lies

between them and the intracellular solution. Thus these two cysteines lie in a

relatively static cavity between the intracellular activation gate and the selectivity

filter of the pore (Fig. A).

Although there is very little amino acid sequence identity between the Shaker

K+ channel and the KcsA bacterial K+ channel in the lower part of the S segment,

it is possible to align the upper part of the S and use this to constrain the entire

S alignment. When this is done, it places both of these cysteines within the

structurally identified, hydrophobic lined cavity (Fig. B). Both substituted

cysteines face the cavity. As in the cartoon version, the selectivity filter lies on the

extracellular side of this cavity, and the gate (at least in the voltage-gated channels)

must lie somewhere between the cavity and the intracellular surface.

.. The activation gate

The cysteine accessibility data place further constraints on the location of the gate.

Cysteines substituted at Shaker positions  and beyond show only very modest

sensitivity to gating state. Although these cysteines may change accessibility

somewhat during the process of gating, they do not seem to be located ‘behind the

gate’ – instead, they must lie on the intracellular side of the gate. Gating must

therefore occur somewhere in S between Shaker position  and . Using the

correspondence with the KcsA structure, this means that gating occurs right at the

bottom of the hydrophobic lined cavity, approximately at the closest point of

approach for the four S helices. In MacKinnon’s terms, this is right at the apex

or ‘smokehole’ of the ‘teepee’$ structure formed by the S poles (an upside-down

teepee, in Figs C, B).

$ A teepee is a conical tent-like structure used as a dwelling by Native Americans. The poles are spread

at the base and bound together at the top. Although in practice the smokehole is formed by an opening in

the covering material (animal skin or canvas) of the tent, it is common to imagine that it is formed by an

offset in the juxtaposition of the poles at the top, so that instead of meeting at a single point, each pole

contacts its neighbour at a fixed offset. This image corresponds to the KcsA structure.
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(B)

(A)

Fig. . Activation gating at the intracellular mouth of K+ channels: structural interpretation.

(A) A structural interpretation based on the cysteine modification data. The illustration

shows an introduced cysteine that exhibits gated access, as at Shaker position . (The

same cysteine is shown in two subunits.) When the intracellular activation gate closes, it

prevents access to this cysteine, but gating does not necessarily involve this cysteine per se.

(B) Overlay of the cysteine modification data on the KcsA structure (stereo pair). An

ungapped alignment is used, as in Doyle et al. () ; Shaker position  corresponds to

KcsA position . Three of the four subunits are shown in a ribbon representation, with

side-chains at KcsA positions of interest shown as stick representations. The pink residues

correspond to Shaker positions  and –, which show strong gated access, with

modification only in the open state. The green residues correspond to Shaker positions

–, which show ungated access (i.e. they can be modified in open or closed states).

The yellow residues (Shaker , ) are intermediate, with fairly rapid modification in the

closed state. The alanine at KcsA  is shown in ball and stick; it corresponds to Shaker

position , which is not protected by pore blockers and shows interesting effects of Cd#+.

(Cd#+ holds the C channel open by bridging with a native histidine at  in a

neighbouring subunit, corresponding to the last green residue at the bottom of the diagram.)

The selectivity filter loops are shown in red. Illustration courtesy of Rod MacKinnon.
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Hypothetically, gating could occur at this position by two general types of

motion: the teepee structure itself could remain static and a plug from some other

part of the protein could bind at this position to occlude the pore at this point, or

the teepee structure itself could move to narrow the opening. Movement of the

teepee structure could involve either scissoring of the rods, twisting of the rods,

or both. (Similar motions have been proposed for the gating of gap junction

channels (Unwin & Zampighi,  ; Unwin & Ennis, ) and acetylcholine

receptor-channels (Unwin, , ) on the basis of electron-diffraction images

in different gating states.) One might also suspect that in the voltage-dependent

channels (as opposed to the proton-controlled KcsA channel), there is a fixed or

flexible kink in the S helix, since the voltage-dependent channels have a

conserved pair of prolines at the level of the cavity (in Shaker, at positions  and

).

For KcsA there is physical evidence for motion of the inner helix during proton-

controlled gating. Perozo and colleagues () have performed an extensive study

of spin-labelled cysteine substitution mutants in the transmembrane regions of

KcsA. At several positions of the inner helix in the neighbourhood of the bundle

crossing, there is interaction between the spin labels in different subunits of the

tetramer, indicating that these positions are close to the symmetry axis. These

interactions become weaker when the pH is changed to open the channel, arguing

that the spins at these positions move further apart – consistent with a widening

of the pore at this point associated with pH gating of KcsA. Two positions above

and near the bundle crossing (at KcsA  and , corresponding to Shaker 

and ) show a decrease of about % in the interaction parameter, while two

positions at or below the bundle crossing (KcsA  and , corresponding to

Shaker  and ) show a larger decrease of about %. Though it is difficult

to put precise distances to these changes, they clearly indicate motion at this

position of the channel associated with pH-dependent opening.

Additional evidence favours the idea that the teepee structure itself may move

in the voltage-gated K+ channels. A cysteine substituted at Shaker position 

has strongly state-dependent reactivity, but it apparently is not located directly in

the pore. This cysteine can be modified with a positively or negatively charged

reagent without blocking current through the pore, and pore blockers do not

protect this site from modification (Liu et al. ). This site is closely associated

with gating, though: modification of the  cysteine, or binding of Cd#+ ions to

the  cysteine, hold the channel open without blocking current through the

pore.

The effect of Cd#+ on the Shaker C mutant channel is extremely potent, and

occurs at low nanomolar concentrations of the metal ion. This suggested that Cd#+

must bind not only to the introduced cysteine but to some other ligands on the

protein. It turns out that a nearby histidine, at Shaker position , is necessary

for high affinity Cd#+ binding (Holmgren et al. a). Cd#+ can bind when the

C and H are present in neighbouring subunits (and not in the same

subunit), so the Cd#+ ions act by bridging between the subunits. Furthermore, in

the structure, Shaker position  corresponds to a position inKcsA that faces away
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from the pore, slightly above the level of the bundle crossing, while  is below

the level of the crossing (Fig. B). It is attractive to think that Cd#+ ions (probably

one per subunit interface) bind to this pair of residues and freeze the bundle in the

open configuration.%

.. Is there more than one site of activation gating?

The discussion so far has focused on the localization of activation gating using two

of the best probes available, quaternary ammonium blockers and cysteine

modification reagents. The gate at the ‘bundle crossing’ of the inner (S) helices

clearly operates to limit the accessibility of these organic compounds to the deeper

region of the intracellular vestibule of the channel – but is this the same gate that

is responsible for controlling potassium movements through the pore?

First, we can ask whether this gate is quantitatively likely to be important for

K+ permeation. How much change takes place at this gate? One bit of information

is from the quaternary ammonium ions and their entry and escape rates through

this gate in the open and closed states.& In the open state, TEA (minimum cross-

section C ± A/ ) and tetrabutylammonium (C ± A/ ) both enter at very high rates

on the order of ' −" s−", and they dissociate at rates of  s−" and  s−",

respectively. In the closed state, the association rates are much lower (but not

determined) and the dissociation rates are at least &-fold slower. Thus, this gate

at the bundle crossing changes from being large enough in the open state to pass

these two quaternary ammonium ions equally well, to being small enough in the

closed state to restrict the passage of TEA to approximately zero.

This gate also governs the access of smaller reagents – MTSEA, MTSET and

Cd#+ – to sites in the cavity. MTSEA and MTSET have minimum cross-sections

in the range of ±–± A/ , and they are very effectively gated at the bundle crossing.

Cd#+ enters the cavity and reacts with C at least  times slower in the closed

state than in the open state. The crystal radius for Cd#+ is even smaller than that

for K+ (it matches that of Na+), but of course this divalent metal ion is more tightly

hydrated, as evidenced by its much smaller self-diffusion coefficient. Probably any

metal ion passing through this site remains in substantial contact with water, since

it would receive little energetic compensation from the hydrophobic wall of the

passageway for any loss of hydration energy. On the whole, it seems very likely

that the gate at the bundle crossing, besides being effective for all of these other

reagents, will constitute a significant barrier to the passage of K+ ions.

There must not be any substantial gating of K+ ions between the bundle

crossing and the intracellular surface, because all of the larger reagents have

essentially free access to sites below the bundle crossing. But are there sites above

the cavity, in the selectivity filter, that also move during gating and may help to

choke the flow of K+ ions in the closed state?

There are two lines of evidence suggesting that the selectivity filter may also

% In principle, it remains possible that gating occurs by occlusion of the pore by some other part of the

protein, but this would require that Cd#+ bound to the bundle somehow interfered with the motion or

binding of this plugging domain.
& These data are for the Shaker C mutant channel ; Holmgren et al. , and M. Holmgren and G.

Yellen, unpublished.
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change during activation. The strongest piece of evidence is the observation of

‘gating substates’, traversed between the closed and the open state, with altered

selectivity from the main conducting state (Zheng & Sigworth, ). These

substates are seen readily in a mutant Shaker channel with a very slow rate of

activation gating, but they can also be seen in various other mutant channels with

increased conductance (either type of mutation facilitates the observation of the

substates) (Zheng & Sigworth,  ; Chapman et al. ). It could be that the

conductance steps and the selectivity changes arise from step-wise changes at the

selectivity filter. Alternatively, the conductance steps could arise from step-wise

changes at the bundle crossing, while the selectivity changes occur up at the

selectivity filter. Or all of the effects might occur at the bundle crossing, with the

intermediate open states of the gate introducing some additional selectivity step in

permeation.

The other suggestion that the selectivity filter might be involved in gating is the

long history of permeant ion effects on gating (e.g. Chandler & Meves,  ;

Swenson & Armstrong,  ; Neyton & Pelleschi,  ; Demo & Yellen,  ;

Townsend et al. ). Elevation of extracellular [K+], or the addition of various

permeant ion species (like Rb+ or Cs+) thought to bind tightly within the pore, can

slow down the rate of channel deactivation (closure) in many K+ channels. It

seems most plausible that the relevant ion binding occurs within the selectivity

filter and that this binding is energetically communicated to the gating mechanism,

though again it remains possible that these effects actually occur at the bundle

crossing.

There are also various reports that activation gating can regulate the access of

extracellular Ba#+ to a blocking site, which is presumably located in the selectivity

filter (Miller et al.  ; Grissmer & Cahalan, b). This might indicate some

effect of activation gating all the way at the extracellular entryway to the pore.

Some K+ channels show this effect, while others are reported to have gated access

of intracellular Ba#+, but free access of extracellular Ba#+ (Armstrong et al.  ;

Harris et al. ). It is possible that in those channels where it is observed, the

gated access of extracellular Ba#+ is actually secondary to the ability of K+ ions

bound in the pore to be displaced toward the intracellular side, which would be

regulated by the gate at the intracellular side of the channel.

.  

‘Inactivation’ describes the tendency of voltage-gated channels to close in

response to a prolonged voltage stimulus. In all known cases this closure occurs

through a gating mechanism separate from the normal closing (deactivation)

mechanism, though in most cases inactivation is more or less strictly coupled to

the activation process – that is, inactivation occurs faster from the activated state.

This coupling allows the channel to control the gating with a single voltage sensor,

which controls activation directly and controls inactivation through activation.

We will consider first the two best-understood mechanisms of inactivation in

voltage-gated K+ channels – called N-type and C-type inactivation. Using these as
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Fig. . N-type (ball-and-chain) inactivation mechanism. (A) Deletion mutations in the N-

terminal region of the Shaker K+ channel (A), and a typical resultant single channel trace for

each mutant (B). Single channels behave ‘digitally’ (i.e. they are either open or shut) and

stochastically; an ensemble average of such traces would look like the current through many

such channels. When inactivation is fast, openings are seen only near the beginning of the

trace (i.e., only immediately after the positive-going voltage step), because channels quickly

get into the non-conducting inactivated state. When inactivation is slow or non-existent,

channels flip stochastically between an open and a shut state, spending most of their time
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a reference point we will then discuss other inactivation mechanisms for K+

channels, Na+ channels, and Ca#+ channels.

. Ball-and-chain (N-type) inactivation

The ‘ball-and-chain’ mechanism for inactivation of voltage-dependent channels

was first proposed by Armstrong & Bezanilla () to explain the rapid

inactivation of neuronal Na+ channels. Rapid inactivation is a nearly universal

feature of neuronal voltage-dependent Na+ channels, and it plays an important

role in terminating the action potential that propagates rapidly in the long,

specialized axons of most neurons.

Two types of experimental results inspired the idea of a ‘ball-and-chain’

mechanism for inactivation, in which a blocking particle tethered to the channel

protein binds rapidly to the pore after the activation gates open. One was the

finding that mild treatment with intracellular proteases could abolish the

inactivation process (Armstrong et al. ) while leaving activation gating intact.

This made it appear that a piece of the protein important for inactivation could be

selectively removed (hence the idea of a tethered blocker).' The second was the

work (discussed above in Section ..) on quaternary ammonium blockade of K+

channels, showing that the long chain derivatives of TEA produced rapid but not

instantaneous onset of blockade following activation of the channels, which

appeared much like inactivation. Similar results using intracellular blockers of

Na+ channels showed that a ‘simple’ blocker could produce inactivation because

its ability to block depended on the activation gates being open.

The molecular details of this type of ‘ball-and-chain’ inactivation process were

elucidated by Aldrich and his colleagues working on the native form of the rapidly

inactivating Shaker K+ channel (Hoshi et al.  ; Zagotta et al. ).( They

showed that intracellular trypsin treatment could abolish the rapid inactivation of

the Shaker K+ channel, and that genetic deletions encroaching on the first C 

amino acids near the N-terminus were equally effective (Fig. ) (Hoshi et al.

). This region includes  consecutive hydrophobic or uncharged amino

acids, followed by eight hydrophilic ones, including four positively charged amino

acids – a structure reminiscent of the hydrophobic cations like the alkyl-TEA

open. The probability of being open does not decrease much from the beginning to the end

of the trace. The arrow indicates the site of alternative splicing of the Shaker gene. The

dotted box indicates the ‘ball ’ region. (B) The effects of deletion or insertion mutations in

the chain region. The microscopic rate of inactivation (determined from single channel

analysis) is plotted for the different mutants. The mutation denoted by x– is an

insertion (tandem duplication) of  amino acids, which makes the chain longer. Note that

inactivation rate tends to decline with longer chain lengths. (Adapted from Hoshi et al.

.)

' It turns out that in Na+ channels there probably is no ‘removal ’ of any part of the protein, and instead

the protease simply nicks an intracellular loop between the third and fourth core motif of the principal

subunit. For more on the mechanism of Na+ channel inactivation, see Section ..
( The work described in Section . on the activation gating of the Shaker channel was all done using

several mutations to disable the two inactivation mechanisms.
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derivatives that mimic inactivation in K+ channels. Furthermore, a soluble

peptide containing the sequence of the first  amino acids was itself capable of

reconstituting inactivation in one of the deletion mutants (Zagotta et al. ).

.. Nature of the ‘ball ’ – a tethered blocking particle

This peptide, ordinarily attached to the N-terminus of each channel subunit,

appears to act as an open channel blocker. The rate of the reconstituted

inactivation (or blockade) depends linearly on the concentration of peptide

(Zagotta et al. ). Intact inactivation (interpreted to be blockade by the

attached peptide) is mutually exclusive with blockade of the intracellular mouth

by TEA, as though the binding site for the peptide overlaps with TEA (Choi et

al. ). Recovery from inactivation (interpreted as dissociation of the peptide

from its binding site) can be speeded by an increase in extracellular [K+] (but not

Na+), as though K+ ions entering the pore from the extracellular side can

destabilize the bound peptide through repulsion (Demo & Yellen, ). Another

similarity between N-type inactivation and other intracellular blockers is that they

both exhibit the ‘foot-in-the-door’ effect: N-type inactivation tends to hold the

activation gate open, and as a consequence there is a noticeable current through

the channels after return to negative voltages as the channels recover from

inactivation via the open state (Demo & Yellen,  ; Ruppersberg et al. ).)

The physical interaction between the soluble inactivation peptide* and the

channel involves both electrostatic and hydrophobic contributions. Murrell-

Lagnado & Aldrich (a) systematically investigated the effects of mutations

of the peptide sequence on the kinetics of the interaction, and found that changing

the net charge of the peptide primarily altered the association rate (with increased

positive charge increasing the rate), though the exact sequence and order of the

specific charged residues does not appear to be especially important. In support

of the idea that the interaction is electrostatic, they found that it depends on ionic

strength (Murrell-Lagnado & Aldrich, b). Conversely, alterations in the

hydrophobic sequence of the peptide affect mostly the dissociation rate, which is

not sensitive to ionic strength.

It seems unlikely that the interaction between the inactivation peptide and its

receptor involves a detailed complementarity with a well-defined peptide

structure. Instead it seems that there are probably multiple bound states with

similar low affinity. The absence of detailed sequence specificity combined with

the rather low affinity (±– µ) suggest this, as does the promiscuity among

) Recovery from N-type inactivation can have different mechanistic properties in different channels, in

a way that sheds light on the variable relationship between blockade by the inactivation particle and

activation gating. Some Ca#+ channels and Na+ channels behave similar to Shaker K+ channels, in that they

find it difficult to close while they are inactivated and therefore recover via the open state (Slesinger &

Lansman,  ; Raman & Bean, ). Other Na+ channels behave in the opposite fashion: they recover

more quickly when the channel activation gates are forced to close, as though the inactivation domain is

ejected from the channel by closure of the activation gates (Kuo & Bean, ). Finally, Shaker channels

themselves can exhibit a second behaviour at very negative voltages: a slow phase of recovery becomes more

apparent, and this recovery becomes even slower at more negative voltages (Kuo, ). The best

explanation is that the inactivation particle becomes trapped by the activation gates, perhaps by activation

gates closing around the ‘chain’.
* sometimes called a ‘ball peptide’.
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inactivation peptides and K+ or non-K+ channels with widely different amino acid

sequences (e.g. Foster et al.  ; Kramer et al. ). A few native inactivation

peptides do give NOE signals consistent with a particular defined folded structure

(Antz et al. ), though there is no direct information about the stability of this

structure or how likely it is that this ‘ free’ structure is similar to the ‘bound’ form

found when the peptide is associated with its receptor. In fact, Murrell-Lagnado

& Aldrich (b) found that the rate of inactivation was strongly increased by

increased temperatures, as though the higher temperature caused the peptide (or

the channel) to spend a greater fraction of its time in the correct form for binding.

This led them to propose that the correct conformation was not the most stable

state of the peptide. Thus, it seems likely that structural studies on the free peptide

may not yield the correct bound conformation.

.. The ball receptor

Where on the channel protein is the receptor for the inactivation ball? Presumably

it binds somewhere at the intracellular entryway to the pore: it behaves like an

open-channel blocker and, more specifically, appears to compete with TEA. The

search for the ‘ball receptor’ began before there was much information about the

location in the protein of the intracellular entry to the pore. Isacoff et al. ()

found mutations in the linker between the putative transmembrane regions S and

S that had substantial effects on the rate and extent of inactivation. The

interpretation of such mutational effects was somewhat ambiguous, because

mutations in this region are known to affect activation gating (McCormack et al.

), which in turn regulates the ability of the ball to bind to its receptor (see

Choi et al. ). Thus, the mutations might affect inactivation either because

they lie in the receptor site or because they allosterically affect access to the site.

Further work using cysteine modification in this region established that one

position in the S–S, Shaker position , had substantial effects on inactivation

without any commensurate effects on activation gating (Holmgren et al. ).

These effects appear at least qualitatively to be electrostatic : modification of the

cysteine with a negatively charged reagent speeds the association rate of the

positively charged inactivation ball peptide, while modification with a positively

charged reagent slows the association rate. The effects are larger when using a

modified ball peptide with increased positive charge. A similar electrostatic

interaction between the ball peptide and a charge-modified cysteine is seen also at

a position toward the intracellular end of the S segment, at position 

(Holmgren & Yellen, ).

Even the electrostatic interactions with ball peptide seen at these two positions

may indicate nothing more than action at a distance. The charge modifications

affect mostly the association rate and leave the dissociation rate unaltered, as

though none of the more intimate interactions between the ball and its receptor are

affected by the change. This conclusion fits comfortably with the structural

information available, at least for the  position. Using the best possible

alignment it appears that  would correspond to the intracellular end of the M

helix of KcsA, at a position that is still located outside of the pore-lining inner (M)
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helix. Position  would be located on the inner helix, but binding of the ball

peptide does not affect the rate of chemical modification of a cysteine substituted

here (Holmgren et al. b). This also argues against an intimate interaction of

the ball peptide at these positions. So far the only sites at which ball peptide

produces a strong protection against chemical interaction are located within the

‘cavity’, at Shaker positions ,  and . One possibility is that that the ball

may occlude the pore right at the bundle crossing, without protecting any of the

cysteines below the bundle crossing. Another alternative, which seems more

consistent with the strong competition between the ball peptide and TEA (which

binds deeply in the cavity), is that the ball may actually penetrate into the cavity

leaving only the ‘chain’ that connects it with the rest of the protein dangling

loosely below the bundle crossing.

.. The chain

Relatively little is known about the ‘chain’ part of the ball-and-chain mechanism.

Implicit in the ball-and-chain concept is the idea that the chain is a passive,

flexible linker that serves simply to tether the ball to the rest of the channel

protein. In principle, what we want to know about the chain is how long it is, how

stiff it is, and where it is anchored, relative to the ball receptor. These three

parameters set the effective local concentration of the ball, which in turn controls

the inactivation rate.

Aldrich and his colleagues were apparently able to manipulate the chain length

using a few different mutations to insert or delete amino acids following the ball

region (Hoshi et al. ). Deletions of nine and  amino acids gave inactivation

rates that were faster by about two- and four-fold, respectively; an insertion of 

amino acids decreased the rate slightly (about %) (see Fig. B). These results

are qualitatively consistent with manipulations of chain length. A shorter chain

length would tend to decrease the range of motion of the ball, and thereby increase

its effective local concentration. This would increase the rate of inactivation,

assuming that the target (the ball receptor) still fell within the range of motion.

Although these results fit qualitatively with the idea of a flexible chain, attempts

to make a quantitative estimate of the chain properties have met with difficulties.

One difficulty is that the binding properties of the free peptide are somewhat

different from that of the tethered peptide: the free peptide produces at least two

kinetically distinct bound states, one of which is probably not assumed by the

tethered peptide (Murrell-Lagnado & Aldrich, b). This means that the rate

of inactivation by the intact, tethered peptide cannot be titrated with free peptide

to give a meaningful effective concentration. If this titration is done, it gives a

surprisingly low concentration of  µ (Zagotta et al. ), which is difficult to

rationalize using reasonable values for the chain length and stiffness (Timpe &

Peller, ). On the other hand, one can also estimate the chain length from the

perturbations seen by the deletion mutations of Hoshi et al. (). This gives an

plausible estimate of chain length in the range of – amino acids (Timpe &

Peller, ).

There is as yet no basis for guessing the distance between ball receptor and the



The moving parts of voltage-gated ion channels

base of the chain, but this problem has become even more interesting after

determination of the structure of a ‘tetramerization domain’ (T) that begins

around amino acid  of Shaker (Kreusch et al. ). This is the first conserved

domain after the N-terminus of the protein. The domain crystallizes in a well-

defined tetrameric form, consistent with its apparent role in determining the

compatibility for assembly of different K+ channel subtypes. This T domain is

located in the sequence between the N-terminal ball-and-chain and the core

transmembrane region of the protein containing S through S. Choe and

colleagues propose that the water-filled pore through the structure located at the

tetramer junction may actually form part of the permeation pathway for the

Shaker K+ channel ; presumably, this would be in series with the transmembrane

part of the pore lined by S and the selectivity filter, apparent in the KcsA

structure. If this were the case, the inactivation ball would occlude the pore at the

cytoplasmic entrance to this ‘T pore’, presumably located on the N-terminal side

of the T domain. The experimental evidence that is most at odds with this

proposal is that binding of the N-type inactivation particle appears to be

competitive with TEA, which by mutational, trapping, and cysteine protection

experiments (described above) binds within the S cavity near the selectivity

filter. Alternatively, this T domain might hang below the entrance to the

transmembrane pore. It might then be inverted with respect to the proposed

configuration, with the N-terminal side facing up toward the pore and ‘presenting’

the N-terminal balls-and-chains to the pore.

.. Variations on the N-type inactivation theme: multiple balls, foreign balls,

anti-balls

Of course, because K+ channels are tetrameric, one expects that a homotetrameric

channel with an N-terminal ball will actually possess four balls. This appears to

be the case: when the number of balls is titrated by changing subunit composition,

the estimated inactivation rate for a channel with a single ball-containing subunit

is roughly one-fourth of that for a channel with a full complement of balls

(MacKinnon et al.  ; Gomez-Lagunas & Armstrong, ). This behaviour

has interesting implications for K+ channels ‘ in the wild’, which are often

heterotetramers containing multiple homologous principal subunits (Sheng et al.

 ; Weiser et al. ). If any of the contributing subunits contains a functional

N-type inactivation ball, the channel will probably show substantial N-type

inactivation.

An additional variation on this theme is produced by auxiliary ‘beta’ subunits

that coassemble with the principal subunits. Some of these beta subunits (for

instance K
v
β±) are capable of inducing inactivation in otherwise non-inactivating

K+ channel types, apparently by contributing their own N-terminal balls (Rettig

et al.  ; Morales et al. ). As in the case of the N-terminal balls of principal

subunits, these β subunit balls have positively charged and hydrophobic regions,

and are capable of acting also as soluble peptides. Some β subunits may also affect

inactivation by another mechanism not involving an added N-terminal ball

(McIntosh et al. ).
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A final twist in the N-type inactivation story is the discovery of an ‘N-type

inactivation–prevention’ domain, or NIP (Roeper et al. ). This sequence is

present in the K
v
± principal subunit, and was identified because although K

v
±

is capable of associating with K
v
β±, it does not acquire rapid inactivation. K

v
±

does apparently have a functional ball receptor, as inactivation can be induced by

soluble inactivation peptide derived either from Shaker or from K
v
β±. Roeper

et al. () were able to map the NIP domain to part of the N-terminus of K
v
±,

and could transfer it and its function to a K
v
± subunit. NIP could also inhibit

inactivation in heteromultimers formed by mixing K
v
± with K

v
±, which has a

functional N-terminal ball. In effect, NIP functions as an ‘anti-ball ’, which can

neutralize the effect of balls attached to principal or auxiliary (beta) subunits – but

it cannot neutralize the effect of free ball peptide present in vast excess, as

though the neutralization is approximately stoichiometric. It will be interesting to

learn whether the NIP functions by binding directly to the balls and neutralizing

them, or alternatively by guarding the ball receptor, which could be accomplished

by binding to a partly overlapping site or simply by restricting the ability of

tethered balls to reach the receptor.

. C-type inactivation

Not all K+ channel inactivation occurs by the ball-and-chain (N-type) mechanism

of gating. A second distinct mechanism, called C-type, accounts for inactivation

in some K+ channels. The distinction between these two mechanisms was first

made for Shaker K+ channels. After disruption of the N-type inactivation by

deletions near the N-terminus, Shaker channels still showed inactivation on a

much slower time scale (seconds as opposed to milliseconds; Hoshi et al. ).

Different rates of this slower inactivation were seen in alternatively spliced Shaker

channels that differ only in the C-terminal third of the protein, which led Aldrich

and his colleagues to give this slower process the name ‘C-type inactivation’

(Hoshi et al. ).

.. C-type inactivation and the outer mouth of the K+ channel

Two types of experimental results showed that this C-type inactivation occurs

by a distinct mechanism from N-type. First, the different behaviour of the

alternatively spliced Shakers was noticeable only in the absence of N-type

inactivation; when the faster process was present it was not much affected by the

different C-termini (Hoshi et al. ). Secondly, the C-type inactivation process

showed a very different pattern of interference by the pore blocker TEA (Choi et

al. ). We have already noted that intracellularly applied TEA interferes with

N-type inactivation, presumably because of competition between TEA and the

inactivation particle. The slower inactivation exhibited by Shaker channels when

N-type inactivation is disrupted was not sensitive to intracellular TEA, but it was

prevented by extracellular TEA binding."! This indicated that C-type inactivation

"! This type of effect of extracellular TEA on K+ channel inactivation was first seen by Grissmer &

Cahalan (a) on a lymphocyte K+ channel of the K
v
± variety.
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involves some change at the extracellular mouth of the pore. This impression was

strengthened by the discovery that mutations at Shaker position , known to be

a critical determinant of external TEA sensitivity, had large effects on the rate of

C-type inactivation (Lo! pez-Barneo et al. ).

Work with cysteine substitution has helped to define the nature of the

conformational change at the extracellular mouth. Substitution of a cysteine at

Shaker position  has little effect on the rate of C-type inactivation, but it allows

the process to be investigated with Cd#+ binding (Yellen et al. ) and chemical

modification (Liu et al. ). Cd#+ inhibits the Shaker C mutant channel by

promoting C-type inactivation: Cd#+ promotes the onset of inactivation with very

low affinity (C  m), and it stabilizes the inactivated state with very high affinity

(C  n) (see Fig. A).

This C -fold increase in Cd#+ affinity associated with the change from the

open state to the C-type inactivated state is due to two factors (Liu et al. ).

First, the substituted cysteines at  are simply more accessible – both to Cd#+

ions and to chemical modifiers – in the inactivated state. Secondly, the four

substituted cysteines (one in each subunit) can approach close together in the

inactivated state to form a single high affinity binding site for Cd#+(Fig. B). This

close approach is confirmed by the behaviour of cysteines at the neighbouring

 position, located one position deeper toward the selectivity filter. Cysteines at

 from different subunits can be bridged by an organoarsenical compound or

directly disulphide-bonded by oxidation with Cu()-phenanthroline – but these

reactions occur rapidly only when the channel is in the inactivated state.

.. The selectivity filter participates in C-type inactivation

Two lines of evidence implicate the selectivity filter of the K+ channel as a

participant in C-type inactivation gating: the substantial effects of permeant ions

on C-type inactivation, and large changes in selectivity sometimes associated with

C-type inactivation.

Permeant ions produce very strong effects on the extent and rate of C-type

inactivation. This was first noticed in work on Shaker channels with mutations at

position  (associated with external TEA binding; Lo! pez-Barneo et al. ) :

elevated external [K+] could slow the onset of C-type inactivation, and in

mutations with very rapid C-type inactivation, elevated external [K+] could also

increase in the initial current. A related effect was seen in wild-type K
v
±

currents, which possess both N-type and C-type inactivation (Pardo et al. ).

It turns out that these effects of altered external [K+] are really just the tip of

the iceberg, because even in zero external [K+], the pore is still flooded by K+ ions

flowing outward from the intracellular solution. The largest permeant ion effects

are seen when this outward flux of K+ is eliminated, either by intracellular

blockers (including the N-type inactivation particle) or by rapid solution exchange

to remove the intracellular K+ (Baukrowitz & Yellen, , a). Removing K+

completely allows C-type inactivation of Shaker channels to occur in tens of

milliseconds, whereas in elevated [K+] the process takes seconds. The open, non-

inactivated state of the channel is stabilized by permeant ions like K+ or Rb+, but



 G. Yellen

(A) 0 20 40 60

10 µM Cd

(B)            (i) TEA (ii)
Cd2+

O

TEA

O·TEA

IC

Cd2+

IC·Cd2+

sec80

Fig. . C-type inactivation mechanism. (A) For a mutant Shaker channel (TC) with four

cysteines in the outer mouth, Cd#+ locks the channel in the C-type inactivated state (adapted

from Yellen et al. ). The solid trace shows activation and C-type inactivation during a

long depolarizing pulse. Recovery from inactivation is monitored by a series of short pulses,

and the steady-state current at the end of each pulse is plotted as a square. Small grey

squares show recovery in control conditions. In the presence of  µ extracellular Cd#+,

recovery is reversibly frozen (large black squares). (B) Structural and kinetic model for C-

type inactivation, with the open state (i) and C-type inactivated state (ii). TEA binds to the

open state (but not the inactivated state), and thus prevents inactivation. Upon inactivation,

the introduced cysteines (yellow balls) are exposed and approach closely, allowing Cd#+ to

bind with high affinity (adapted from Yellen et al.  and Liu et al. ). Overall, C-

type inactivation appears to involve a constriction of the selectivity filter that can reduce K+

permeation and alter the selectivity of the channel (Starkus et al. ).



The moving parts of voltage-gated ion channels

not by relatively impermeant ions such as Na+ or N-methylglucamine. Thus,

occupancy of some ion-selective site in the pore capable of being filled by

permeant ions coming from either side of the membrane is sufficient to prevent or

severely slow entry into the C-type inactivated state.

The intimate relationship between C-type inactivation and the selectivity filter

of the Shaker K+ channel is dramatically illustrated by the finding that the C-type

inactivated state is actually capable of conducting Na+ ions at a small but

significant rate, when K+ ions are removed completely (Starkus et al.  ; Kiss

et al. ). It was previously known that for several varieties of K+ channel, Na+

ions were capable of conducting current in the complete absence of K+ (Callahan

& Korn,  ; Korn & Ikeda,  ; Ogielska & Aldrich, ). In all these cases,

a low concentration of K+ ions was sufficient to block the Na+ current, indicating

that K+ selectivity is achieved at least in part by competition: the tighter binding

K+ ions exclude the weaker binding Na+ ions. Rapid permeation of the tighter

binding K+ ions is achieved by a multi-ion single file mechanism, in which the

presence of multiple K+ ions (and the consequent electrostatic destabilization)

makes it possible for ions to leave rapidly as they are repelled and then replaced

by other ions.""

As for Na+ current through the open K+ channel, the Na+ current through the

C-type inactivated state can be blocked by low concentrations of K+ ions. In this

case, though, the K+ ions do not themselves conduct any measurable current. This

means that under normal physiological conditions (i.e. with both Na+ and K+ ions

present), the C-type inactivated channel is indeed a non-conducting channel. So

it appears, at least in the case of the wild-type Shaker K+ channel, that C-type

inactivation involves a very specific change in the selectivity filter: the selectivity

filter is no longer capable of conducting K+ ions, though it is still capable of

binding at least one K+ ion with high affinity. Perhaps this loss of the ability to

conduct K+ ions occurs either because the affinity for K+ has increased, or because

the channel can no longer comfortably accommodate a second K+ ion needed to

expel the single tightly bound one.

.. A consistent structural picture of C-type inactivation

All of the available information about C-type inactivation yields a fairly consistent

picture of the conformational change: The selectivity filter region of the pore

undergoes a constriction or partial collapse, with the biggest changes occurring

toward the extracellular end. The open state can be stabilized against C-type

inactivation by agents that interact intimately with the selectivity filter. The

change is prevented very strongly by binding of permeant ions within the

"" There is ample and beautiful evidence for multi-ion permeation. The long-pore effect was first

proposed by Hodgkin & Keynes () based on flux ratio studies. Hille & Schwarz () proposed a

detailed multi-ion model with repulsion, in order to explain many features of K+ channel permeation,

selectivity, and blockade. These ideas led to an explanation of Ca#+ channel selectivity based on single filing

and selective binding (Almers & McCleskey,  ; Hess & Tsien, ). Most recently, concrete evidence

for multiple permeant ions located along the length of the selectivity filter comes from the KcsA structure

(Doyle et al. ).
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Fig. . Structural buttressing of the selectivity filter reduces C-type inactivation. This

section across the KcsA pore (centre) at the level of the selectivity filter shows the roughly

planar network of aromatic residues surrounding the pore. (Reprinted with permission from

Doyle et al. Science , –, . Copyright  American Association for the

Advancement of Science.) Tyrosine  is the middle of the three residues in the selectivity

filter loop (GYG). Doyle et al. () suggested that these aromatics help to buttress the

selectivity filter in the open state; mutations in the Shaker equivalent of W produce

rapidly (or permanently) C-type inactivating channels (Perozo et al.  ; Yang et al. ).

selectivity filter, or by the intimate association of TEA at the extracellular end of

the selectivity filter. Intracellular TEA has a similar but weaker effect of

preventing C-type inactivation (Baukrowitz & Yellen, b). The more

superficial association of extracellular TEA with a high-affinity site (Heginbotham

& MacKinnon, ) does not prevent C-type inactivation (Molina et al. ).

Nor does the more superficial association of TEA derivatives binding from the

intracellular side (Choi et al.  ; Baukrowitz & Yellen, b).

Furthermore, the open state of the selectivity filter seems to be stabilized against

C-type inactivation by the unusual planar network of conserved aromatic residues

surrounding it, as seen in the KcsA structure (Fig. ). Disruption by mutation of
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this network (by mutation WF; Perozo et al.  ; Yang et al. ) or of the

nearby upper S (Hoshi et al. ) produces steady-state inactivation or faster C-

type inactivation. Many mutations in and around the selectivity filter are capable

of changing the rate of C-type inactivation.

In general, C-type inactivation is coupled to opening of the activation gate: it

appears as a slow reduction in current after rapid activation at positive voltages.

It can also happen at negative voltages if the channel activation gates are held open

by blockers (Baukrowitz & Yellen, a), by the N-type inactivation particle

(Baukrowitz & Yellen, ), or by interaction between a substituted cysteine and

a metal ion (Liu et al.  ; Holmgren et al. a). Some mutations that

accentuate C-type inactivation also reduce the total channel current in a way that

appears to be independent of voltage, but is still sensitive to permeant ion

concentrations (Pardo et al.  ; Lo! pez-Barneo et al. ). These mutations

may act both to destabilize the open (non-inactivated) state of the pore and to

make the inactivation process less coupled to activation, so that even in the non-

activated resting state there is a substantial amount of inactivation that reduces the

total current. Some channel mutants also show a paradoxical effect of external

TEA – it appears to increase the current rather than block it – that can probably

be explained by antagonism between external TEA and resting inactivation

(DeBiasi et al.  ; and see Smith et al. ). Although many investigators have

been tempted to give each of these inactivation mechanisms different names,"# it

seems likely that they all utilize the same general mechanism of constriction of the

selectivity filter.

It is tempting to speculate that coupling between activation and C-type

inactivation gating by a propagation of the activation gating motion (at the bundle

crossing) via the S (inner) helix, which lies behind the selectivity filter. This idea

would fit nicely with the observation that mutations in the upper S or in the

aromatic network are capable of changing not just the rate of inactivation, but also

the degree of coupling with activation gating.

Although the apparent voltage dependence of C-type inactivation can usually be

explained by its coupling to activation gating, this is not always true. The voltage-

gated hERG channel, best known for its role in inherited cardiac dysrhythmia,

exhibits a particularly rapid form of C-type inactivation, together with very

sluggish activation gating (Shibisaki,  ; Smith et al.  ; Spector et al.  ;

Scho$ nherr & Heinemann, ). In this case, the inactivation gates can be re-

opened and closed in a short time, during which there is essentially no change in

the condition of the activation gates. This means that hERG inactivation gating

must derive its voltage dependence from some other source: either directly from

the voltage sensor, indirectly through early steps of activation gating, or via a

voltage-dependent movement of ions in or near the pore.

"# For instance, the term ‘P-type inactivation’ has been used twice to describe two different varieties of

inactivation that both probably fit under the general rubric of C-type inactivation. It was first used to

describe slow inactivation that is retarded by external TEA but also exhibits the paradoxical increase in

current (DeBiasi et al. ). More recently it was used to describe inactivation that is produced by pore

mutations and results in an ion-sensitive reduction in current that can appear in several ways to be

uncoupled from activation (Olcese et al. ).
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. By what mechanism do other voltage-gated channels inactivate?

The ball-and-chain model was originally proposed to explain inactivation

gating of voltage-gated Na+ channels. Although Na+ channel inactivation gating

does fit some parts of the ball-and-chain idea reasonably well, there are additional

intricacies that make it seem a bit more complicated than the N-type mechanism

of K+ channel inactivation. Also, as for K+ channels, there seem to be several

distinct mechanisms of inactivation.

First, which parts of Na+ channel inactivation are consistent with the ball-and-

chain mechanism? Inactivation can be removed by intracellular protease treatment

(Armstrong et al. ), and it can be mimicked by intracellular blockers

(Strichartz, ). Furthermore, some intracellular blockers can interfere with the

native inactivation process (e.g. Cahalan & Almers, b), slowing it down in

much the same way that intracellular TEA slows down N-type inactivation.

On the other hand, many details of blocker interaction with inactivation differ

between Na+ channels and K+ channels. For instance, in K+ channels, all

intracellular pore blockers tend to interfere with N-type inactivation, as though

the blockers and the inactivation ball compete for binding to the same site. On the

other hand, in Na+ channels many blockers synergize with inactivation. They

become trapped by either the activation gates or possibly by the inactivation gates

(Yeh & Narahashi, ), in the way that QA blockers are trapped by the

activation gates in some K+ channels. Thus it appears that closure of the Na+

channel inactivation gates may enclose a cavity similar to the K+ channel cavity,

while in K+ channels the N-type inactivation ball may occupy the cavity. Perhaps

consistent with this different relationship between the inactivation gate and the

cavity, K+ channels and Na+ channels also can differ in the relationship between

inactivation gating and activation gating (see footnote on page ).

Another major difference is the nature of the supposed tethered blocker. After

the cloning of Na+ channels it was established by antibody binding (Vassilev et al.

) and mutagenesis (Stu$ hmer et al. ) that the critical cleavage site for

intracellular proteases was probably located between the third and fourth repeats

of the core sequence (called ‘domains’ in the channel literature). Thus, in contrast

with the situation in K+ channels, protease treatment does not cut something off

but instead cuts a nick in the middle of the polypeptide chain, between two

membrane-anchored domains. This led to the proposal that the Na+ channel

inactivation gate was a ‘hinged lid’, rather than a ball and chain (Vassilev et al.

). This description may also fit better with the afore-mentioned idea that the

inactivation gate covers the pore rather than plugging it.

This region between the third and fourth domains clearly plays an important

role in Na+ channel inactivation. Deletions or point mutations in this region

disrupt inactivation, particularly if they interfere with a core tripeptide IFM

sequence (Stu$ hmer et al.  ; West et al. ). The numerous positively

charged residues in the neighbourhood are presumably important for recognition

by proteases, but do not appear to be terribly important for inactivation (in

contrast to the case with K+ channels) (Moorman et al. ). Many excerpted
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peptide sequences from this region were not capable of reconstituting inactivation

after it had been disrupted; the exception was a peptide with three extra positive

charges (NH
#
-KIFMK-CONH

#
), which may act more like the many other

cationic channel blockers rather than like the native inactivation process (Eaholtz

et al. ).

Although the details of the mechanism are not known, there is ample evidence

for some sort of motion in or around this region. An antibody to the loop sequence

can inhibit inactivation when it binds, and the onset of this inhibition (i.e. the

binding of the antibody) is sensitive to the gating state of the channel : inactivation

prevents the antibody from binding to its site (Vassilev et al. ). Also, a

substituted cysteine in this region can be used as a reporter of the conformational

change: the cysteine is readily accessible for chemical modification in the resting

state of the channel, but not in the inactivated state (Kellenberger et al. ).

Thus, at least part of this region disappears from the surface either because it is

busy covering the entrance to the pore or because it is covered by some other part

of the protein.

Two other features of rapid Na+ channel inactivation are difficult to explain in

the context of the ball-and-chain model. One of these is the ability of peptide

toxins from scorpion venom to bind to the extracellular side of the channel protein

and produce large changes in inactivation properties (see Hille, ). Another is

the specific effect on inactivation by mutations or chemical modification of the S

region of the fourth domain (one of the ‘voltage sensor’ regions discussed in

Section  below) (Yang & Horn, ). Both of these features suggest that the

occlusion of the pore in Na+ channel inactivation is sensitive to specific motions

of the transmembrane region of the channel, and does not act simply as an open

channel blocker.

In addition to this rapid inactivation mechanism of Na+ channels, there is slow

inactivation (see Cannon, ). At least one of the mechanisms responsible for

Na+ channel slow inactivation may resemble the C-type mechanism of K+

channels. Slow inactivation can be sensitive to mutations in the selectivity region

of the channel (Balser et al.  ; Wang & Wang, ). It can also be inhibited

by binding of a peptide blocker, µ-conotoxin, to the extracellular mouth of the

pore (Todt et al. ).

Voltage-gated Ca#+ channels show a variety of inactivation processes, including

voltage- and Ca#+-sensitive forms (Hille, ). In general, the physical

mechanisms used for Ca#+ inactivation are not yet clear. Again, at least one form

of inactivation may be accounted for by a C-type mechanism, based on data from

mutagenesis (Zhang et al. ) and the effects of extracellular blockers (Stocker

et al. ).

.   

Previously we discussed the mechanism of activation gating specifically in the

context of how the pore opens and closes. Equally important is the question of how

this opening and closing process is coupled to the transmembrane voltage: what
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has parameters z¯ and K
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()¯. These values correspond to a slope factor of e-fold
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is the specific feature that makes the gating of these channels voltage-sensitive? In

their seminal work on the voltage-gated channels of squid axon, Hodgkin &

Huxley () noted the steep dependence of channel gating on transmembrane

voltage and argued that it must be due to the movement of some component in the

membrane with a substantial charge or dipole moment. For instance, when the

transmembrane voltage becomes more positive (inside), one could imagine that

positive charges move from the intracellular side to the extracellular side, and the

energy from this ‘downhill ’ electrostatic work is coupled to the activation of the

channel. The amount of charge that moves in each channel protein is not minimal:

from the steepness of the change in gating energy per change in voltage, Hodgkin

and Huxley estimated for Na+ channels that the energetic contribution was the

equivalent of six charges moving all of the way across the membrane electric field.

Recent estimates of this value are even higher; for both K+ channels, Na+

channels, and Ca#+ channels, the current figure is about – charges (Schoppa

et al.  ; Hirschberg et al.  ; Aggarwal & MacKinnon,  ; Noceti et al.

 ; Seoh et al. ).

The substantial amount of equivalent charge associated with gating has two

immediate implications. The first is that there is probably a specialized structure,

a ‘voltage sensor’, that accomplishes the charge movement. It seems unlikely that

such a large amount of charge could be displaced systematically by incidental

movements of a few charges here and there in the protein, or by small angular

changes in the dipoles associated with the peptide bonds of alpha helices. The

second implication is that the voltage sensor must surmount, for a second time,

the problem that ion channels were originally developed to solve: how to move

charges through the low dielectric medium of the plasma membrane.

Clay Armstrong proposed a solution to this problem in , well before the

cloning and sequencing of any channel protein. He proposed that the voltage

sensor was formed by the juxtaposition of two transmembrane stretches of

protein, one with a series of negative charges and the other with a series of positive

charges (Fig. A). Because of the pairing of these two charged segments, there

would be no unpaired charge within the low dielectric region of the membrane.

Charge movement would occur by a relative movement of the two segments, with

the negatively charged stretch moving toward the intracellular side and}or the

positively charged stretch moving outward. The movement would be fairly small,

with each charge moving incrementally to the next oppositely charged partner, but

the net result (per voltage sensor) would be the movement of one charge all of the

way across the membrane (Armstrong, ).

When the first voltage-gated channel was cloned (Noda et al. ), it contained

a transmembrane sequence that seemed perfectly to satisfy half of Armstrong’s

prediction. In each core repeat (domain) of the Na+ channel, the fourth putative

transmembrane sequence (S) had a series of positively charged amino acid

residues spaced regularly at every third position. The different repeats had

per  mV and a voltage-midpoint of ® mV. The second (dashed line) has parameters z¯
 and K

v
()¯. These values correspond to a slope factor of e-fold per ± mV and a

voltage-midpoint of ®± mV.
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different numbers of positive charges, ranging from four to eight. Subsequent

cloning of voltage-gated Ca#+ and K+ channels revealed that this motif, with S

containing repeated positive charges spaced three apart, was practically the only

direct sequence conservation between these divergent members of the voltage-

gated channel superfamily. Thus S immediately became the obvious candidate

for the conserved voltage sensor of the voltage-gated channels, and progressively

refined measurements have made it clear that, indeed, movement of S is at least

part of the explanation for how these channel detect the change in transmembrane

voltage.

. Quantitative principles of voltage-dependent gating

Before considering the evidence for the involvement of S (and other regions) in

voltage sensing, it will help to review the basic quantitative form of the voltage-

dependence of gating. The initial attempts to examine the role of S relied on

measurements of how the voltage-dependence of gating changed with

mutagenesis.

To understand the form of the voltage-dependence, let us consider the

energetics of a single voltage-sensor with two states, off (A) and on (B). We will

suppose that positive transmembrane voltages tend to turn the sensor on, as in the

case of the voltage-gated channels considered here.

AY
Kv

B.

With zero transmembrane voltage, the equilibrium constant K
v

for this

conformational change can be described by the intrinsic free energy difference

between the two states:

K
v
()¯ exp(®∆G!}RT),

where ∆G!¯G
B
®G

A
and R is the gas constant. The probability of finding a

voltage sensor in the on state is then simply

p
on

()¯ p
B
}(p

B
p

A
)

¯ }(exp(∆G!}RT)).

Now consider the change in electrostatic energy of this voltage sensor when a

transmembrane voltage V is applied. For simplicity, we will consider a rather

unrealistic voltage sensor in which a single group of charge z is moved all of the

way from the intracellular side of the membrane to the extracellular side. In the

off state A, the transmembrane voltage produces a net free energy change of zFV

(where F is Faraday’s constantE & coulombs}mole) ; by contrast, the free

energy of the on state B does not change at all."$ Thus, the free energy change for

sensor movement, as a function of voltage is

∆G(V)¯∆G!®zFV

"$ because the membrane potential is defined relative to a zero reference point on the extracellular side,

and this is where the gating charge is located in the on (B) state.
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and the on-probability is then

p
on

(V)¯ }(exp(®zFV}RT)}K
v
()).

This voltage sensor on-probability function is a Boltzmann function (Fig B),

which can be characterized parametrically by two parameters. The steepness

(usually expressed as ‘e-fold per s millivolts ’) is a direct measure of the total

charge (z) of this simple voltage sensor. The most natural choice for a second

descriptive parameter is the zero-voltage equilibrium constant (K
v
()), since this

encapsulates only the non-voltage depedent equilibrium behaviour of the voltage

sensor. It is more common, though, to use a diffferent second parameter – the

‘voltage midpoint’, which is the voltage at which the on-probability is one-half.

This parameter is easier to derive from the graph of the Boltzmann equation, but

it has contributions both from the zero-voltage behaviour and the voltage-

dependent charge movement.

The voltage sensor described by this equation is probably unrealistically simple,

with a single charged group moving completely across the membrane in a single

step. More complicated cases are described by essentially similar equations

(Sigworth, ). An additional layer of complication is that many experiments

measure not the probability that the voltage sensor is in the on position, but the

probability that the channel is open. The coupling between the two can be

complicated, particularly when there are multiple voltage sensors (e.g. one per

subunit).

From the simple model, one predicts that a change in the voltage-midpoint

without a change in the steepness could result from alterations in any step in

gating that does not specifically involve the voltage sensor. Failure to see a change

in steepness suggests that the valence of the voltage sensor has not been changed.

With multiple voltage sensors, though, this general interpretation is rather weak.

On one hand, it is possible to change the valence of a voltage sensor without

changing the measured steepness, if there are multiple voltage sensor (and if the

one that has been changed does not contribute much to voltage sensing in the

‘operating voltage range’ of the channel). On the other hand, it is possible to

change the measured steepness without changing the valence, just by changing the

relative importance of the voltage sensors (e.g. shifting the voltage midpoint of one

sensor so that it moves in or out of the operating voltage range). When several

voltage sensors operate over a narrow range of voltage, the overall voltage

dependence will appear to be steeper; if the voltage sensors activate sequentially

over different ranges, then only a shallower voltage dependence reflecting that of

the last sensor to activated will be seen.

. S (and its neighbours) as the principal voltage sensor

.. Mutational effects on voltage-dependence and charge movement

In the face of the interpretive ambiguities discussed in the previous section, it is

not surprising that early attempts to test the role of S in voltage sensing were

suggestive but not conclusive. Stu$ hmer and colleagues () performed an
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extensive mutagenesis on the sodium channel S and found many changes in the

voltage-midpoint of the conductance–voltage relation (g–V), and some changes in

the slopes. So did Papazian and colleagues () working on the S of Shaker K+

channels. These changes were certainly consistent with the S being involved, in

some way, with gating, but they did not specifically confirm or refute the

hypothesis that the S was a voltage sensor.

The more telling experiments on the role of S in voltage sensing have used a

more direct measurement of the charge movement associated with gating, the

measurement of ‘gating currents’. Hodgkin & Huxley () realized that if

voltage sensing involved the movement of charge in the transmembrane electric

field, then this movement would necessarily result in an electrical current that (at

least in principle) could be measured by voltage clamp recording. Such currents

can in fact be seen (Schneider & Chandler,  ; Armstrong & Bezanilla, ),

and are best measured in conditions that eliminate the much greater ionic current

through the pore. These ‘gating currents’ are transient currents that begin when

an activating voltage step is applied, and that end when the voltage sensors have

completed their response to the voltage step; there is no DC component to these

currents. Integrating the gating current (dQ}dt) with respect to time gives the

total amount of charge that moves in response to the voltage step."% If the total

charge (Q) is divided by the number of channels (N) contributing to the

measurement, the result is the total gating charge per channel (z
Q/N

) (Schoppa et

al. ). Such a measurement has some uncertainties,"& but there is a strong

prediction that if the charge is changed on the molecular structure corresponding

to the voltage sensor, then the total gating charge per channel (z
Q/N

) should vary

correspondingly.

Using this type of measurement, two groups showed for the Shaker K+ channel

that mutations that neutralize one positive charge per subunit produce roughly the

expected change in total gating charge, a reduction from about thirteen charges to

nine (Aggarwal & MacKinnon,  ; Seoh et al. ). There were some ‘non-

ideal ’ results, also: several charge-conserving mutations produced an increase in

the measured charge, by about . Also, for several cases in the Seoh et al. ()

study, charge neutralization of a single residue per subunit altered the total charge

by nearly ® to ®, which cannot arise simply from the neutralization itself :

there must be some change in the range of movement of the remaining charges to

account for the extra change. One such case involved the neutralization of a

negative charge in S at Shaker position , which is thought possibly to be one

"% The charging of the membrane capacitance also contributes to the transient current in a gating current

measurement. The amount of charge movement associated with this capacitance is a linear function of the

voltage change, over a wide range of voltages. By contrast, the charge movement associated with the voltage

sensor is a nonlinear function of voltage occurring over a relatively narrow range of voltage. Thus, the linear

charge movement can be identified and separated from the gating charge. A detailed review on voltage

sensing by Sigworth () considers the general properties of gating currents and reviews the literature on

them; here we confine our view to studies involved in identifying the voltage sensor and its movements.
"& There are two main uncertainties, both related to the correct accounting of relevant charge and relevant

channels. Some charge may move (and thus be measured), but not actually contribute to gating. This makes

it important to see cognate changes in channel opening when putative gating charges are altered. Secondly,

depending on the method for counting channels, some channels that are counted (e.g. those that bind toxin)

may not contribute gating current, by virtue of being in some non-functional state.
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Fig. . Transmembrane movement of an S voltage sensor, assessed by cysteine

accessibility measurements. The accessibility of an introduced cysteine in the Shaker S (at

position RC¯RC) was measured by monitoring the second order reaction rate (M.

Holmgren & G. Yellen, unpublished, with the methods described in Liu et al. ).

MTSET was applied either from the intracellular or the extracellular side of an excised

patch. For comparison, the normalized conductance-voltage (gating) relationship is shown.

Notice that the accessibility from the inside, which is never very high, diminishes over a

voltage range that is more negative than that for channel gating or for appearance of this

cysteine on the outside. This implies that there are two distinct stages of S translocation.

These results illustrate the transmembrane movement of S described for Na+ channels by

Yang & Horn () and Yang et al. (), and for K+ channels by Larsson et al. ()

and Yusaf et al. ().

of the countercharges for the S positive charges. This result, together with the

interaction between charge mutants in S and S that affect the successful

assembly of the subunits (Papazian et al.  ; Tiwari-Woodruff et al. ), has

led to the suggestion that S is also part of the voltage sensor (perhaps with the

negative charges moving toward the intracellular side of the membrane).

.. Evidence for the translocation of S�

Completely different evidence, from cysteine accessibility studies of S, has led to

a striking picture of the motion of this transmembrane segment during voltage

changes. The first study of this type was done on Na+ channels by Horn and

colleagues, who began their work on a naturally occurring pathogenic mutation in

the skeletal muscle Na+ channel that alters inactivation gating. This mutation

(RC) happened to be a cysteine substitution at the outermost arginine of the

S of the fourth repeat domain (IVS). Modification of this cysteine with MTS

reagents produced large changes in inactivation gating; these changes are not well-

understood, but they allowed Yang & Horn () to monitor the modification
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Fig. . Models for how the positively charged S may act as a voltage sensor. (A) Two

models from Yang et al. () for the transmembrane movement of the S. The

illustrations depict a single subunit or repeat of a voltage-gated channel ; the ion conduction

pore would be off to the side of the illustrated mechanism. The positively charged S must

essentially traverse the membrane to account for the change in cysteine accessibility. There

is only a small separation between residues accessible from the extracellular side and

residues accessible from the intracellular side. Either the S moves through a fixed partition

(top), or the partition moves with respect to S (bottom). In either case, as the voltage sensor

moves to its activated position (right), the cysteine accessibility would change, and the

charged arginine side chains would move from the intracellular electrical potential to the

extracellular electrical potential. (B) An alternative ‘crossed-helix’ model to account for the

effective translocation of S. If S and another helix (perhaps the S) changed their point of

contact by sliding or rotating, they could effectively move the charged residues from an

intracellular-facing crevice to an extracellular-facing crevice.



The moving parts of voltage-gated ion channels

at this site. The ability to modify this site from the extracellular solution has a

sigmoid dependence on voltage, with relatively rapid modification at positive

voltages that activate the channel, and much slower modification at extreme

negative voltages. The voltage dependence did not precisely match the voltage

dependence of channel open probability: the cysteine became accessible at

somewhat more negative voltages than were sufficient to open the channels, and

the steepness of the voltage dependence was less. This result showed that the

cysteine accessibility was not simply a function of whether the channel was open,

but instead might result from the motion of one of several voltage sensors coupled

to channel opening. Yang and Horn also used depolarizing pulses of varying

duration, to estimate the time course of cysteine exposure. They found that

accessibility of the cysteine at ® mV required about ± ms and was thus rapid

enough to account for a step prior to activation gating (τE  ms).

Further work showed that several S cysteines essentially cross the membrane:

cysteines substituted at the positions of the second and third arginines (RC and

RC) in IVS of Na+ channels are accessible on the intracellular side when the

voltage sensor is off, and on the extracellular side when it is on (Yang et al.  ;

see Fig. ). A similar result obtains in Shaker K+ channels (Larsson et al. ),

though here no single cysteine goes from completely accessible on the intracellular

side in the off state to completely accessible on the extracellular side in the on state

(but see Fig. ). For Shaker K+ channels in the closed state, the cysteine of RC

is accessible from the outside (at a rate of about  −" s−"), and the cysteine RC

is accessible from the inside (at a rate of about  −" s−"), suggesting that no

more than the five residues between these two positions are effectively ‘buried’ in

the middle of the membrane (Larsson et al. ). ‘Buried’ and ‘accessible’ are,

however, relative terms; it should be noted that even these two cysteines react

- to -fold more slowly than freely accessible thiols in the pore (Liu et al.

) or in solution (Stauffer & Karlin, ). For Na+ channels in the open state,

there is apparently simultaneous accessibility of RC from the outside and RC

from the inside (with only two residues intervening), though again the rates of

modification are quite slow.

Based on these results, both groups have suggested that S essentially pops

through the membrane, or more precisely, through a transmembrane pathway

created by the remainder of the channel protein (Larsson et al.  ; Yang et al.

). The surrounding pathway (dubbed the ‘canaliculus’ by Goldstein, )

is envisioned as an hourglass with a short stricture (Fig A), accounting for the

accessibility of most of the substituted cysteines either from outside or from

inside. Based on mutagenesis work implicating several negative charges of S in

voltage sensing and assembly (Papazian et al.  ; Seoh et al.  ; Tiwari-

Woodruff et al. ), part of this pathway is thought to be lined by the S

segment.

This substantial translocation of part of a transmembrane protein seems quite

dramatic, but even larger transmembrane movements have been connected with

the voltage-dependent gating of a bacterial toxin, diphtheria toxin (Slatin et al.

). On the other hand, the data on voltage-dependent cysteine accessibility in
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S could also be explained by a much more subtle motion. Two crossed helices

(for instance, S and S) surrounded by other protein segments would define two

crevices, accessible from opposite sides of the membrane (Fig. B). A fairly small

relative motion of these two helices could change the site of the crossing, and

effectively this would translocate some of the charged residues (or the substituted

cysteines) from one crevice to the other. Essentially, the charged groups do not

move much relative to the membrane; instead, it is the boundary between inside

and outside that moves, together with the site of the transmembrane potential

drop (this is similar to the possibility suggested by Yang et al. () and

illustrated in the bottom of Fig. A).

Remarkable independent evidence for the effective translocation of S comes

from a clever experiment substituting a protonatable histidine for one of the S

arginines (Starace et al. ). Two such substitutions (RH and RH) produce

a steady-state proton current, not through the pore but apparently through the

voltage sensor. The proton current is maximum in the middle of the voltage gating

range, consistent with the idea that the transmembrane movement of S acts to

shuttle the histidine and its proton passenger between the two sides of the

membrane.

.. Real-time monitoring of S� motion by fluorescence

One of the historical advantages in the study of ion channels compared with other

membrane proteins (or even soluble proteins) has been the ability to measure

function with superb time resolution, because of the use of electrical recording to

monitor permeation, gating, and gating charge movement. This ability has

recently been extended to real-time monitoring of specific gating motions,

through the use of fluorescent probes attached to introduced cysteines. Mannuzzu

et al. () used Xenopus oocytes to express Shaker K+ channels with a cysteine

substituted near the S. They were able to attach tetramethylrhodamine

maleimide covalently to this cysteine, and they then monitored the rhodamine

fluorescence during voltage stimuli that activate the channels (and simultaneously

measured gating currents). For several substitution positions, they were able to

see rapid voltage-dependent changes in fluorescence (with a maximum ∆F}F of

–%) that were commensurate with channel gating in their kinetics and

voltage-dependence. Cha & Bezanilla () have also used this method on

Shaker, and have seen changes in probes attached to S that occur even more

quickly than the S changes.

The method has several great advantages over simpler cysteine accessibility

studies. It is possible to measure the complete voltage-dependence in a single

experiment, rather than measuring the rates of an irreversible reaction at different

voltages over many experiments. Secondly, it is possible to achieve very high time

resolution. Thirdly, the measurement itself is well-defined (a change in

fluorescence), whereas with other cysteine modification experiments it is first

necessary to determine the functional effect of chemical modification (e.g. a

reduction in current, a change in gating) before it is possible to measure the rate

of reaction.
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The physical basis of the voltage-dependent fluorescence signals is still mostly

unknown. The ability of iodide to enhance some of the fluorescence changes

suggests that some of the fluorescence decreases are due to increased quenching

due to aqueous exposure (Mannuzzu et al. ) ; as does a shift in the fluorescence

spectra (Cha & Bezanilla, ). On the other hand, in cases where different

fluorophores give opposite changes in fluorescence, it seems much less likely that

quenching (either by a consistent change in environment or by self-quenching

between probes on different subunits) is involved (as pointed out by Cha &

Bezanilla, ).

As this method is developed further, and extended through the use of multiple

fluorophores with measurements of resonance energy transfer, it will no doubt

enhance our understanding of the kinetics and the geography of the conformational

changes involved in both voltage sensing and channel gating.

. Coupling between the voltage sensor and gating

Although kinetic studies of gating currents and of the fluorescence signals from S

clearly allow for a distinction between movements of the voltage sensor and

movements of the activation and inactivation gates, ultimately these two motions

are energetically coupled. Much effort has been dedicated to describing the

detailed kinetic and energetic relationship between voltage sensor movement

(mostly as measured by gating current) and channel opening (for a review see

Sigworth, ). Does the opening of channels require the movement of three or

four voltage sensors, as originally suggested by Hodgkin and Huxley? Are the

movements of individual voltage sensors cooperative or independent? These types

of questions remain the subject of heated debate and experiment, and it seems

likely that the detailed answers will vary substantially between different channel

types and even subtypes. Assuming that all of the various channel configurations

(each sensor on or off, each gate or subgate open or closed) exist, small changes

in the energetic terrain will determine the path more chosen by a particular

channel, under particular conditions.

There are as yet no clues about the structural basis of coupling. One could

imagine a discrete ‘ linkage’ between the voltage sensor and the gate, a type of

connecting rod. This role has been suggested, for instance, for the S–S region

(McCormack et al. ). In this region, as in many others, one can find many

mutations that affect gating. How would one tell, though, if this is really the

coupling linkage, as opposed to just one of many parts that move during gating (or

where perturbations in structure can affect gating)? In principle, if the two

components really act independently except for this linkage, then cutting the

linkage ought to make channel opening much less dependent on voltage (perhaps

even independent of voltage), and it ought to make gating charge movement easier

to provoke with voltage, because the ‘ load’ has been removed from the voltage

sensor. Such a mutant would be difficult to find and identify, because the voltage-

independent gating might make the channel apparently non-functional (if the gate

were mostly closed) or lethal to its host cell (if the gate were stuck open).



 G. Yellen

Alternatively, one could imagine that there is no discrete site of coupling, but

rather that the voltage sensor and gating machinery contact each other extensively.

This would be a perfectly sensible arrangement, but nearly impossible to analyse

by any approach other than structure determination.

. 

Work in voltage-gated K+ channels permits a clear distinction between three

specific gating mechanisms, summarized in Fig. . Activation gating occurs at the

point of the ‘bundle crossing’, the constriction formed by the criss-crossing of the

inner helices (S or M). The main evidence for this is the pattern of state-

dependent cysteine accessibility in the Shaker S. Although in principle this

might occur by plugging of the pore at this point, it seems more likely that the

inner helices twist, tilt, or scissor to tighten the constriction. The evidence for this

comes from gating-dependent changes in intersubunit EPR signals for KcsA

residues located near the bundle crossing, and from the ability of an intersubunit

metal bridge at the bundle crossing to trap the structure in the open state.

Additional activation gating motion may also occur at the selectivity filter.

C-type inactivation gating involves the constriction of the selectivity filter and

part of the outer mouth. It can be inhibited by the intimate binding of ions or

blockers to this structure, and it is promoted by mutations that destabilize the

buttresses surrounding this structure. When it occurs under normal physiological

conditions, it eliminates K+ flux through the channel. Under appropriate

circumstances, though, it can be shown that the pore remains patent but altered

in its selectivity. Some resting inactivation, not coupled to activation gating, can

occur by this C-type mechanism. Usually, though, C-type inactivation is coupled

to activation, either because both are coupled to the movement of the voltage

sensor, or because of a direct coupling that might involve the outer end of the S

helices and their juxtaposition to the selectivity filter structure.

N-type inactivation gating involves a ball-and-chain mechanism, with the N-

terminal ‘ball ’ occluding the pore of the channel. This inactivation is coupled to

activation because binding of the ball can generally occur only after the activation

gates have opened (though there can be N-type inactivation from ‘almost open’

states). It is still not known how far the ball can enter into the pore. Competition

with TEA (which enters deeply into the cavity) is the strongest evidence

suggesting that the ball may actually enter the cavity; cysteine protection data and

some evidence suggesting that ball can sometimes be trapped by activation gates

also support the idea of deep binding. On the other hand, the known sites for

electrostatic interaction (though not necessarily for a direct and intimate

interaction) probably lie below the bundle crossing, and given the small size of the

passageway in KcsA channels, it may be reasonable to think that the ball occludes

the pore at a more intracellular location.

Given the similar overall body plan of voltage-gated Na+ channels, Ca#+

channels, and K+ channels, it seems very likely that these other channels will have

a similar architecture, with a bundle crossing of S helices at the base of the pore,
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and that they will also use the same range of molecular mechanisms for gating.

There is good biophysical evidence relating some of the gating mechanisms in

these other channels to their cognates in K+ channels.

Some evolutionary relatives of these channels with very different physiological

behaviour may share some of these fundamental mechanisms – or they may

involve additional ones. One example already mentioned is the hERG channel, a

K+ channel with the same architecture as the Shaker K+ channel but quite

different gating. This channel exhibits a type of inward rectification, meaning that

it does not conduct well at positive voltages. This rectification turns out to result

from a rapid inactivation mechanism that appears to be a version of C-type

inactivation (Shibisaki,  ; Smith et al.  ; Spector et al.  ; Scho$ nherr &

Heinemann, ). The activation gating of these channels is very slow and has

some unusual features, possibly related to the influence of a conserved N-terminal

domain whose structure was recently determined (Cabral et al. ). Another

odd K+ channel is the KAT channel from the plant Arabidopsis (Schactman et al.

). Like hERG, this channel has rapid inward rectification, but it lacks an

obvious correlate of the normal activation gating. It seems most likely that this

channel too is using a version of C-type inactivation, though it has also been

suggested that the channel simply activates with hyperpolarization rather than

depolarization. Again, there are unexplained influences of the N- and C-termini

of KAT on gating (Marten & Hoshi, ).

Two additional channel classes have architecture like that of the K+ channels,

but the correspondence between their gating mechanisms and the K+ channel

mechanisms is not yet known. One is the class of cyclic nucleotide gated (CNG)

channel, responsible for sensory transduction in photoreceptors and olfactory

receptors (Yau,  ; Zagotta & Siegelbaum, ). Although they have an S

region, these channels are insensitive to voltage, but they can be opened by

binding of cyclic nucleotides to a site in the C-terminal portion of each subunit.

It remains to be seen whether the gating provoked by nucleotide binding is similar

to the activation gating mechanism of K+ channels or to the C-type inactivation

gating mechanism. The other, recently cloned class of channels is the

hyperpolarization-activated cation channels, termed I
h

or I
f
(Santoro et al.  ;

Ludwig et al.  ; Gauss et al. ). These channels carry inward current

(mixed Na+ and K+), and are activated by hyperpolarization much like the KAT

channels. Cyclic AMP enhances the activation of these channels, much as it does

for CNG channels. Again, it will be interesting to learn the correspondence

between the gating mechanism of these channels and the other known mechanisms.

Finally, it is interesting to view the gating mechanisms of Fig.  from a

larger perspective. There are two ‘intrinsic ’ motions of the pore responsible for

gating, one at the extracellular end (in the selectivity filter) and one at the

intracellular end (at the bundle crossing), and between the two gates is a water-

filled cavity. The gates are anti-correlated, so that opening of one promotes closure

of the other. These are just the properties hypothesized to account for the

behaviour of solute-coupled membrane transporters. For channels, there exists a

relatively short-lived, metastable open state in which both gates are open. For
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transporters, this state is (mostly) forbidden, and only one gate at a time is open,

so that an orderly binding of the correct array of substrates must occur before the

entry gate closes and the exit gate opens. Another parallel between channels and

transporters is clearly seen for the CFTR chloride channel, which is deficient in

cystic fibrosis. The CFTR channel appears to require the hydrolysis of a single

molecule of ATP for each cycle through the open state (Baukrowitz et al. ) ;

if the CFTR had a second gate, so that the open state was open only to one side,

it could work as an active transporter instead of a channel. It may turn out that

some of the same molecular motions used for the gating of ion channels will also

prove responsible for the functional motions of membrane transporters.
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