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Channels can be either open or shut. We can think that there is some struc-
tute or property of the channel that is concerned with the transition between
these two states, and the wordgate is used to describe this concerto When the
gate is open the ions can flow through the channel, when it is shut they cannot.
Gating is the process whereby the gate is opened and shut. There may be a
number of different shut or open states, so the g'ating process may involve a
number of different sequential or alternative transitions from one state of the
channel to another. Modulation occurs when some substance or agent affects
the gating of the channel in some way.

For ligand-gated channels the trigger event in gating is the bindingof the
neurotransmitter or internai messenger to one or more particular binding sites
in the channel molecule. For vo.ltage-gated channels, it is probably the move-
ment of some internai sensor in response to a change in the electric field
across the membrane. In each case a change in one part of the molecule pro-
duces an effect in a differentpart of it as the permeant pathway opens to
permit the movement of ions. Gating is thus an allosteric process,involving
a conformational change in the channel protein (see Perutz, 1989).

Single channel kinetics

What state changes does a channel undergo, and what afe the rates of
change between one state and another? Questions of this type form the
subject matter of kinetics. The aim of a kinetic analysis is to describe the
rime course of the changes in channel properties in the hope that this will
lead to ideas about their mechanism. The analysis is mathematical and can
get quite complicated, so we will here provide nò more than a taster. Much
more thoroughapproaches afe given by Colquhoun & Hawkes (1977, .1981,
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1982, 1994, 1995) and others (Horn & Lange, 1983; Kienker, 1989; Ball &

Rice, 1992).
What do we mean by the word 'state'? Channels can exist in two tondI/dive

states, open and closed (we neglect here the existence of subconductance
states), and they change from one to the other during their functioning in the
cel!. Direct observation with the patch clamp technique can tel! us which con-
ductive state a channel is in. But there afe also different conformational states of
the channel protein, and a channel may pass through a number of these during
the garing processo Ligand-gated channels, far example, can ~xist in different
states according to whether they have bound one or more ligand molecules or
noto Kinetic analysis may postulate the existence of different conformational
states in arder to explain the experimental data obtained from measurements
on conductive states.

A tWQ-state channel

Let us begin witb a very simple situation. We assume tbat a channel exists in
just two states, closed (C) and open (O). The channel can change from one
state to tbe otber at random. Tbe changes are stochastic events - tbat is to say
tbey occur at random in tbe rime domain - and so we can describe tbeir timing
only in probabilistic terms.

When tbe channel is open tbere is a constant probability of it changing its
state from O to C in a def1ned short period of rime 8/, irrespective of how
long it has been in state O or how it arrived tbere. Tbere might, far example,
be a pròbability of 0.3 tbat tbe change will occur in tbe next 0.1 ms. This
means tbat we can make ~tatistical predictions about tbe change from O to C.
Out of a large group of open channels, about 30% will bave changed to state
C after 0.1 ms, leaving 70% of tbem stilI in state O. In tbe next 0.1 ms, a furtber
30% of tbe remaining 70%will change, and so on. We can make similar pre-
dictions far a single channel aver a period of rime: out of a large number of
occasions when tbe channel is open, about 30% willlast only up to 0.1 ms, a
furtber 30% of tbe remaining 70% willlast up to 0.2 ms, and so on.

Processes witb tbese characteristics, tbat tbe probability of a particular
change in successive small rime periods is constant, are examples of Markov
processes. What happens to tbeir constituent units in tbe future is unaffected
by what has happened to tbem in tbe pasto To be precise about it, in a
Markov process if something goes tbrough a set of states Xl' Xl' . . ., Xn, tben
tbe probability of a furtber change to xn+l is determined solely by tbe char-
acteristics of xn and is unaffected by tbe characteristics of Xn-l and all pre-
vious states. Radioactive decay is a simple example: any particular atom of a
radioactive isotope may or may not disintegrate in tbe next 24 hours, but its
chances of doing so are completely unaffected by how long it has been in
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existence aIready. The same applies to one of our two-state channe1s; when
it is open the probability of it c10sing in the next millisecond is the same
whether it has been open far severaI milliseconds already or far just a few
microseconds.

The behaviour of our simp1e two-state channe1 can be described by the fo1-
10wing scheme:

kr,..

c~~~~-o (6.1)
koc

Here kco and koc are transition rate constants far the operung and closing
changesrespecrively. They are expressed in units of frequency, S-I. Thus kco
is the frequency of openings per unit closed rime; a value of 20 S-I, far
example, means that far every second that the channel is closed there are on
average 20 changes to the open state. Clearly this means that on average we
bave to include 20 closed periods inorder to get a second of closed rime, so
the mean closed lifetime must be 0.05 s. In this simple two-state scheme, then,
the mean open lifetimemo and the mean closed lifetime mc are given by

mo = 1/ koc

and mc = 1/ kco

Notice that the mean lifetime far either state is the reciproca! of the rate Con-
stant far the change leading away from it. The higher the rate constant far the
change from a particular state, the shorter the average rime spent in that state.

The proportion of rime that the channel spends in either state depends on
bolli rate constants. Thus,

111proportion of rime in the open state = "'Q

mo +mc

= ~o
kco + koc

What about the variation in the durations of the two states? If we measure
a large number of successive open times, far example, what sort of distribu-
tion do we see? Let us return to our model channel in which in the open state
there is a probability of 0.3 that it wi1l dose in the next 0.1 ms. Out of 1000
open times, then, approximately 700 would remain open after 0.1 ms, 490
(70% of the remainder) would stilI be open at 0.2 ms, 343 at 0.3 ms, 240 at 0.4
ms and so on. In other words, the number of open times in any particular
duration class falls exponentially as the duration increases.

This exponential distribution of open times can be written in terms of the
rate constant far closure as follows:
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f(topeJ = koc exp(-koct) le Jtl
" c'

And similarly the distribution of closed times in our two-state model is

!(tclosed) = kco exp(-kcot) (6.2b)

Each of these is a probabili!] densi!] function for the state it describes. Such func-
tions bave the property that the area under the curve between an'l two partic-
ular cime values is the probability o'f observing a state lifetime in that duration
range, Equations 6.2 can be written alternatively in terms of the mean state
lifetimes mo and mc:

f(topen) = f1J;;! exp(-t/f1JJ (6.3a)

f(tdo'ed) = f1J~! exp(-t/f1Jc) (6.3b)

A dwell cime histogram derived from N experimental measurements of
open or closed lifetimes (~s in chapter 3 and figs. 3.18 and 3.19) has much in
common with a probability density function. If the ordinate is divided by N
then the height of any column in t4e histogram shows the proportion of
events within that cime range. This is the same as the probability of finding an
event in that cime range if any one of the N events were chosen at random.
If our particular kinètic model happens to fit the facts far an actual channel,
then the probability densìty function far a state should fit the appropriate
dwell cime histogram. For a simple two-state system it would be possible,
therefore, to deternìine the transition rate constants directly from the dwell
cime histograms.

Multi-state channel kinetics

lt turns out that the two-state model given in scheme 6.1 is too simple to
describe the kinetic behaviour of most channels. Although there are usually
only two conducting states, open and closed, each of these may include a
number of different conformational states of the channel macromolecule.
Hence more complex models have tobe devised. Let us first consider a situ-
ation like scheme 6.1 but in which the open channel can be inactivated by con-
verting to a third state I:

kco

If the channel is in state O, it can shut by changing either to I or to C. Which
of these is more likely depends on the relative size of the rate constants far
the changes leading away from O. Thus if kOI is greater than koc then the
channel is more likely to move to I than to C. and vice versa. .
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The mean open lifetime mo for scheme 6.4 is determined by two rate con.
stants:

1
m~= 1.L]..~c

U koc + kOI

This is an example of a generaI rule: the mean lifetime in a particular state is
the reciprocal of the sum of the rate constants far the transitions leading away
from that state. An open dwell rime histogram far scherne 6.4 would be fitted
by equation 6.3a, which would give us an estimate of ma but would not allQW
us ta determine koc and kOI separately.

Many channels appear ta go through a series of separate states between the
-in1tial gating event and the opening. We shall see particular examples of this

later. If there were two clased states and one apen, far example, we would
again bave a scheme with four rate constants:

(6.5)

Tbe distribution of closed lifetimes in this scheme can be described by tbe
sum of two exponentials:

!(/closed) = alTl-l e~p(-I/Tl) + aZT;l exp(-I/T~ (6."6)

where al and az are the relative areas of the two components, andaI + az = 1.
Here the rime constants TI and T z do not measure mean conformational state
liferimes, which cannot therefore be: getermined directly from the closed dwell
rime histogram. The reason for thi~ is that when the channel moves from Cl
to Cz it is still closed, so no.element of the closed dwell rime histogram cor-
responds exactly to the dwéll rime in,CI. lf there are' further closed states then
equation 6.6 wil1 need tohave extra terms, as in

!(tclosed) = alT;l exp(-t/TJ +a2i;i exp(-t/T~ +a3T;1 exp(-t/T;> +... . (6.7)

There may also be more than one open state, in which case an equation similar
to 6.6 or 6.7 will be needed to describe the open rime distribution. Finding
suitable values of the appropriate parameters (the as and ~) to fit equations
like these involves various statistical procedures, some of them demanding
appreciable amounts of computer rime (Horn & Lange, 1983; Horn, 1987;
Colquhoun & Sigworth, 1995). .

In generai if we need n exponentials to fit a closed dwell rime histogram,
then there must be at least n different closed states. The same applies to open
states, of course. To take an example, the open rimehistogram in fig. 3.19 can
be described by a function like equation 6.3a, suggesting that there could be
just one open state. The closed rime histogram in fig. 3.19, however, cannot
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Fig. 6.1. How state transitions
in a three-state scheme such as
6.5 or 6.12 give rise to bursts
of channel openings separated
by longer gaps. (From
Colquhoun & Hawkes, 1983.
Reproduced with permission,
copyright Plenum Publishing

Corporation.)

State

Open

[Closed
'I I I

Burst " Gap between bursts _Burstl
I I I r

be fitted by a single exponential similar to equation 6.3b, but requires a func-
clon like equation 6.6 with at least two exponentials, hence there must be at
least two closed states.

Bursts and clusters

A phenomenon commonly seen in single channel records is that channel
openings afe grouped together. They tend to occur in 'bursts' of a ~malI
number of openings, separated by longer closed periods. This is a conse-
quence of multiple closed states such as in scheme 6.5, provided that the mero
lifetime of Cl is longer than that of C2. After a change from O to C2, the
channel is quite likely to revert back to O instead of changing to Cl. When it
eventualIy returns to Cl, however, there is no chance of opening unti! it has
switched to C2 again, and it may be some ri1I.le before this happens
(Colquhoun & Hawkes, 1981, 1995). Figure 6.1 illusttates this idea. For
scheme 6.5 the number of closures pér burst is equal to k+21 k-l.

lf there is another closed state that interchanges with Cl or with O with
much slower rate constants than in the test of the scheme, then bursts may
themselves be grouped into 'clusters' separated by relatively long quiescent
periods. Sometimes channels afe described as being in different 'modes' when
this happens. A further use of the modes concept occurs when the channel
behaves as if most or alI of the rate constants change to different values. Thus,
a calcium channel may switch spontaneously between different modes, but is
stabilized in one particular mode by the action of certain drugs (Hess el al.,

1984).

Openings after a jump

So far we have considered the kinetics of channels in a steady state situation,
where conditions afe constant. It is also useful to find out what happens
when the conditions afe changed abruptly in a stepwise fashion. With a
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voltage-gated channel we could depolarize the membrane sudderuy in a
voltage jump experimento With a neurotransmitter-gated channel, we could
suddenly introduce the neurotransmitter in a concentration jump experimento

In such cases ii is useful to measure the rime to first opening, commonly
called the 'first latency' o The mean first latency will probably be longer than
the mean closed rime, Let us assume that scheme 6.5 applieso Before the jump
the channel will be in state Cl so it will have to pass through Cz before it can
openo In later closed periods this may not be so, sinc~ the channel may spend
the whole of the rime in state Cz. In terms of equation 6.6, the tarlo of al to
az will be higher in the first latency condition.

Transition times

How long does it take far the channel to make the final jump from the closed
to the open state? Most kinetic schemes simply assume that the transition is
effectively instantaneous, but we cou1d imagine a situation in which the
channel opens gradually so that the ionic current takes some rime to reach its
maximum value. The question has been examined by Maconochie and bis col-
leagues (1995) in mouse muscle nicotinic acetylcholine receptor (nAChR)
channels expressed in fibroblasts. They recorded single channel currents using
an unusually high bandwidth, aligned their onset so that the times at which the
current crossed 50% of its final value were identical, and used signal averag~
ing to determine the rime course of the current. They found that the change
from closed to open took no more than 3 IJ.S, the limit on the precision of
their alignment procedure, so it may well bave been much lesso In comparison
with a lower rime resolution limit of 25 IJ.s or more far most single channel
records, it is clear that the change really is effectively instantaneous,

Non-Markovian models

So far we have assumed that the behaviour of channels ìs stochastìc and best
described by Markov models. The basìc assumptìons afe that there afe a small
number of dìstìnct channel states, and that the rate constants for transìtìon
between these states afe ìndependent of rime. Thìs ìs the approach used by
the majority of ìnvestìgatdrs ìn the field and whìch ìs adopted ìn thìs book.
There afe, however, other possìbilitìes. There could be a large number of
ìnterconvertìble states, and theìr dynamìcs could be described ìn terms of dìf-
fusìon or fractals.

In dìffusìon models a closed channel ìs viewed as dìffusìng away from a
gateway state (from whìch ìt opens) through a large number of equìvalent
closed states (Mìllhauser cf al, 1988; Oswald cf al, 1991). Practal models start
from the observatìon that the pattern of openìngs and closìngs at one
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temporal resolution is similar to that viewed at other temporal resolutions.
At low rime resolution, it is said, bursts look like single openings and clus-
ters look like bursts. Modelling bere may be based on deterministic chaos
rather than stochastic events (Uebovitch & Toth, 1991; Bassingthwaighte cl

al., 1994).
Sansom and bis colleagues (1989) bave compared some particular sets of

experimental data with the predictions of the various models. They used
single channel records from delayed rectifier potassium channels and from
locust muscle glutamate receptor channels. The results showed that the
Markov model provided better descriptions of chànnel open and closed rime
distributions than did the alternatives.

Ligand-receptor interactions

The trigger far opening in many channels is the binding of a substance called
the ligand; we can calI the binding site on the channel the receptor. lf we have
a ligand that combines with a receptor to produce a response of some kind,
then a very obvious experiment is to measure the size of the response at dif-
ferent concentrations of the ligand. We obtain a dose-response curve, as in
fig. 6.2. A simple theory to explain the form of the dose-response curve was
developed by A.J. Clark in 1926, based on the law of mass action (see Clark,
1933). lt assumes that the amount of ligandtaken up by the receptors is neg-
ligible relative to the total amount available, that the receptors afe identical and
do not interact with each other, and that the response is proportional to the
number of the receptors that afe occupied by the ligand. (fhis last assump-
tion may be appropriate far ligand-gated ion channels, but it probably does
not apply to most receptors coupled to second-messenger systems.) What
follows is a brief account of elementary ligand-receptor theory; more exten-
sive accounts can be found elsewhere (e.g. Triggle, 1979; Kenakin, 1984;
Williams & Sills, 1990; Gibb, 1993).

The ligand L combines with the receptor R to form a complex LR:

L+R, -LR (6.8)k

The equilibrium dissociation constant Kd, equal to k_J k+1, is given by

K=~d [LR] (6.9)

The proportion of receptors that are occupied by the ligand (the occupancy of
the receptors) is
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and this can be combined with equation 6.9 to give

P - [1.]

o-~-~

(6.10)or
1Po = 1 + (K./[L])

Fig. 6.2. Receptor occupancy
curves far a hypothetical
drug-receptor interaction with
a dissociation constant
Kd = 10-7 M. The curve is a
rectangular hyperbola in
accordance with equation
6.10. The left hand curve (A),
on a linear scale, shows the
rapid rise in occupancy at low
concentrations and the
asymptotic approach to
saturation at high
concentrations. On the right (8)
is the same curve plotted on a
logarithmic scale of
concentration, showing the
sigmoid formo (From Gibb,
1993.)

Equation 6.10 is sometimes known as the Langmuir isotherm or the Hill-
Langmuir equation. It was first used by A. v: Hill to describe the binding of
nicotine in muscle, and later by I. Langmuir to describe the adsorption of
gases onta meta! surfaces (Hill, 1909; Langmuir, 1918). Notice that Kd is the
concentration at which half the receptors afe occupied, since when Kd = [L],

Po = 0.5. The relationship between Po and [L] is hyperbolic in form as in fig.
6.2A, but it is customary to use a logarithmic scale far [L], which produces a
sigmoid curve as is shown in fig. 6.2B. Kd in fig. 6.7 is 10-7 M, and at this con-
centration p o is 0.5. It is easy to calculate from equation 6.10 that p o is 0.091 àt
10-8 M and 0.909 at 10-6 M. If Kd were 10-5 M thenpo would be 0.091 at 10-6
M and 0.909 at 10-4 M. In other words, the shape of the binding curve when
plotted with a logarithmic concentration scale is constant; different values of
Kd simply move it sideways.

Since we usually cannot measure p o directly, some other property has to be
used as a measure of ligand-receptor action, such as the contraction of a strip
of muscle, the intensity of a whole-cell current under voltage clamp, or the
proportion of rime that a single channel is open. The relation between the
concentration of the ligand and the size of the response is then called the
dose-response curve. The concentration at which the response is 50% of its
maximum value is called ED so or EC5o (effective dose or effective concentra-
tion). Often the dose-response curve is fitted quite well by equation 6.10, in
which case we can assume that Kd is equal to the ED so'
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Kd is an inverse measure of tbe afftnity of tbe ligand far tbe receptor: low
values of Kd indicate a high affinity and vice versa. The reciprocal of tbe dis-
sociation constant Kd is sometimes used: it is called tbe association constant,
K.a

Sometimes the dose-response curve is steeper or less steep than is pre-
dicted from equation 6.10. This effect might be produced by interactions of
some sort between the receptors. A useful modification of equation 6.10 is
the Hill equation:

[L]"

Kd" + [L]"Po= (6.11a)

1

Plog -£-9-- = nlog[L] - nlogKd
1-Po

so a graph of PoI(1 - PJ against [L] on logarithmic scales (a Hill plot) will be

linear with a slope of n. If n is greater than 1 then there is cooperativity
between the ligand molecules, i.e. binding of one molecule prombfes the
binding of another. If n is less than one there may be negative cooperativity
or multiple receptor types, or desensitization, a process described later in this
chapter. For ligand-gated channels, a value of n greater than 1 suggests that
two or more ligand molecules need to be bound to a receptor before it
becomes fully active.

Gating of the nicotinic acetylcholine receptor channel

The nAChR channels at the neuromuscular junction afe in nature gated by

combination with the acetylcholine molecules released from the motor nerve

ending. In the laboratory they can also be gated by some other compounds
known as agonists, such as carbachol or suberyldicholine.

We bave seen in chapter 4 that the muscle or electric organ nAChR is a pen-
tameric complex formed from four different subunits with the stoichiometry

a2~'Y8 and that acetylcholine binds only to the a subunits. Thus there afe two

acetylcholine binding sites in each receptor. Purther evidence is provided by
plotting the dose-response curve far mass responses to acetylcholine on log-
arithmic scales. The slope n of this graph (the Hill coefficient) gives a measure
of the degree of cooperativity between different binding sites. Values of 1.5
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to 2 far n bave been obtained, suggesting that there afe at least two binding
sites per receptor, consistent with the two sites known from the molecular
structure, and that binding of acetylcheline to one of them promotes binding
to the other (Dionne et al., 1978).

Kinetics

Del Castillo & Katz (1957) suggested that activation of 'the nicotinic acetyl-
choline receptor channel is a two-stage process in which firscly the acetyl-
choline A combines with the receptor R to form a complex AR, and secondly
this complex undergoes a conformational change so as to open the ion
channel. This view can be represented by the reaction scheme

k+1 f3
AR, ~AR*

a
ho -I- (6.12)

k-t

closed closed open

Here AR* represents the channel-open state and k+1, k-1, a and {3 afe rate
constants.

With the realization that two molecules of acetylcholine afe bound to each
channei. complex, scheme 6.12 was modified to become:

2k+1 k+1 {3

(6.13)

closed closed closed open

The factor of 2 far the rate constants k+l and k-z arises because there are two
possible forms of AR according to which of its two binding sites is occupied.

Patch clamp records of nAChR activity can be analysed to show the open
and closed dwell cime characteristics. These can be related to the rate con~
stants of scheme 6.13 as follows. An open channel AzR* can close only by
reverting to AzR, and the rate constant far this is a. Hence

mean duration of channelopening = l/a (6.14)

The rate constant far the departure from the AzR state wil1 be the sum of
the two rate constants leading away from it, f3+ k_z. So, far gaps within a

burst,

mean gap duration = 1/(/3 + 2k_;; (6.15)

and mean number of gaps per burst = f3/2k-z (6.16)

By applying equations 6.14 to 6.16 to their data from patch clamp records
of frog muscle end-plate nAChR channels. ColQuhoun & Sakmann (1985)
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Fig. 6.3. Concentration-jump

experiments with acetylcholine.
An outside-out patch of mouse

celiline (BC3H-1) membrane
containing about 100 channels
was rapidly perfused with

acetylcholine. Currents are
averages at the different

concentrations, scaled to the
same maximum. Notice that
the rate of rise reaches a

maximum at the higher

concentrations, suggesting that
13, the rate constant far the

change A2R-A2R* in scheme
6.13, is limiting. (From Liu &

Dilger, 1991.)

were able to calculate the values of the rate constants involved. They found
that far acetylcholine a = 714 S-l, {3 = 30600 S-l and k-z = 8150 S-l; dif-

ferent values were obtained far other agonists. Since {3 is much greater than a
and k- z, these values imply that the conformational change from AzR to AzR *
is energetically favoured, so that a channel with two molecules of acetyl-
choline bound to it wi1l open rapidly and spend most of its rime in the open
condition. Similar conclusions have been reached from experiments on
Torpcdo nAChR channels expressed in mouse fibroblasts (Sine cf al., 1990).

Confirmation of the view that {3 is sufficiently high to lead to rapid channel
opening comes from an ingenious experiment by Liu & Dilger (1991). They
prepared an outside-out patch containing many acetylcholine receptors from
culturedBC3H1 cells, a clonal mouse cellline that expresses muscle nicotinic
acetylcholine receptors. The tip of the patch electrode projected into a stream
of fast-moving saline solution whose source could be switched rapidly from
one solution to another. This provided a means of changing the acetylcholine
concentration in contact with the receptors very rapidly, within a matter of
microseconds. The sudden jump in acetylcholine concentration produced a
rapid change in current flow through the patch, as is shown in fig. 6.3.

Liu & Dilger found that the onset rime (the rime taken far the response to
go from 20% to 80% of completion) fell as the acetylcholine concentration
was raised, reaching a minimum of about 110 J.LS at 5 mM and above. This
suggests that {3, the rate constant far channel opening, is limiting at these
levels, which allows it to be calculated: a value of 12000 S-l was obtained,
which is in reasonable agreement with the value obtained from the frog neuro-
muscular junction channels by single channel analysis.

Although most chàrinel openings occur when two acetylcholine molecules
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afe bound to the nAChR, some recordings suggest that occasiona1ly the
channel will open either spontaneously with no acetylcholine binding or when
only one molecule is bound (Colquhoun & Sakmann, 1985; Jackson 1986,
1988). Jackson (1988) has formalized this situation as follows, with a scheme
in which there afe three open and three closed states, corresponding to
binding of zero, one or two molecules of acetylcholine or other agonist:

closed

(6.17)open

Here the as and /3s afe rate constants, the Ks and Js afe equilibrium constants.
Estimates far the rate constants far opening, /30' /31 and /32' were respectively
0.0028,1.1 and 2800 S-l, using carbachol as the agonist, in accordance with
the low chances of a receptor opening with no or one molecule of agonist
bound.

Jackson's estimates of the equilibrium constants in scheme 6.17 suggested
that the two binding sites afe not precisely equivalent, so that the first acetyl-
choline molecule is bound more tighrly to the closed channel than the second,
and also that bolli molecules afe bound more tighrly when the channel is in
the open configuration. He argues that these afe essential features of the func-
tioning of the channel, allowing rapid opening in the presenceof high acetyl-
choline concentrations (as when acetylcholine is released from the nerve
terminaI) and rapid termination of the response afterwards. He also suggests
that the conformational change involved in opening of the channel requires
an amount of energy that is normally released only by binding two molecules
of acetylcholine. So the allosteric properties of the nAChR channel make it
well adapted to its function as a rapid1y activated neurotransmitter-gated
channel (Jackson, 1989, 1994).

The situation gets more complex at higher acetylcholine concentrations.
When acetylcholine is continuously present at the neuromuscular junction, it
becomes insensitive to further application; the nAChR channels wi1l no longer
open. This phenomenon is called desensitization. It is evident in single channel
records as long periods of inactivity, interrupted by clusters of channel open-
ings. At high concentrations a channel may spend most of its rime in the
desensitized state, with the binding sites occupied by acetylcholine but the
channel closed. Under these circumstances the characteristics of the 'normal'
state may be investigated by restricting measurements to clusters only.

The other phenomenon that emerges at higher acetylcholine concentra-
tions is an increase in the number of very short channel closures. These
appear to be caused by temporary blockage of the channel by acetylcholine
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- 60 mV

~...
Fig. 6.4. Single channel
currents in a mouse celiline
(BC3H-1) in response to
acetylcholine at two different
concentrations, showing
agonist block. At the higher
concentration the currents are
noisier and reduced in
amplitude. The probable
explanatjon far this is that
acetylcholine molJcules briefly
occupy the open pare, so that
the channel flickers between
the open and the blocked
state. The frequency of this
flicker is too high to be
detected by the recording
system. (From Sine &
Steinbach.1984.)
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Fig. 6.5. A subconductance
state in the nAChR channel,
seen in a cell-attached patch
clamp record from the end-
plate of frog muscle fibre.
Current through the fully open
channel was -3.71 pA. During
the partial closure it fe" to
-0.52 pA, i.e. 14% of the full
value. In other cases the
subconductance levels were
commonly 18% and 71%,
respectively, of the fu" value.
(From Colquhoun & Sakmann,
1985.\

molecules themselves. They may be evident as 'flickering' of the channel
rapidly between the open and closed state. High frequencies of flicker may not
be resolvable by the recording equipment, in which case we shall see a
decrease in the mean conductance of the apparently open channel and an
increase in its noise level. This effect is shown in fig. 6.4.

A further complexity in nAChR channel kinetics is the occasionai occur-
rence of subconductance states, in which the channel conductance is lower
than normal. Figure 6.5 shows an example. Subconductance states have been
seen in a variety of different channels. A satisfactory explanation far their
existence has, in most cases, Jet to be produced.

AlI this serves to show that the kinetic analysis of nAChR channel behav-
iour is a complicated business. Further progress may come from more exper-
iments with the fast flow concentration jump technique, since this can provide
estimates far some reaction rates independent of particular kinetic schemes
(Liu & Dilger, 1991; Ungleetal, 1992).
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The acetylcholine binding site

There has been much interest in just.how me binding sites on the two a sub-
units of the nAChR afe made up. One way of approaching this problem is to
use some chemical that will attach to the binding gite and then to find which
amino acid residues it has become connected to. Changeux and bis colleagues
at the lnstitut Pasteur in Paris bave used a radioactive photoaffinity probe called
DDF for this purpose. DDF is an aryldiazonium compound that will bind
reversibly to the nAChR in the dark. Ultraviolet light makes it highly reactive,
so that it forms irreversible links with adjacent amino acid residues in the
protein chain. For some of the amino acid residues, the amount of DDF
binding was reduced in the presence of carbamylcholine, an acetylcholine
agonist, so these residues would appear to be the ones associated specifically
with the acetylcholine binding gite. They were Tyr-93, Trp-149, Tyr-190, Cys-
192 and Cys-193, plus weakly labelled Trp-86, Tyr-151 and Tyr-198. These par-
ticular residues afe conserved in the a subunits from various different species
from Torpedo to the rat, but afe mostly not found at the corresponding positions
in theothersubunits (Dennis efal, 1988; Galziefal, 1990; Changeux efal, 1992).

The tyrosine residue at 190 seems to be a particularly important compo-
nent of the binding gite. lt can be converted to phenylalanine by site-directed
mutagenesis and the mutants can then be studied by expression in XenopJls
oocytes. The mutants bave a much reduced affinity for acetylcholine and afe
much less responsive to it (fomaselli ef al, 1991).. Similar experiments bave
been done with the a7 neuronal nAChR; mutation of the residues corre-
sponding to those labelled by DDF in the Torpedo a subunit reduced the
binding of acetylcholine and nicotine (Galzi ef al, 1991).

AlI these residues afe in the long N-terminal part of the nAChR chain on
the external synaptic side of the membrane. Their positions suggest that at
least three loops of the protein chain afe involved in forming the binding gite.
There is some evidence that the 'Y and 8 subunits may also be involved in
binding, since bOth afe labelled by [3H]d-tubocurarine and ':y is labelled by
DDF. Figure 6.6 shows a model of the binding site derived from these
labelling studies.

Study of the quaternary structure of the nAChR by high resolution elec-
tron image analysis showed three dense rods halfway along the synaptic part
of each subunit, about 30 A above the lipid bilayer (Unwin, 1993a). The rods
afe presumably a-helices, and they seem to bound a cavity near the middIe of
each subunit (this can be seen as a small circular contour half up the right hand
side of the nAChR section in fig. 4.8). These cavities afe particularly pro-
nounced in the a subunits, so it seems very likely that they afe the acetyl-
choline binding sites. The three a-helices adjacent to them correspond well
with the three loops found by photoaffinity labellin~.
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Roles of the different subunits

The importance of the different subunits in gating has been investigated ~ing
Xenopus oocytes. Messenger RNAs far the different subunits, in different
combinations or from different species or after modification by site-directed
mutagenesis, afe injf;cted into them and then the activity of the receptors that
afe produced is determined. Full responses afe fopnd only when the full com-
plement of four subunits is used,but effective receptors can also be produced
in the absence of 'Y or 8 subunits, suggestingthat these two can substitute far
each other to some extent. Such substitutions bave some effect on gating
kinetics: the mouse 8-less receptor (which presumably has the composition
a2~'YZ> has an average burst duration only half that of the normal receptor
(Kullberg ef al., 1990), whereas the cow 'Y-Iess receptor has longer burst
lengths and also many spontaneous openings in the absence of acetylcholine
Oackson ef al., 1990).

Acetylcholine receptors from different species show quantitative differ-
ences in kinetics when expressed in oocytes. Thus T opedo electric organ recep-
tors bave shorter open times and sbatter burst lf;ngths than do those from
niammalian muscle. Chimeric nrotein!; h~ve heen m~~p in ""r,11"p~ ,,';t-h t-h"
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different subunits derived tram different species. The 8 subunit seems to be
particularly importànt in gating, since crnmeras with al3'Y tram Torpedo and 8
tram the cow showed kinetics more like pure cow receptors than pure Torpedo
ones (Sakmann el al, 1985).

Mammalian muscles show developmental differences in their acetylcholine
receptors. Foetal muscle receptors and the extrajunctional receptors of den-
ervated muscles show channel openings that afe longer and of lower con-
ductance than those shown by receptors tram adukmuscles. The difference
is due to the replacement of the f?etal 'Y subunit by an alternativecalled the E
(epsilon)subunit in the adult end-pl'ate, asis demonstrated in fig. 6.7 (Mishina
elal,1986).

How does the channel open?

Fig. 6.6. (Ieft) Model of the
acetylcholine binding site in the
nAChR channel. The plasma
membrane is below the piane
of the paper and we are
looking at the receptor from
the extracellular (synaptic cleft)
side. The line from the N
terminus to Y198 represents
part of the a subunit amino
acid chain, and loops A, B and
Care involved in the
acetylcholine binding site. Aiso
shown are residues involved in
the binding site from the D
loop in the "y and 8 subunits
and the E loop of the 8
subunit. The sphere represents
the photoactivatable binding
agent DDF C p-
( (di methyja m i no )benzened iazo-
nium tluoroborate) in ali
possible orientations, and
shows where acetylcholine(the
neurotransmitter) is bound.
Circles show amino acid
residues labelled by DDF.
Residues labelled by other
compounds, and aftected by
site-directed mutagenesis, afe
also shown. ACh,

acetylcholine; MBTA, 4-(N-
maleimido )benzyltri methyla m-
monium iodide. (Diagram
kindly supplied by Professar J.
P. Changeux; see also
Changeaux et al. 1992.)

We can regard the nAChR as an allosteric protein, ODe that changes its shap.e
in response to combination of acetylcholine molecules with its a subunits..
The distance between the acetylcholine binding sites and the narrowest part
of the permeant pare is about 50 A. In view of the effects of different non-
a subunits on gating, we might expect the shape change to be widely spread
through the whole molecule rather than restricted to some particular part of
it (lingle cl al., 1992). Confirmation of this view, and some remarkable detail
on the changes in the transmembrane pare, has been provided by Unwin
(1995), using high resolution analysis of electron microscope images.

Tubular vesicles of postsynaptic membrane from Torycdo electric organ
contain arrays of nAChRs that can be analysed by the image processing
mecl?Dd, as described in chapter 4. Simply applying acetylcholine to such tubes
would result in rapid desensitization of the receptors, sQ..that their channels
would be closed. Unwin met this problem by applying acetylcholine by means
of an atomizer spIar just 5 ms befare freezing the tubes in liquid ethane at
-178 cC. This timing ensured that all the receptors wouldbe frozen with their
channels open. They could then;o!Je compared with receptors treatedsimilarly
but without meeting the acetylcholine spIar.

Unwin faund that binding of acetylcholine produces litde shape change at
the extreme outer mouth of the receptor, but that some movement and twist-
ing of the subunits is evident in most of the test of the molecule. Much larger
changes, not investigated in detail, were seen wh~n the receptors h~d been, in
contact with acetylcholine far some seconds befare fFeezing, by which rime
they would have reached the desèiisitized state.

At the level of the binding sites activation produces movement of the
dense rods surrounding them in the two a subunits. There is also a displace-
ment of the subunit between the two a subunits (probably the 'Y subunit)
clockwise as seen from the outer side. Sections through the shaft between the
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Fig. 6.7. Single channel

currents tram toetal and adult
nAChR channels in bovine
(cow) muscle. The traces on the
lett show patch clamp records
tram toetal (A) and adult (B)
muscle. Those on the right
show similar records tram

Xenopus oocytes which had
previously been injected with
mRNA coding tor (C) the a, ~,
'Y and 8 subunits, or (D) the a,
~, 8 and E subunits. The

change tram the 'Y to the E

subunit leads to channels with
shorter opening times and

higher conductances. (From
Mishina et al., 1986. Reprinted
with permission tram Nature

321, pp. 408-9, Copyright
1986 Macmillan Magazines

Limited.)

binding sites and the membrane show some clockwise twisting of both the a
subunits by abou~uggesting that this is ~earis wher~y changes at the
binding sites produce effects 30 A or more away at the membrane level.

The ttansmembrane poreis lined with the five\M2 Q,:-helices, each with a
",

bend or kink in the middIe, as we have seenin chapter 4. At rest in the closed
state the kink farms the narrowest part of the pare, and it seems likely that
the conserved leucine residues (L251 in the a subunits) at the kink farm a
hydrophobic ring which acts as a block to any ,ion movement througl1 the
pare. Activation leads to a marked change in the position of these helices: the
kink is withdrawn from the axis of the pare and the 'lower' halves (the halves
in the Ìrinerlea1ret oi the bilàyer) orthe helices swing round to becòme much
more tangential to the pare, as is shown in fig. 6.8. This removes the large
hydrophobic leucine residues from near the axis of the pare and ~es
them ~a line of ~~aller I;:!olar re~idues. The narrowest part of the pare is
no"", il ring of threonine residues (f244 in the a subunits) at ~e lower ends
of the M2 helices,with a diameter of 9 to 10 A.

The results of this beautiilinvestigation ha;eprovided us with some of
our most detailed infarmation about the shape changes associated with gating
in any channel molecule. It seems very likely that similar changes occur in
other neurottansmitter-gated channels. Some generai features of the changes
(the sli~ twisting of subunits, the withdrawal of large hydrophobic residues
from ne~e pare axis and their replacement by small potar ones, far
example) may be worth looking far in other types of channel as well.

Voltage-gated channel gating

As was superbly demonstrated by Hodgkin & Huxley in 1952, the nerve action
potential depends ùpon changes in the permeability of the axon membrane
to sodium and potassium ions, and these changes are triggered by changes in
membrane potential. The sodium and potassium channels that mediate these
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Closed Open

Fig. 6.8. Movement of the
pore-lining M2 segment of the
nAChR during gating, as
deduced from image
processing of arrays of
receptors from Torpedo electric
organo A shows pore-facing
amino acid residues on an a
subunit M2 a-helix;
corresponding residues are
found on the other subunits. In
the dosed condition (B) the five
M2 segments are kinked so
that their leucine residues

(L251 and corresponding
positions) line the pare at its
narrowest parto On opening
(C), the M2 segments move so
as to withdraw the leucine
residues and line the 'Iower'
(inner) half of the pare with a
rowof smaller polar residues;
the lowest of these (T244 and

corresponding ones) now form
the narrowest part of the open
pare. (From Unwin, 1995.
Reprinted with permission from
Nature 373, p. 42, Copyright
1995 Macmillan Magazines

Limited.)

events afe closed at test but open on depolarization of the membrane; that is
to say they are voltage gated. Much efforthas gone into investigations of the
mechanism of voltage gating since 1952.

Gating currents

We can tell whether or not a particle has a charge on it by seeing whether it
will move in an electric field: uncharged particles do not move. So any detec-
tor far an electric field must have some electric charge in it somewhere, and
its response to change in the field must involve some degree of movement of
the charge. In the protein structure of a voltage-gated channel, therefore, we
might expect to see some charges that afe capable of movingwhen the poten-
tiaI across the membrane changes, and these charges would be intimately asso-
ciated with the gating processo

This argument was clearly statedby Hodgkin & Huxley (1952b), and they
predicted the existence of gating currents, i.e. currents produced in nerve mem-
branes by the synchronous movements of the gating charges just prior to the
onset of ionic fio\\'; Gating currents afe much smaller than ionic currents and
it was some years before electronic techniques were good enough far them to
be measured. They were finally demonstrated in 1973 by Armstrong &
Bezanilla and by Keynes & Rojas.

In arder to demonstrate gating currents it is necessary to block the ionic
currents with suitable agents, such as externaI tetrodotoxin far the sodium
channels and internai caesium fiuoride (or, better, trimethylammonium fiuo-
ride) far the potassium channels. This leaves just the gating currents and
the current associated with the membrane capacitance. These two can be
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Fig. 6.9. Sodium channel
gating currents tram squid
giant axon. Sodium ionic
currents were eliminated by

usinga sodium-tree external
solution containing

tetrodotoxin; potassium ionic
currents were eliminated by
using an internai

tetramethylammonium fluoride
solution. The currents were-0.04 - . . produced by damped

Tlme (ms) depolarizations lasting 5 ms,
tram - 70 mV to a range ot

distinguished by differences in their linearity. Capacity currents are essentially membrane potentials tram
" '. - 3 mV (tor the smallest

linear and mdependent of membrane potenttal, whereas gattng currents are current) to + 74 mV (tor the
noto A common way of utilizing this property is to use the P /4 method. Here largest). Symmetrical capacity
we depolarize the membrane by P m V from a holding potential of - 70 m v: transients were eliminated by

. . adding appropriately scaledThen we take the membrane potenttal down to -180 m V and depolarlZe by responses to hyperpolarizations
p /4 m V four times. There will be almost no gating current component in the tram -150 to -180 mV (so, to
P /4 pulses, so we can add them up to get the capacity current produced during get the outward gating current
P ul S b . f thi f th al d d d . P far the - 70 to - 3 mV

p ses. u tractton o s sum rom e tot current pro uce unng d l ' t , t I. . epo arlza lon, or examp e,
pulses then glves the gattng current. Analogous methods, such as the use four the inward capacity current far

negative-going reference pulses (the P/-4 method), a symmetrical negative- the -150 to -180 mV
going pulse (the P::t method) or scaling a negative-going pulse bave also been hyperpolarization has to be, multiplied by 67/30 betore
used. using it to cancel out the

Figure 6.9 shows the sodium channel gating current obtained from a squid outward capacity current),

giant axon during a clamped depolarization. The current is a brief outward (From Keynes etal., 1992.)

movement of charge that largely precedes the onset of the inward ionic
current. At the end of the depolarizing pulse there is an o1f current whose

peak value is less than the on current but which lasts longer; the total charge
flow is eventually equal and apposite to that in the on current. (fhe o1f current
in fig. 6.9 demonstrates the phenomenon called 'charge immobilization'

whereby some of the gating charge has stilI not returned to its originaI posi-
tion by the end of the record; we shall return to d1is point later.) The

maximum total amount of charge moved is about 30 nC cm -2, or about 1900
electronic charges per square micrometre of membrane (Keynes & Rojas,

1974).

The gating charge per channel

How rnuch gating charge is associated with each channel? An answer to this
question is very relevant to the sensitivity of the channels to membrane poten-
tial changes: other things being equal, the relation between membrane poten-
tial and the probability of opening is steeper the greater the gating charge.
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Discussions on the subject have produced varying answers over the years, and
have not Jet concluded (see Hodgkin & HuxIey, 1952b; Ehrenstein & Lecar,
1977; Almers, 1978; Labarca cf al., 1980; Bezanilla & Stefani, 1994; Keynes,
1994; Sigworth, 1994); our treatment here is much simplified, but it may help
one to understand what it is that researchers afe grappling with and why
certain measurements afe made.

We consider first a simple two-state system in which each channel is opened
by the movement of a single gating particle which carries a tharge z. At any
moment the particle is in one of two positions, 1 and 2, and these afe associ-
ated respectively with the closed and open states, C and O in scheme 6.1. In
Eyring rate theory terms, positions 1 and 2 correspond to two wells in an
energy profile, and there is a single energy barrier between them. In a popu-
lation of N similar channels, nl wi11 have their gating particles in position 1
and nz in position 2, so that nl + nz = N

The Boltzmann distribution tells us how the thermal energy is distributed
in a population of molecules:

n = no exp( -e/ kT: (6.18)

Here E (epsilon) is the energy per molecule in joules, no is the number of mol-
ecules in any particular state with energy Eo' n is the number with energy E
greater than Eo' T is the absolute temperature in K, and k is the Boltzmann
constant, 1.38 X 10-23 J K-l.

Applying equation 6.18 to our simple model, with nl gating particles with
energy El in position 1 and n2 particles with energy E2 in position 2, we get

nZ/nl = exp[~(E"z- E"J/kT]

We can rewrite this as

n2/n! = exp(w/kT)

where w is the work done in moving a gating particle from position 1 to posi-
tion 2, i.e. the energy difference between the two positions, in the absence of
a membrane potential. To include the effect of the membrane potential, we
bave to add the electrical energy possessed by each particle to its positional
energy. Electrical energy is given by the product of the charge and the poten-
tial difference, as in equation 2.1. Here this wi1l be zeo V; where Z is the number
of charges on each particle, eo is the elementary electronic charge and Vis the
potential difference between the two positions. When we include this electri-
cal energy component we get .

n2/ nl = exp[(w + zeO V)/ kT] (6.19)

In om simple model the channels afe open when the gating particle is at 2
and closed when it is at 1 and there afe no other possible states to considero
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The proportion F~ of the channels that are open is therefore given by

p 0= n2/(nl + n~.

By combining equations 6.19 and 6.20 we get

p = exp[(w + zeo V)/ kT]
o 1 + exp[(w + zeo V)/ kT

Another way of writing equation 6.21 is

1

(6.21)

p = "..." '" li'" lt! i
O 1 + exp[-(w + zeoV)/kT]

We can rewrite this as

1p = \u."'Ja)
o 1 + exp[ - (zeo(V - V;/2)/ k7l

where" ~/2 (equal to -w/zer;J is the voltage at which half the channels afe
open. An alternative form of this, using F / RTin pIace of eoi kT (see chapter
2), is

1p = --

o 1 + exp[-zF(V- ~/2)/R71

Equation 6.22, or its modification 6.23, is sometimes known as me
Boltzmann relation. It gives a sigmoid curve on a linear plot of P o against V;
wim me steepness of me relation being greater wim rugher values of Z. It can
be very useful in describing me activation of voltage-gated channels. In me
conductance-voltage curves from pronase-treated squid axon sodium chan-
nels shown in fig. 6.10, far example, the right hand curve is described by me
parameters V-;/2 (me potential at wruch half me channels afe open) equal to
-14mVandkT/zeo equalto 8.5 mV: Since kT/zeo = 25/zmV; mevalue of Z

far this curve is 2.9.
When Vis large and negative (i.e. when me depolarizing pulse from a neg-

ative membrane potential is very small so mat few channels afe opened) men
wwi1l be much less man zeo V; and exp[(w + zeo 1/'j/ kT] wi1l be much less man

1, so mat equation 6.21 simplifies to

(6.23b)

Pa = exp(zeoV/kT

Taking lagarithms of this we get

(6.24a)

InPo = zeoV/kT (6.24b)

Since kT/eo is 25 mV at room temperature, we would expect a plot of P o (or
conductancesgNa orgl{ etc) on a Iogarithmic scale against V to have a slope of
25/Z mV per e-fold change in Po at Iow values of Po' Figure 6.11 shows
such pIots far the sodium and potassium conductances of squid axons, as
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Fig. 6.10. Conductance-voltage
curves far squid axon sodium
channels. Points show
conductances determined tram
steady-state currents obtained
by voltage-clamp
depolarizations tram a negative
holding potential, expressed as
a proportion of the maximum
conductance. Inactivation was
removed by internai perfusion
with pronase. White circles
show the relation without
further treatment, and the
curve is drawn according to
equation 6.23 (the Boltzmann
relation) with V1/2 = -14 mV
and kT/zeo (or RT/zF) = 8.5 mV.

Black circles show the response
after internai perfusion with
batrachotoxin and conditioning
at +40 mV far 10 min; the
curve is drawn with V,/2 = - 74
mV and kT/zeo = 9.4 mV. (From

Tanguy & Yeh, 1991.
Reproduced tram The Journal
of Generai Physiology 1991,
97, pp. 499-519, by copyright
permission of The Rockefeller
University Press.)

determined by Hodgkin & Huxley. At low conductance values, they show slopes
of 3.9 m V per e-fold change ingNa and 4.8 m V per e-fold change ingK, suggesting
values far zof atleast 6 and 5, respectively, far the sodium and potassium channels.

Application of the Boltzmann principle in this way gives us a lower limit to
the amount of gating charge per channel. Because of the simplification
involved in deriving equation 6.24a from 6.21, the slope of the log

conductance-voltage curves is on1y really equal to 25/ Z at very low conduc-
tance values, when very few channels afe open. An alternative approach is to
make long single channel records at negative membrane potentials and measure
the open probability in the absence of inactivation. Such measurements on a

non-inactivating mutant sodium channel expressed in Xenopus oocytes bave
revealed a steep relationship between logpo and membrane potential, suggest-

ing (from equation 6.24b) a value of atleast 10 to 11 far z(paclak e/al., 1995).
The mathematics of multi-state kinetics is more complicated thanthat far

two states which we bave considered, and the values of Z may be corre-
spondingly difficult to extract. Equation 6.24 stilI applies, but simulations
show that far some kinetic models with many closed states the correct value
of Z emerges on1y at conductances so low that they would be difficult or

impossible to measure experimentally (Bezanilla & Stefani, 1994).
What does a value far Z mean? The simplest interpretation, implicit in our

analysis so far, is that it is simply the amount of charge moved from one side
of the membrane to the other during the gating processo There afe, however,

other possibilities. The charge may not move across the whole of the mem-
brane (i.e. it may not traverse the whole of the electric field), in which case the

exponent zeo V should be z15eo V; where 15 represents the fraction of the field
that the gating charge moves across. Thus, 12 charges moving acrossO.25 of
the field may give an apparent value of 3 far z.
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Another possibility (a very strong one in view of the molecular nature of Fig. 6.11. Determination of
voltage-gated channels as we shall see shortly) is that there is more than one the gating charge per channel

. .' . from the relation between
gatlng partlcle per channel. If there were four partlcles whose movements conductance and voltage in the

were completely independent of each other, then the values of zobtained by squid giant axon. The graphs
application of equation 6.23 would apply to the individuaI particles, and the show peak sodium

. . conductance (A) and
gatlng charge far the whole channel would be 4Z' If thetr movements were maintained potassium
not independent, then we would get an apparently higher value far z, but the conductance (B) during
totaI charge far the whole channel would be less than 4Z' clamped depolarizations to

A dif£ f d .. th . h h l . different membrane potentials.

erent way o etermlnln g e gatln g c argePer c anne lS to com pare
C d ct I tt d. . . . on u ances are p o e as

the gatlng charge dens1ty in the membrane, as determmed by measurement of proportions of the maximum,

the gating currents, with the density of the channels. In squid axon, noise on a logarithmic scale. The
analysis suggests that there are about 180 sodium channels JLm-2 (Bekkers cf slope o! the initial ~art of the

. . . . curve glves the gatlng charge
aL, 1986); saxttoxtn binding assays suggest a somewhat larger figure at 290 per channel. as z in equation
channels JLm-2, but this will include the channels in the Schwann celI mem- 6.24. (Redrawn after Hodgkin
branes as well as in the axon (Keynes & Ritchie, 1984). With a figure of 2500 & Huxley, 1952a.)

charges JLm-2 far the total gating charge movement (Keynes, 1994) we get
about 14 gating charges per channel.

The number of charges per voltage-gated potassium channel has recently
been estimated in Shakcrchannels expressed inXcnopus oocytes (Schoppa cf aL,
1992). A plot of loggK against membrane potential had a slope of 2.4 m V per
e-fold change at low values of gK' suggesting a value far zof 10.4. Comparison
of gating currents with channel density by noise analysis suggested a similarly
high value of 12.4.

Overall, it seems reasonable to conclude that there are about 12 gating
charges per channel in voltage-gated sodium and potassium channels. There
are clearly stilI some uncertainties in this area, but the figure is perhaps unlikely
to be less than 10 or more than 15.
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Rat brain
Fly
Ee1
L. bleekeri
L. opalescen.v
SCN4A gene

54111

1299 L G A I K 5 L R T L R A L R P L R A L 5 R F
1090 L K V L R 5 L R T L R A L R P L R A I S R W
1091 L G A I K N L R T I R A L R P L R A L 5 R F

Rat brain
Fly
Eel
L. bleekeri
L. opalescens
SCN4A gene

S41V
1626 R V I R L A R I G R I L R L I K G A K G I R
1413 R V V R V F R I G R I L R L I K A A K G I R
1417 R V I R L A R I A R V L R L I R A A K G I R
1197 R V A R M F R I G R I I R L I K W A K G M R
1439 R V V R V F R V G R V L R L V K 5 A K G I R
144M R V I R L A R I G R V L R L I R G A K G I R

+ + + + + + + +

Rat brain
Fly
Eel
L. bleekeri
L. opalescens
SCN4A gene

The molecular basis of gatingFig. 6.12. Amino acid
sequences in the four 54
segments of various voltage-
gated sodium channels. The

positively charged arginine (R)
and Iysine (K) residues are
shown in bold type. The
sequences are tram rat brain
type Il, the fruit fly Drosophi/a,
the electric eel E/ectrophorus,
two squids Lo/igo, and the
human muscle sodium channel
gene SNC4A. (From Keynes,

1994.)

When the primary structure of the electric eel sodium channel was first deter-
mined by the Kyoto University group (see chapter 4), one of its striking fea-
tures was the nature of the 54 segments. In each of the four dom~s there
are ttretches of this segment where every third residue is either an argtnine or
a ly~e, both of which are positively charged. There are five such residues in
54! (the 54 segment of domain I) and 54!!, ~ in 54!!! and ~t in 54IV. The
intervening pairs of residues are mostly non-palato This suggested to Numa
and bis colleagues that the 54 segments together make up the voltage sensor,
and that some partia! movement of them across the membrane wi11 give rise
to the gating current. Patterns very similar to that of the electric eel channel
are found in other voltage-gated sodium channels, as is shown in fig. 6.12.

5ite-directed mutagenesis, as we bave seen, can be a very useful way of
testing ideas about the operation of particular parts of channel molecules. It
was used by 5tiihmer and bis colleagues (1989) to replace some of the argi-
nine and lysine residues from the 54 se~ents of domains I and II of rat

1176 F R S L R T L R A L R P L R A A V S R W a G
1114 L T A F R S M R T L R A L R P L R A V S R S
1125 I K S L R T L R A L R P L R A L S R F E G M

(+) + + + + (+)(+)(+) (+)
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Fig. 6.13. Amino acid
sequences in the 54 and

leucine-heptad regions of
various voltage-gated channels.
The top seven sequences afe
from potassium channels, the
sodium channel sequence (Na)
is the second domain of the rat
brain lIa sodium channel, and
the calcium'channel sequence
(Ca) is from that of the skeletal
muscle dihydropyridine
receptor. Amino acids ~al
to Shaker (5h) afe shown by
dashes. Asterisks show
positively charged R and K
residues in 54. Boxes show
leucine residues in the heptad

repeat. (From McCormack et

al., 1991.)

sodium channels. They injected mRNAs made from the altered cDNAs into
Xcnopus oocytes, so that the mutant sodium channels would be expressed in
the oocyte membrane and could be investigated by voltage clamping large
patches of membrane. They found that the steepness of the relation between
channel opening and the membrane potential was progressively reduced as
the positively charged residues of the S4r segment were replaced by neutral or
negatively charged residues. A few similar changes in the S4rr segment pro-
duced a similar but less marked change. The voltage far half-activation (~/2'
as in equations 6.23) was also altered from its wild-type value of - 32 m V;

mutations towards the C-terminai (cytoplasmic) end of S4 moved ~/2 to less
negative values whereas those towards the N-terminal (extracellular) end
moved it to more negative values. ,

The importance of the S4 segment in the gating of voltage-gated channels
is further shown in calcium and potassium channels. They have the same char-
acteristic arrangement of positively charged residues as do sodium channels,
as is shown in fig. 6.13. Site-directed mutagenesis experiments have also been-
carried out on the S4 segments of potassium channels, and again it is found
that replacement of the charged residues alters the relationship between
channel opening and membrane potential (papazian cf al., 1991).

So how does the S4 segment move in response to membrane potential
changes? One way in which it might happen has been suggested by Cattera1l
(1986) and by Guy & Seetharamalu (1986), following an earlier idea by
Armstrong (1981, 1992). The model (fig. 6.14) assumes that each positively
chargedresidu.e in the S4 segm~nt is paired with s~~~~~~~~ the
~~t S!t~ ~6 se~nts. Uepolarizatìon wOUld èause an-~4 segment to
move outwards by one step on this array, i.e. by 4.5 ~, corresponding to three
residues on the Q-helix. This~~ expose a negative charge at the insid~ of
the membrane and a positive chargeat the-outside, which is equivalent to the
'ri1OVèrnent or one ch~ge across tEe membrane.

There seems to be little doubtthat the positive charges in the S4 segments
must be stabitized by the formation of ion pairs with negatively charged
residues on other transmembrane segments if they are to remain in the
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hydrophobic environment of the lipid membrane. Evidence far the existence
of such ion pairs comes from some mutagenesis experiments in which
removal of positive charges from 84 in Shaker potassium channels was bal-
anced by the removal of negative charges on the 82 and 83 segments
(papazian ef al, 1995). In these circumstances functional channels are formed
inXenopus oocytes, whereas with the 84 mutations alone this is not so. It seems
that the capability of ion pair formation has to be present in arder far the
protein to foldproperly mto lts placeiiit1le1'ffi:mDral1c;--~-
--':rh:egat1hgcnargem-Sliiiker potassium channels seems to be about 12 eD,
and this would demand an exposure of three charges per 84 segment, which
implies a total movement of at least 13.5 A. To do this the 84 segment would
have to stick out into the hydrophilic environment on the outside of the mem-
brane. 8igworth (1994) suggests that this is inherendy improbable, and pro-
poses instead that the 84 segment does not remain as a rigid {X.-helix during
gating, but undergoes some other secondary s~~~e. Nevertheless,
work with the sodium channel mutants R14~H and R1448C, both ofWh1ch
occur in myotonia congenita (see chapter 8)and have slowed rates of inacti-
vation, suggests that the outer end of 84 does have an exttacellular location,
since increase in exttacellular pH makes the rate of inactivation of R1448H
similar to that of R1448C (Chahine ef al. 1994).

Fig. 6.14. Catterall's sliding
helix model of gating charge
movement in the voltage-gated
sodium channel. Segment S4 in
each domain forms an a-helix
crossing the membrane; the
sequence for the electric eel
S41v segment is shown here. Its
arginine (R) or Iysine (K)
residues in every third position
form a helix of positive
charges. The model proposes
that these form ion pairs with
an array of negative charges on
adjacent membrane-crossing
segments, and that
depolarization allovvs an
outward movement of the S4
segment by one or perhaps
tvvo steps along this array. A
movement of one step,
exposing a positive charge at
the outer side of the
membrane and a negative
charge at the inner si de, is
equivalent to the movement of
one charge across the
membrane. (From Catterall,
1992.)
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The S4 segment contains a number of leucine residues, and the stretch
from the second haIf of S4 to the first haIf of S5 containsa well-conserved
section in which every seventh residue is leucine (fig. 6.13). This heptad repeat
is reminiscent of that in the 'leucine zipper' group of DNA binding proteins,
where adjacent a-helices afe held together by rows of leucine residues
(O'Shea cf al, 1991). Mutation of the leucine residues causes large changes in
the voltage-conductance and voltage-inactivation curves. For example, sub-
stitution of valine far the leucine at the inner end of S4 moved the voltage at
which haIf the channels afe opened from about zero mV to about +70 m~
and moved the voltage at which haIf of them were inactivated from - 34 m V

to +26 mV (McCormack cf al, 1991). Substitution of other leucine residues
in the S4 segment has comparable effects (Lopez cf al, 1991). Perhaps the
leucines serve to stabilize the different conformationaI states of the open and
closed channel by means of hydrophobic interactions between the S4
segment and the test of the molecule.

There is good evidence that gating leads to movement of water molecules
into the channel. The potassium conductance increase produced by depolar-
ization in squid axons is reduced under osmotic stress produced by increasing
the sucrose or sorbitol content of the internaI and externaI solutions, sug-
gesting that some compartment of water that the sugar molecules cannot
enter is added to the channel when it opens. CaIculations suggest that the
volume of this compartment is about 1350 A3, equivaIent to about 45 water
molecules (Zimmerberg cf al, 1990). This figure represents about 0.4% of the
totaI volume of the channel molecule.

Osmotic experiments ori sodium channels in crayfish axons bave led to
similar conclusions, with water entering a volume of 700 A 3 on activation

(Rayner ef al, 1992). Furthermore the gating currents afe not affected by
increases in osmotic pressure, suggesting that movement of the gating charge
finishes before the channel opens.

Overall the studies on water movement imply that opening the pare
involves fairly extensive structuraI adjustments in the channel molecule. How
the postulated movement of the S4 segments produces them is not Jet clear.
TheoreticaI models, such as that produced by Durell & Guy (1992) far potas-
sium channels, afe interesting and instructive, but they afe not as Jet based on
independent structuraI evidence.

Inactivation

Voltage clamp records of the response to maintained depolarization of the
nerve celi membrane show sodium currents rising to a peak and then falling
back to zero or a low level (figs. 3.4. and 3.5). Hodgkin & Huxiey called the
initial opening of the sodium channels activation and their later closing
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Fig. 6.15. The 'hall and chain'
model far the inactivation of

voltage-gated potassium
channels, such as the fruit fly
Shaker A2 channels and some
mammalian channels. Only
three of the four channel
subunits are shown. It is
assumed that inactivation
occurs once any one

inactivating particle (or 'hall')
docks into its receptor site near
the mouth of the pare. (From

Rehm, 1991.)

~

inactivation. The delayed rectifier potassium channels of squid giant axons
show little inactivation in most experiments; currents afe maintained far the
duration of depolarization if this is limited to a few milliseconds. They do
show, however, some inactivation on a cime scale of seconds (Chabala, 1984).
Other potassium channels may show relatively rapid inactivation when the
depolarization is sustained.

An important clue as to the mechanism of inactivation carne £rom experi-
ments in which the proteolytic enzyme pronase was injected into squid giant
axons. The sodium currents then did~~tivate, suggesting that inactiva-
tion was dependent upon some part of the channel molecule that was readily
accessible £rom the inside of the membrane (Armstrong cf al., 1973). This led
to the 'hall and chain' model: inactivation is produced by a mobile part of the
chann~l protein that swings into~e open channel poreso as to block it, as is
shown in fig. ~.15 (Armstrong & Bezanilla, 1977). Experiments with block by
internal quaternary ammonium ions, including triethy1nonylarnmonium,
which has a hydrophobic 'chain' attached to its pore-blocking head, were also
suggestive in this respect (Armstrong, 1969, 1971).

Good evidence far the hall and chain model comes from site-directed
mutagenesis investigations on Shaker B potassium channels by Hoshi and his
colleagues (1990). They prepared deletion mutants in wruch various sections
of th_e~~~ù cytoplasmic region of the molecule had been removed, and
expressed them in oocytes. They found that deletions in the first 22 residues
slowed or removed inactivation. Deletions of sufficient length in the sequence
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between residues 23 and 83 tended to speed up inactivation. Examples of
these effects afe shown in fig. 6.16.

These results fit the hall and chain model very well: deletions from the hall
alone (residues 1 to 19), or from the hall and part of the chain, disrupt inacti-
variano Deletions from the ~ain alone tend to speed it up, as if:J~ ~ch.ain

'ves more freedom of movement t . §Q-!b~!,\t,c~~§5;i~!g'p~",ç2.f:i!ld,t,he

~5!l3DD. e hall itself contains a concentration of positively charged
residue s, which we might suppose to be important in holding it in contact with
the negatively charged pare of a cation-selective channel.

In further experiments a synthetic peptide with the same amino acid
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Fig. 6.16. (Ieft) Effects of

removing parts of the N-
terminai 'ball and chain' on
inactivation of Shaker B
potassium channels (these are
Shaker A2 channels in the
terminology of fig. 4.19)
expressed in Xenopus oocytes.
Part A shows the first 90 ~mino

acid residue of a suburiit. The
bars show the sections
removed in different deletion
mmants: black bar deletions
removed inactivation; white bar
ones diq noto Samplesingle
channel records from the
Shaker B channel and the
deletion mutants (arranged in
the same arder as in A from
the top downwards) are shown
in B. Notice the presence of
inactivation in the first five
records and its absence in the
last six. The stimulus in B was a

voltage step from -100 to
+50 mV. (From Hoshi et al.,
1990. Reprinted with
permission from: Biophysical
and molecular mechanisms of
Shaker potassium channel
inactivation. Science 250, pp.
533-8. Copyright 1990
American Association far the
Advancement of Science.)

sequence as the first 20 residues of the normal channei was prepared (Zagotta
ct al., 192°). Mutant Shaker B channeis with part of the ball sequence removed
were expressed in oocytes and their activity was measured using the inside-out
patch cIamp method; the channeis opened on depolarization and there was
little or no inactivation. Then a solution of the synthetic peptide was brought
futo contatt with the cytopÌasmicside of the pat~h, anQ t1us"'restored the inac-
tivation processo So the ball is sufficient to block the channel! There afe prob-
abIy up to fo~~~.fhainsneach potassium channel, smce theyar-è
tetramers; just one of mem seems to be sufficient to block the channel.

Is there a receptor far the ball, a particular section of the channei molecule
that the ball can Iock onta when it bIocks the pare? The S4-SS cytopiasmic
Ioop contains a number of residues that afe conserved in a wide variety of
Drosophila and mammalian voltage-gated potassium channeis. Mutations to
some of these in the Shaker B channei reduced the degree of inactivation, sug-
gesting that this Ioop is near to the internaI channei mouth and forms part of
the receptor far the inactivation ball (Isacoff ct al, 1991).

The inactivating ball peptide from ShakcrB channeis will also block other
voltage-gated potassium channels, and mammalian calcium-activated chan-
neis (foro ct al, 1992), all of which afe in the same superfamily. It will not,
however, block the ATP-dependent channeis of mammalian muscIe, which
afe sufficently different in molecular structure to Iack the receptor far the
peptide (Beirao ct al, 1994).

The ball and chain inactivation system in potassium channeis has become
known as N-type inactivation because it is identified with part of the N-ter-
minaI region of the molecule. A second type of inactivation has been associ-
ated with the C-terminaI region, and so is called C-type. Thus when N-type
inactivation is absent in deletion mutan~h as "SnA~6-46, a slower inacti-
vation system remains (fig. 6.17). The rime course of C-type inactivation is
much slower in the ShB splicing variant than in ShA. These two variants have
different carboxyl terminals. One of the differences between them is in the S6
membrane-crossing segment, where the valine residues at 463 and 464 in ShA
afe repiaced byalanine and isoleucine, respectiveIy, in ShB. Point mutations at
463 can change the rime course of the slow inactivation. Thus V 463A makes
the inactivation of ShA~6-46 as slowas that of ShB~6-46, while A463V in
ShB~6-46 makes it as fast as it is in ShA~6-46 (Hoshi ct al, 1991).

C-type inactivation is also affected by mutations in the HS region, especially
repiacement of threonine at 449. Thus, mutations T449E and T449K have
much increased inactivationrates, whereas T449V does not inactivate. These
mutations afe at the outer mouth of the channei pare and also have effects on
ion permeation. Inactivation is slowed if the external potassium ion concen-
tration is raised. It seems likeIy that C-type inactivation is associated with some
chanll:e in the oermeabilitv characteristics of the ocre {Looez-Barneo ct aL
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Fig. 6.17. N- and C-type
inactivation in Shaker
potassium channels. Records
show potassium currents from
Xenopus oocyte membranes
expressing two different
products of the Shaker gene,
ShA and ShB (these are named
Shaker A 1 and A2 in the
terminology òf fig. 4.19), and
from deletion mutan~ of these
two with residues.6 to 46
removed so that they have no
inactivating 'ball'. The currents
were produced in response to
clamped depolarizations from
-100 to +50 mV and have
been scaled to approximately
the same peak level; they show
the activity of some hundreds
of potassium channels. Intact
ShA and ShB channels show
rapid N-type inactivation.
Removal of the 'ball' leaves
slower C-type inactivation
(seen easily on a slower time
scale in the lower record),
which is much slower in
ShBA6-46 than in ShAA6-46.
(From Hoshi eta/., 1991.
Reproduced with permission
from Neuron 7, copyright Celi
Press.)

~

300 ms

1993). The very slowinactivation in squid axon potassium channels is proba-

bly C-type.
A further method of inactivation has been discovered in mammalian

voltage-gated potassium channels. Such channels can be isolated from brain
tissue as a-dendrotoxin (DTX) receptors, which consist of two types of
subunit, a and ~. The a subunits afe of the familiar Shaker-related Kv1 (RCK)
family, but the ~ subunits afe quite different in structure, with no obvious
hydrophobic membrane-crossing segments. It looks as though they afe
attached to the cytoplasmic end of the channel, probably with a4~4 stoi-
chiometry. Rettig and his colleagues (1994) found that their ~ subunits (called
Kv~ 1) would not form channels when expressed in Xcnopus oocytes, but they
greatly enhanced the inactivation of channels formed from Kvl a subunits.
Deletion of part of the N-terminal region from the ~ subunit removed its
inactivation capability, and a peptide with the same sequence as its first 24
amino acid residues would produce inactivation in the absence of the rest of
the ~ subunit. All this suggests strongly that the ~ subunit carries a hall and
chain section that can block the channel in the same way as the N-terminal
hall and chain of the pore-forming subunits does in the Shaker B channels of
Drosophila. This idea is illustrated in fig. 6..18.

The molecular basis of inactivation in voltage-gated odium channels is
somewhat different. Site-directed mutagenesis experiments on rat so "um
channels showed that changes to the cytoplasmic section of the molecule
between domains III and N greatly reduced the amount of inactivation
(Stiihmer cf al., 1989). This regio; contains a cluster of conserved positively
charged residues, and also" three adjacent hydrophobic residue s, lle-1488, Phe-
1489 and Met-1490. Substitution of glutaminefor any of these three slows
inactivation, and substitution far all three removes it (West cf al., 1992). The
loop structure far this region suggests that it may be less flexible than the hall

---
and chain found in potassium channels, so a 'hinged lid' model has been sug-
gested. Perhaps the three hydrophobic residues act as a latch that stabilizes the
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Fig. 6.18. Inactivation in some
mammalian voltage-gated
potassium channels, where the
inactivating ball and chain is
part of the auxiliary 1:\ subunit.
The channels have <141:\4
structure, where the <1 subunits
form the membrane-spanning
pore and the 1:\ subunits are
attached to them on the

cytoplasmic side. (From Rettig
et al., 1994. Reprinted with
permission from Nature 369, p.
291, Copyright 1994
Macmillan Magazines Limited.)

lid when it folds aver the open channel. Mutation of three adjacent hydropho-
bic residues (Val-lle-Leu) at the inner end of S6IV greatly reduced ina~tivation,
suggesting that these residues may act a~I.c!!?Eh.?~.!-e!?_e'p"~!..~r the
~~~~~~~.te (McPhee cf al, 1994):The~III-1V linker ~cted as a .ball
and chatn mactlvatlng system when attached to a oon-mactlvaBng potasslum
channel, even though there is little sequence similarity between it and the ball
and chain sections of potassium channels (patton cf al, 1993).

There is evidence that S4IV is involved in the regulation of inactivatiort in
soditim channels. In the hereditary disease paramyotonia congenita (chapter
8), where muscles become stiff during exercise, sodium channel inactivation
is slowed and less dependent on voltage, and recovery from inactivation is
~ore rapido In one form of this disease the arginine (R) at position 1448, at
the outer end of S4IV' is mutated to cysteine (C) or histidine (H). The R1448H
mutant shows inactivation properties that afe dependent on external pH,
implying as we bave seen that the residue is at least sometimes exposed tothe
external medium. At high pH, when the histidine will be uncharged, inactiva-
tion is slowed so that the channels behave like those of the Rl448C mutant.
At low pH, when the histidine will be charged like the arginine it has replaced,
inactivation is more or less normal. This suggests that inactivation and acti-
vation afe linked processes, and that S4IV plays an important tale in coupling
them (Chahine cf al, 1994).

The-presence of auxiliary sodium channelJ31 subunits in mammaliaQcells
increases the rate of inactivation of the sodium channel principal a subunit
(lsom cf al, 1994).

Inactivation rates inE~~:§~~~~ ;;e much slower than in sodium
channels. They afe affected by mutatlonsm and about the S6 segment of the
first domain, and perhaps bave something in common with the C- e inacti-
vation of sodium and potassium channe s ang cf al, 1994). Different
1i1~tion ratesin th~ al pnnèìpal subunit afe produced by different auxil-
iary J3 subunits (lsom cf al, 1994).

Inactivation is evident in the gating currents of squid axons. As it proceeds
the o1f gating current is reduced in size, as if some of the charges cannot
immediately return to their initial position.This phenomenon is called charge
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immobilization. Since the charge movement recovers with the same rime
course as the recovery of the ionic currents from inactivation, it is assumed
that the immobilized charge returns graduaIly to the normaI resting position
and that the small current generated by this is lost in the baseline noise
(Armstrong & Bezanilla, 1977). Charge immobilization can aIso be demon-
strated in membrane patches of oocytes expressing Shaker channels, but
mutant channels with no inactivation do not show it (Bezanilla cl al., 1991). It
looks as though the inactivation particle is preventing the return of the S4 seg-
ments to their originai position.

Kinetics

Kinetic analyses far the nAChR channel bave often been made under station-
ary or equilibrium conditions. We might look at the records of single channel
activity, far example, when the acetylcholine concentration has been constant
far some rime. This is not, however, appropriate far many voltage-gated chan-
nels: inactivation is common, and it is easy to change the voltage suddenly to
some new value and then follow the rime course of the channel response.
Changes of activation and inactivation with rime afe major features of inter-
est in the study of these channels, and so bave to be taken account of in kinetic
analyses of them.

In constructing models for voltage-gated channels, we make the familiar
assumptions of stochastic changes from one state to another by Markov
processes. For a first attempt at a model we could use the simple two-state
system of scheme 6.1:

kco
c~. ~o

We assume that the rate constants kco and koc are dependent upon the mem-
brane potential. lf we suddenly depolarize the membrane by a sultable
amount tram its resting potential, then we would expect kco to jump tram
near zero to some appreciable value, and so the probability of any particular
channel opening would rise accordingiy. The number of open channels in a
patch of membrane would then increase exponentially tram zero at t = O to

reach an equilibrium level:

~ = Noo[l - exp( - ti"] (6.26)

Here ~is the number of channels open at time t, Noo is the number open at
the new equilibrium level, and T is the observed time constant of the change.
Tis equal to 1/(kco + koJ.

A simple exponential curve like this does not in fact agree with experi-
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menta! determinations of the activation (opening) of voltage-gated channeis.
Hodgkin & Huxley (1952b) found that the rime courses of activation of the
sodium and potassium channeis in squid axon were initialIysIower than would
be predicted byequation 6.26; this is evident in the S-shaped start to the traces
b and cin fig. 3.5. The potassium conductance changes could be described by
a fourth-power reiation, involving [1 - exp(-t/T)]4 far the change on depo-

Iarization and exp(-4t/T) far that on repolarization.
Hodgkin & Huxley's modei far potassium channei opening was that four

charged particies moved independently to a certain part of the membrane
under the influence of the eIectric fieid. lf n is the probability that one of these
particies is in the right pIace, then the probability that they are alI in the right
pIace is n4, and so the conductance gK (which is proportional to the number of
channeis open) of a patch of membrane is related to the maximum possibie
conductance !,K by the reiation

gK = '!'Kn4 (6.27)

The parameter n follows relatively simple kinetics similar to scheme 6.25, such
that

dn/dt = a.(l - n)-/3.n (6.28)

where an and {3 n are rate constants which depend upon the membrane poten-
tial. an is analogous to kco in scheme 6.25 and {3 n is analogous to koc' an
increases with depolarization and {3 n decreases.

The Hodgkin-Huxley model far the sodium conductance had to take
account of inactivation. It assumed that a channel was opened if three
charged particles (each with a probability m of being in the right pIace) carne
together and was inactivated by a fourth particle with a probability (1 - h) of
being in the blocking position. Thus, the equation far the sodium conductance
is

gNa = iNam3h

Here m and h afe described by equations similar to 6.28 with their own rate
constants am and 13m' ah and 13h, aIl of them dependent upon the membrane

potential.
The Hodgkin-Huxley equations were derived entirely from measurements

on macroscopic ionic currents. They were enormously successful in predict-
ing the form of the nerve action potential and of many other properties of
nerve axon membranes. More recently, however, measurements on gating cur-
rents and on single channel activity have displayed phenomena that cannot be
accounted far within the Hodgkin-Huxley kinetic framework. The gating cur-
rents afe more complex than the framework predicts (they do not rise instan-
taneously to their peak value and their falling phase has several components)
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and the off gating current is not slower than the corresponding ionic current
(as it should be if the third or fourth power law applies). Single channel mea-
surements afe also at variance with the Hodgkin-Huxley framework: in the
absence of inactivation they show longer open times than would be expected

(patlak,1991).
Kinetic schemes since that of Hodgkin & Huxley have introduced various

new elements. One is that the channel may have to pass sequential1y through
a number of different closed states before it can open. We may write, for
example, for a system with five closed states:

(6.30)

Here the population of channels in the open state O is not fed from a popu-
lation that is falling exponentially; indeed conversions to state O may well
occur while the number of channels in state Cs is rising. Hence the number of
channels in state Owi1l not follow an exponential rime course like that in equa-
tion 6.26. The gating charge movement needs to be apportioned between the
various steps in this sequence; in one scheme, similar in partto 6.30, the first
four transitions were each associated with a charge movement of 1 eo and the
last with a movement of 2 eo (Armstrong & Gilly, 1979).

lnactivation needs to be included in kinetic schemes far the sodium channel
and far some potassium channels. Questions ariseas to whether the ina.ctive
state can be entered directly from one or more of the closed states, and
whether the channel has to pass through the open state in returning from the
inactive state to the closed state. Thus, in the following scheme the channel
can enter and leave the inactive state I only via the open state:

(6.31)

Experiments with cloned rat brain Raw3 (Kv3.4) potassium channels, which
inactivate rapidly, suggest that some rigidly coupled scheme like 6.31 is oper-
ative, and that the channels reopen during recovery from inactivation
(Ruppersberg et al., 1991). Similar conclusions have obtained from experi-
ments with cloned Shakerchannels (Demo & Yellen, 1991). One explanation
far this is the 'foot in the door' model whereby the inactivation particle block-
ing the channel pare prevents the activation gate from closing (Armstrortg,
1981). The return of the S4 segments maybe physically prevented by the inac-
tivation particle; this might well account far the charge immobilization seen
in gating current measurements.

A further generai feature of some recent schemes, as indeed in the
Hodgkin-Huxley scheme, is that changes may occur in parallelo This idea





198 GATING AND MODULATION

00 ~ ~O 2!l- ~~ ~ ~~ -!1-.~~

O 00 T O 01 ~ O 02 ~ ~ 03 ~ ~ ~4
Resting 61 ~ Y 61 ~ 2y 61 ~ 3y 61 ~ 4y

00 2!l- o~ ~ o~ -!1-.0~

O 05 T O 06 ~ ~ 07 ~ ~ ~8

261 ~y 261 ~2Y 261 ~3Y

00 ~ 00 -!1-.00

O 09 T ~ 01ò2i" ~ ~11

361~y 361~2Y
00 -!1-.00

-S O 01;P- O ~ 13
O T ~ 461(J1~y

61~y 00 ~ 00
. O O 014k;:"" 0*015

One subumt Open Blocked

Fig. 6.20. The
Zagotta-Hoshi-Aldrich kinetic
mode! of Shaker potassium
channel activation. Subunits
undergo independent changes
from the resting state R
(squares) through an
intermediate state A, (triangles)
to a permissive state A2
(circles), with fate constants a
to "yas shown in the upper
inset panel. The channel opens
when ali four subunits are in
the A2 state. The sequences
whereby a channel can move
from the resting to the open
state are shown in the main
diagram. The lower panel gives
model values far the various
rate constants at E = O; the
figures in brackets are the
effective valences z far the
transitions. The rate constants
are voltage dependent; far
example
a = 1120 exp(0.25 eoE/k7) S-1
and (3 = 370 exp( -1.6 eoE/k7)

s-'. The factor 8, representing
cooperativity between the
subunits, which keeps the
channellonger in the open
state, has a value of 9.7. (From
Sigworth, 1994, based on
Zagotta et al., 1994b).

ionic currents, the gating currents, and single channel currents produced by
depolarization. They produced a detailed kinetic scheme to explain their
results, which is summarized in fig. 6.20. Subunits undergo independent
changes from the resting state R through an intermediate state Al to a per-
missive state A2. When alI four subunits afe in the permissive state the channel
opens. Beyond the open state an unstable 'blocked' state is included to
account far brief interruptions in the single channel currents. Charge move-
ments afe 1.85 eo far R-Al and 1.42 eo far Al-A2, so each subunit con-
tributes a gating charge movement of 3.3 eo to the total of 13.4 eD.

The rate constants in fig 6.20 afe worth a look. For an individuai subunit
the rate constant far the transition from R to Al is a and that from Al to ~
is 'Y, and those far the corresponding reverse transitions afe {3 and 5 respec-
tively. AlI these afe affected by the membrane potential, such that the as and
'YS increase with depolarization and the {3s and 5s decrease. The rate constants
far the transitions between the different states of the tetramer bave to take
account of the different ways in which this may be done. Thus the transition





Modulation by phosphorylation

Modulation is a term usually used to describe someagent or process that mod-
ifìes the gating of a channel. The probability of a channel opening may be
altered by factors other than the primary gating trigger; For example,channels
may be affected by attachment of phosphate groups to their cytoplasmic sur-
faces, by changes in the cytoplasmic or external calcium ion concentration, by
the attachment of specifìc ligands, and so on. For the test of this chapter we
take a look at some of these processes.

The attachment of phosphate groups to proteins or their detachment from
them is of major importance in celi biochemistry. This process is called



MODULATION BY PHOSPHORYLATION 211

phosphorylation. It is brought about by the action of a protein kinase, an enzyme
that ttansfers a phosphate group from ATP to the protein:

protein kinaseprotein + ATP - protein-P + ADP

Dephosphorylation is the removal of the phosphate group by hydrolysis to leave
the protein and inorganic phosphate. It is catalysed by a different enzyme
called a protein phosphatase:

phosphataseprotein-P + HzO - -. protein + Pj

The net effect of these two reactions is the hydrolysis of ATP, so both reac-
tions afe energetically favourable and will take pIace readi1y and rapidly pro-
vided the protein kinase or phosphatase is active. The phosphorylated protein
usually has properties different from its non-phosphorylatedform, hence reg-
ulation of the protein's activity can take pIace by contrai of the protein kinase
or phosph~tase activity (Cohen, 1988; Barritt, 1992; Hunter, 1995).

There afe a number of different types of protein kinase, distinguished by
the different ways in which their activity is controlled. Cyclic AMP-dependent
protein kinase (often called protein kinase A or PKA) is one of the best
known (Taylor, 1989). The enzyme molecule is a complex of two regulatory
subunits, each binding two molecules of cAMP, and two catalytic subunits
which catalyse the phosphorylation of the substrate protein. The complex is
inactive in the absence of cAMP, but it dissociates to release the active cat-
alytic subunits when the cAMP is bound.

In other protein kinases the regulatory and catalytic parts of the molecule
afe indifferent domains of the same protein chain rather than in separate sub-
units. Cyclic GMP-dependent protein kinases afe activated by binding cGMP.
The (Ca2+ + calmodulin)-dependent protein kinases afe activated by calmod-
ulin to which calcium ions bave bound. The various forms of protein kinase
C (there afe at least eight of them) afe activated by diacylglycerol and calcium
ions. Diacylglycerol is a membrane-soluble second-messenger molecule
formed by the hydrolysis of phosphoinositoI4,5-bisphosphate. Protein-tyro-
sine kinases phosphorylate tyrosine residues; they appear to be largely con-
cerned with growth regulation in cells.

The phosphate groups afe usually attached to the protein chain at serine or
threonine residues, less often at a tyrosine residue, and they replace the hydro-
gen atom of the -OH group. Cyclic AMP-dependent protein kinase usually
phosphorylates the serine residue in the consensus sequence -Arg-Arg-(Xaa)n-
Ser-, where n is usually 1 but can be O or 2. Consensus sequences far other
serine/threonine kinases afe similar (Creighton, 1993).

How does phosphorylation produce its effects? After phosphorylation the
particular residue is larger than it was and carries two negative charges, so it is~
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not too surprising that the properties of the protein may be changed some-
what. X-far diffraction studies on the enzyme glycogen phosphorylase have
shown how phosphorylation of the Ser-14 residue produces small but signif-
icant alterations in the conformation of the molecule, involving interaction
with the positive charges of nearby arginine residues and resulting in the alter-
ation of the binding sites far allosteric effectors and substrates (Sprang et al,
1988; Johnson & Barford, 1990).

The initial work in this field was concerned with the reguiation of enzyme
activity, but later it became clear that many different types of protein, includ-
ing nuclear proteins, ribosomal proteins, contractile proteins, cytoskeletal pro-
teins, membrane proteins and others, cowd also have their properties
modified by phosphorylation (Krebs, 1983). It was not surprising, then, to
find that ion channels afe also modulated in this way (Levitan, 1985, 1994).
Let us have a look at some examples.

Voltage-gated sodium channels

The a subunit of rat brain sodium channels is readily phosphorylated by
cAMP-dependent protein kinase (Rossie el al., 1987; Rossie & Catterall,1989;
Catterall, 1992). The particular residues at which phosphate groups afe
attached afe all in the cytoplasmic loop between the transmembrane domains
I and II, as is shownin fig. 4.18. Phosphorylation reduces the amplitude of the
macroscopic sodium currents produced by depolarization. Patch clamp
experiments (fig. 6.29) showed that this is caused by a reductionin the prob-
ability of opening; the individuai channel currents afe not affected by phos-

phorylation (Li elal., 1992b).
A separate site in the cytoplasmic loop between domains III and Iv;

Ser-1506, is phosphorylated by protein kinase C (Numann elal., 1991; West el
al., 1991). This again produces a fall in the probability of the channel opening,
but there is also a marked decrease in inactivation rate, so that channel open
lifetimes afe longer. We have seen that this cytoplasmic loop appears to be
direcrly involved in the inactivation process, and we can imagine that the addi-
tion of a negatively charged phosphate group interferes with the operation of
the 'hinged lid' formed by the loop.

The existence of two separate ways of phosphorylating the sodium
channel, with somewhat different effects on its function, implies that there afe
complex possibilities far contrai of its functions in the intact ceno
Phosphorylation by cAMP-dependent protein kinase wil1 be dependent on
the presence of cAMP in the ceno This is produced from ATP by the action
of the enzyme adenylyl cyclase, which is itself activated by a number of mem-
brane receptors far various hormones and neurotransmitters, and inhibited by
others. Phosphorylation by protein kinase C is dependent upon the enzyme
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Fig. 6.29. Effect ot
phosphorylation by cAMP-
dependent protein kinase (PKA)
on single channei currents ot
rat brain voltage-gated sodium
channels. Records show the
response ot an inside-out patch
tram a cultured rat brain
neuron to a depolarization
tram -120 to -30 mV. Those
on the right were obtained
after exposure to the protein
kinase and 1 mM ATP. There
were several channels in the
patch, and sometimes two or
more were open at once. The
lower record in each set shows
the current averaged tram 500
such records. Notice that tewer
channels are open after
phosphorylation, but that
single channel currents are not
affected; we can conclude
tram this that the probability ot
channel opening is reduced.
(From Li et al., 1992b.
Reproduced with permission
tram Neuron 8, copyright Celi
Press.)

being activated by diacY1g1ycerol, itself produced from the membrane phos-
pholipid phosphatidylinositol by the action of a differentset of receptors far
hormones and neurotransmitters. In this way it is clear that agents external to
the celI could produce changes in theactivity of the sodium channels. Such
changes mightnot be of much importance in the all-or-nothing propagation
of nerve action potentials along the axon, but they could have marked effects
on thresholds and frequencies of firing at impulse initiation sites or on trans-
mitter release at nerve terminals (Catterall, 1992).

Voltage-gated calcium channels

Action potentials in vertebrate heart muscle last much longer than those in
skeletal muscle; after an initial peak depolarization there is a plateau lasting
tens or hundreds of milliseconds before the membrane potential returns to
its originai level. During this rime there an inward flow of calcium ions
through L-type voltage-gated calcium channels. The rise in internai calcium
ion concentration triggers further calcium ion release from the sarcoplasmic
reticulum, and this results in contraction of the heart muscle. The heart beat
can be modified by the action of the sympathetic nervous system, since acti-
vation of l3-adrenergic receptors increases the contraction at each beato

This increased contraction is brought about via an increased calcium influx
through voltage-gated calcium channels as a result of their phosphorylation.
Protein kinase A phosphorylates the accessory 13 subunit of the calcium
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channel and leaves the pore-containing <Xl subunit unaffected (Haase et al,
1993). In the next section we look at how noradrenaline brings this about.

In the skeletal muscle calcium channel <Xl subunit there is a phosphoryla-
tion gite at Ser-687 in the cytoplasmic section linking domains II and 111, but
this is absent from cardiac and brain channels (Rohrkasten et al, 1988; see
Mori, 1994). It may be relevant that it is this section that endows the skeletal
channel with its characteristic properties far excitation-contraction coupling
in linking to the sarcoplasmic reticulum ryanodine channel (fanabe et al,

1990).

The nicotinic acetylcholine receptor

Phosphorylation of the 'Y and 8 subunits of the nAChR by cAMP-dependent
protein kinase increases the rate of desensitization (Huganir el ai., 1986). The
sites of phosphorylation appear to be Ser-353 and 354 on the 'Y subunit and
Ser-361 and 362 on the 8 subunit. In mutants that had these serine residues

removed by site-directed mutagenesis, the rate of desensitization was slower
than in wild-type phosphorylated channels. But if the serines were replaced

by glutamate residues, which afe negatively charged like the phosphate groups,
then the rates of desensitization were similar to those of the phosphorylated

wild-type (Hoffman el ai., 1994).

Modulation by neurotransmitters and G proteins

A number of channels afe modulated by the action of neurotransmitters. In
modulation the neurotransmitter is not the prime gating agent (as it is in neu-
rotransmitter-gated channels such as the nAChR or the NMDA receptor) but
it somehow alters the probability of channel opening. One of the first exam-
ples of this was discovered in chick sensory neurons of the dorsal root gan-
glion, where action potentials afe shortened by the action of a number of
different neurotransmitters, including noradrenaline, GABA, serotonin, and
the neuropeptides enkephalin and somatostatin. These agents all serve to
reduce the inward calcium currents associated with the action potential, by
modulating the voltage-gated calcium channels involved (Dunlap &
Pischbach, 1981). Such modulatory effects afe usually mediated by second-
messenger systems involving G proteins (Hille, 1992b, 1994).

Second-messenger systems

We have already touched on the concept of the second messenger in consid-
ering how protein kinases are activated. The idea was introduced by
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Fig. 6.30. Signal transduction
by G proteins. A shows the
seven- transmembra ne-seg ment
receptor R combining with its
specific ligand L to form an
activated receptor R*L. This
induces the a subunit of the
al3'Y inactive form of the G
protein to bind GTP in piace of
GDp, and the G protein to
dissociate then into its a and
13'Y subunits. (8) shows the G
protein cycle; the activated a
and 13'Y subunits interact with a
variety of different effectors.
The a subunit is a GTPase, so
that after a short time aGTP
becomes aGDp, which then
reassociates with the 13'Y
subunit so that the G protein
becomes inactive. Pertussis
toxin (PTX) blocks the catalysis
of GTP exchange in G proteins
of the Gj group, and cholera
toxin (CTX) blocks the GTPase
activity of some G proteins of
the Gs and Gj groups. The cycle
repeats until R*L becomes
inactive by densensitization or
is removed by dissociation.
(From Simon et al., 1991.
Reprinted with permission
tram: Diversity of G proteins in
signal transduction. Science
252, pp. 802-8, Copyright
1991 American Association far
the Advancement of Science.)
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Sutherland and bis colleagues following their discovery of the roles of cAMP
in cells (Sutherland & Rall, 1960; Sutherland, 1971). A hormone or neuro-
transmitter (the 'first messenger') may bind to a receptor in the plasma mem-
brane so as to induce a series of changes that result in a diffusible substance
(the 'second messenger') that can then affect particular target molecules, Qften
protein kinases, in other parts of the cell. G proteins act as links between
receptor activation and the later links in the chain. They usually serve to acti-
vate a membrane-associated enzyme, which then produces the second mes-

senger.
G proteins are so called because they bind guanosine diphosphate and

triphosphate, GDP and GTP. They are activated by receptors of the seven-
transmembrane-segment group such as the ~-adrenergic receptors, the mus-
carinic acetylcholine receptors and many others. They consist of three protein
chains, n, ~ and 'Y. At test, the whole heterotrlmeric protein is attached to the
cytoplasmic side of the plasma membrane and the n subunit binds GDP.
Activation of the receptor induces a series of conformational changes in the
G protein so that its n subunit releases its GDP molecule and replaces it by
GTP, and the n and ~'Y subunits are then released from the complex and can
activate their target molecules (fig. 6.30). The cycle comes to an end when the
n subunit, which is a GTPase, splits its GTP molecule: the ~'Y subunit now
reassociates with the n-GDP subunit and the whole complex returns to its
mactive state (see Gilman, 1987; Linder & Gilman, 1992; Neer, 1995).
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Fig. 6.31. Second-messenger
pathways involving G proteins.
Full arrows mean 'promotes
the activity cf' or 'increases the
concentration cf'; dashed
arrows indicate the reverse of
this. R" Rz etc. are groups of
seven- transmembrane-seg ment
receptors; Rh is rhodopsin. G"
Gj etc. a~ families of related G
proteins. The enzymes
activated by G proteins are
adenylyl cyclase, phospholipase
C (PLC), phospholipase Az
(PLAz) and phosphodiesterase
(PDE). The products of activity
by these enzymes are the
second messengers cAMp,
inositol trisphosphate (IP3),
diacylglycerol (DAG) and
arachidonic acid (AA), and the
non-messenger GMp, produced
from cGMP. These second
messengers may activate
cAMP-dependent protein
kinase (PKA) and protein kinase
C (PKC), among others. (From
Hille, 1992b. Reproduced with
permission from Neuron 9,
copyright Celi Press.)

The major targets for G proteins are enzymes that produce second mes-
sengers. Thus adenylyl cyclase is activated by G s to produce cAMP, which then
activates protein kinase A, which in turn leads to phosphorylation of various
target proteins that may include ion channels. Such indirect actions may lead
to considerable biochemical amplification, since one receptor molecule can
activate a number of G protein molecules, each of which will activate its target
enzyme, and the activated enzyme may produce relatively large quantities of
the second messenger.

There are anumber of different G proteins, each specific for their own sets
of receptors and targets. Sequence analysis suggests that the a subunits fall
into four main groups, Gs' Gj (including Go)' G (including GlJ and Gl2
(Simon cf al., 1991). The main G-protein-'coupled slgnalling pathways involv-
ing second messengers are summarized in fig. 6.31. Ion channels are fre-
quently implicated as the ultimate targets of second-messenger cascades of
this type. Let us look at some examples:

(1) We bave seen in the previous section that adrenergic stimulation of the
heart beat is brought about by phosphorylation of the L-type voltage-
gated channels in the atrium. The chain of events begins with the
binding of the neurotransmitter noradrenaline or the hormoneadrena-
line to the I3l-adrenergic receptor. This activates a G protein (Gs)' so that
the Ga subunit binds GTP and is released from the receptor and the 13'Y
subunit, and the a subunit in turn acts as an activator for the membrane-
bound enzyme adenylyl cyclase, which converts ATP to cAMP. Cyclic
AMP activates cAMP-dependent protein kinase and this then phospho-
rylates the calcium channels. When the cell is next depolarized, the open
probability for the calcium channels is increased, so more calcium ions
enter the cell (frautwein & Hescheler, 1990; Hartzell cf al., 1991).

(2) A low level voltage-dependent potassium current in sympathetic gan-
glion neurons, known as the M current, is suppressed by a muscarinic
action of acetylcholine. This suppression of the M current, as it is called,
is the basis of the slow excitatory synaptic potential in these neurons
(Brown & Adams,1980; Adams & Brown, 1982). Injection of antibod-
ies specific for a sequence common to Gq and Gll reduces muscarinic
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(3)

M current inhibition. Activation of G q/l I by the muscarinic receptor
would activate phosphoIipase C, leading to the production of diacyl-
glycerol as a second messenger. The usual action of diacylglycerol is to
activate protein kinase C, so it seems likely that this phosphorylates the
potassium channels that carry the M current and so closes them (Brown,
1990; Caulfield cl al., 1994).
Substance P is a neuropeptide transmitter substance that produces slow
excitation in a variety of different neurons, includitig 'the cholinergic
neurons of the nucleus basalis whose degeneration seems to be one of
the causes of dementia in Alzheimer's disease. This action is brought
about by a closure of inward rectifier potassium channels, so that the
membrane potential can more easily be depolarized (Stanfield cl al,
1985; Yamaguchi cl al, 1990).

Substance P receptors bave the seven-transmembrane-segment
structure found in many celI membrane receptors, and, Iike other
members of that group, act via activation of a G protein; in this case it
is probably Gq or GlI, Inhibitors of protein kinase C suppressed the
action of substance P on inward rectifier channels, and okadaic acid, an
inhibitor of serine/threonine protein phosphatases, suppressed the
recovery of the potassium current afterwards. Hence it seems probable
that protein kinase C acts directly on the channels (fakano cl al, 1995).
The most likely sequence of events in the second-messenger cascade is
therefore as follows: activation of the substance P receptors, activation
of phosp~oIipase C by G9/II' hydrolysi.s o~ inositol ph?sp?oIipids to
produce diacylglycerol and IP 3' and acttvatton of protetn kinase C by
diacylglycerol, and finally phosphorylation of the potassium channels
leading to their closure. The channels would open again as a result of
dephosphorylation by the okadaic-acid-sensitive phosphatase.
In some cases there is evidence far different G proteins acting in oppo-
gite ways in channel modulation. Somatostatin is a small neuropeptide
that is widely distributed in the brain. In rat pituitary tumour cells it acti-
vates a large conductance calcium-activated potassium channel. This
effect can be blocked by pertussis toxin (which blocks the action of
certain G proteins) and by okadaic acid (which inhibits serine/threonine
protein phophatases), so it probably depends on dephosphorylation of
the channel as a result of G protein action, perhaps Go (White cl al,
1991). Somatostatin has a similar pertussis-sensitive action on the
inward rectifier potassium channels of some rat brain neurons.
Substance P, however, has quite the apposite effect: it activates a sepa-
rate G protein (perhaps G q or G I J that is not sensitive to pertussis toxin
and leads to closing of the channels (Inoue cl al, 1988; Velimirovic cl al,
1995). The experiments on a different group of neurons. referred to in

(4)
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Fig. 6.32. Modulation of
neuronal voltage-gated calcium
channels by neurotransmitters
that activate G proteins. A
shows the kinetic mode I
whereby each channel can exist
in two modes in equilibrium,
'willing' and 'reluctant'. In the
absence of activated G protein
most d1a'nnels would be in the
willing mode. 8 models the
activation curves far the two
modes. Each curve is described
by the Boltzmann equation
Popen = Pmax/[1 +exp -(V
- V,/Z)/ks] where P max is 1 far

willing channels, 0.94 far
reluctants; the midpoint V1/Z is
-15 mV far willing channels,
+62 mV far reluctants, and the
slope factor ks is 9 mV far
willing channels, 13 mV far
reluctants. C shows actual
activation data (cirdes)
obtained in the presence and
absence of 30 I1.M
noradrenaline (NA); p open is
calculated from currents during
damped depolarizations. The
data are fitted by curves drawn
as the sum of two Boltzmann
curves, assuming that some
channels are in the willing

mode and others are reluctant.
(From Bean, 1989. Reprinted
with permission from Nature
340, p. 155, Copyright 1989
Macmillan Magazines Limited.)
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the previous example, suggest that the substance P effect would be a
phpsphorylation by protein kinase C, mediated by the second messen-
ger diacylglycerol (fakano el al, 1995)

Direct action of G proteins on channels

In addition their rate in the productio~ of second messengers, G proteins may
also act direcdy on ion channels. We bave already seen the direct action on the
G-protein-gated inward rectifier (GIRK) of the heart, where the G protein
~'Y subunit appears to be the gating agent. Here we look at modulatory effects
of the G protein, acting direcdy on the channel and altering the probability of
opening in response to the primary gating ag~nt.

In heart muscle G. appears to combine ditecdy with voltage-gated calcium
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channels so as to increase their open probability Po' and with voltage-gated
sodium channels so as to decrease P o (Mattera cl al, 1989; Schubert cl al,
1989). Since Gs also stimulates adenylyl cyclase so as to raise the concentta-
tion of the cAMP, we bave bere an example of a single G protein affecting
three separate targets.

The effects of G protein modulation on N-type calcium channels in sym-
pathetic ganglia bave been investigated by Bean, Elmslie and others (Bean,
1989; Elmslie cl al, 1990; Elmslie & Jones, 1994). They concluded that the
channels can exist in two modes, 'willing' and 'reluctant' and that direct com-
bination with a G protein converts willing channels to reluctant ones. The dif-
ference between the two is in their readiness to be opened by depolarization;
in reluctant channels the voltage-P curve is moved to the rig ht (more pos-

open

itive membrane potentials) by 77 m V; as is shown in fig. 6.32. Iniection of the
antibodies specific to particular Ga protein sequences shows that Go is the G
protein involved (Caulfield cl al., 1994).

Direct action of neurotransmitter on a channel

A direct modulatory action of a neurotransmitter or hormone on a membrane
channel is much less common than an action via G proteins. The NMDA
receptor channel, however, is remarkable in that its response to glutamate or
NMDA is considerably potentiated by glycine (Johnson & Ascher, 1987).
Single channel currents afe unchanged in amplitude, but the probability of a
channel opening in response to NMDA is gready increased. The effect is
evident in Xenopus oocytes expressing the cloned NMDA receptor, showing
that there is no separate glycine receptor molecule (Moriyoshi el al., 1991).
Thus, glycine is a positive allosteric modulator of glutamate action at NMDA
receptors.
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