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Allosteric proteins after thirty years: the binding and state functions of the neuronal 
~7 nicotinic acetylcholine receptors 

S. J. Edelstein a,* and J.-P. Changeux b 

aD@artement de Biochimie, Universitd de Gendve, 30, quai Ernest-Ansermet, CH-1211 GenOve 4 (Switzerland), 
e-mail: Stuart.Edelstein@biochem.unige.ch 
hNeurobiologie MolOculaire, Institut Pasteur, Paris (France) 

Abstract. A key statement of the 1965 Monod-Wyman-Changeux (MWC) model for allosteric proteins concerns 
the distinction between the ligand-binding function ('7() and the relevant state function (15,). Sequential models 
predict overlapping behavior of the two functions. In contrast, a straightforward experimental consequence of the 
MWC model is that for an oligomeric protein the parameters which characterize the two functions should differ 
significantly. Two situations, where 1~ > Y and the system is hyper-responsive or where t3, < ~( and the system is 
hypo-responsive, have been encountered. Indeed, the hyper-responsive pattern was first observed for the enzyme 
aspartate transcarbamoylase, by comparing ") with 15, monitored by a change in sedimentation. Extensions of the 
theory to ligand-gated channels led to the suggestion that, on the one hand, hyper-responsive properties also occur 
with high-affinity mutants. On the other hand, native channels of the acetylcholine neuronal c~7 receptor and 
low-affinity mutants of the glycine receptor can be interpreted in terms of the hypo-responsive pattern. For the 
ligand-gated channels, whereas 1~ is detected directly by ion flux, ligand binding has rarely been measured and the 
formation of desensitized states may complicate the analysis. However, stochastic models incorporating both 
binding and channel opening for single molecules predict differences that should be measurable with new 
experimental approaches, particularly fluorescence correlation spectroscopy. 
Key words. Allosteric proteins; MWC model; ligand-gated channels; neuronal nicotinic acetylcholine receptors; 
stochastic models. 

Binding and state functions in the original MWC 
model for allosteric enzymes 

The fundamental mechanisms of biological systems in- 
volve the dynamic interplay between structures and the 
regulation of their functional activities at various levels 
within and between molecules, organelles, and cells. 
These interconnecting control processes occur in regula- 
tory networks operating over time scales ranging from 
fractions of a second to the life-times of higher organ- 
isms. From the intricate metabolic networks within cells 
to the vast connectional networks between neurons of 
the brain, one of the key forms of control involves 
critical effector molecules operating through the non- 
covalent interactions known as allosteric regulation [1 
4]. The 'plausible model' for allosteric interactions 
proposed by Monod, Wyman, and Changeux [5], gener- 
ally referred to as the MWC model, has provided a 
framework for the interpretation of the results obtained 
in studies on the structure and function of allosteric 
proteins [6]. 
The MWC model [5] for oligomeric allosteric proteins 
postulated a pre-existing equilibrium between two sym- 
metric, conformational states, R and T, with different 
intrinsic affinities for ligand, KR and K T. In the situa- 
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tion examined by these authors, the T-state was favored 
in the absence of ligand (L = [T]/[R] > 0), but the R 
state possessed a stronger affinity for ligand (c = KR/ 
Kr < 1); occupation of the ligand-binding sites thus 
shifted the equilibrium in favor of the R state. This 
'allosteric transition' could generate cooperativity in the 
binding function, "f (the fraction of sites occupied), as 
well as cooperativity in the change of state function, t~ 
(the fraction of molecules in the R state), with impor- 
tant biological consequences in the amplification of 
responses to transient chemical signals. 
As pointed out by Rubin and Changeux [7, 8], where it 
is possible to monitor Y" and R separately, distinctive 
differences in the two functions may be observed, 
thereby constituting a diagnostic test of the model. For 
very low values of L, a significant fraction of molecules 
is in the R state in the absence of ligand: the system 
may be qualified as hyper-responsive. Upon addition of 
ligand, the curve for P, remains above the curve for ~( as 
a function of ligand binding, with the curve for I~ 
approaching saturation at ligand concentrations that 
give incomplete binding. For very high L values, the 
curve for ti remains below the curve for 5(, with a 
maximal value of 1~ < 1, even when all binding sites are 
saturated: the system is hypo-responsive. At intermedi- 
ate values of L, differences between Y and 15, may also 
occur, but they involve more subtle distinctions in the 
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Figure 1. The state and binding functions and their cooperativity for a homopentamer. A) For an allosteric homopentamer, 15, and C/ 
are presented as a function of [X]/K R for a series of  values of the allosteric parameter, L B) The corresponding Hill coefficients (n) 
and the allosteric range (Q), in the lower panel,  are presented as a function of  [X]5o/KR for the curves in A), where nso corresponds 
to the value for C/= 0.5 and n~o the value for R ' =  0.5. All curves are calculated with c = 0.1. C/is determined with the equation: 

~- -[c~(1 + cQ N 1 + Lcct(1 + ccQ TM 1]/[(1 + cQ N + L(1 + CC0N)], 

where N is the number of ligand-binding sites and ~ is the concentration of  ligand normalized to the affinity of  the R state: ~ = [X]/K R 
[5]. For  C/ the apparent affinity, [X]5o (defined as the value of  [X] at C/= 0.5), occurs between the limits KR and KT corresponding, 
respectively, to pure R state (YR) at the low L extreme and pure T state (YT) at the high L extreme. These limits constitute the 'ligand 
binding range'. The equation for C/reduces at very low L to YR = 1/(1 + KR/[X]) and at very high L to C/T = 1/(1 + KT/[X]). The limits 
for binding are thus independent of  N and reflect only the intrinsic binding constants o f  the T and R states. For the state function, the 
curves are described by the equation P, = 1/[1 + L(1 + CCt)N/(1 + 7)N], which predicts variations between l~min in the absence ligand and 
t~m~, at saturating ligand, where: l~m~ ~ = 1/(1 + L) and R,~x = 1/(1 + LcN). The limits o f  the mid-points of R are set, respectively, by 
IX]50 = K R [ ( N ~ i  -- 1], [X]so = KR[(N~f2) -- 1] and [X]5o = KT/[(NX/2) -- 1],_constituting the 'ligand response range' that considerably 
exceeds the qigand binding range'. At low L and low ligand concentration Rm~, > 0 and at high L and saturating ligand concentration 
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shape o f  curves. W h e n  differences between Y and 15, are 

observed,  it can be conc luded  that  the behav ior  o f  the 

prote in  contrasts  wi th  the predict ions o f  the sequential-  

type models  [9, 10] for which the con fo rma t iona l  

change is pos tu la ted  to be ' induced '  by binding at the 

level o f  the individual  subunits,  so as to produce  over-  

lapping curves for ~( and 15,. 

These dist inctions have  cont r ibu ted  to the unders tand-  

ing o f  the mechan i sm of  rapid  t ransduct ion  by allosteric 

enzymes,  as first shown with aspar ta te  t ranscarbamylase  

[6, 8, 11, 12] (a l though some aspects, par t icular ly  the 

act ion o f  the posi t ive effector  A T P  [13], remain  un- 

clear). It  was possible to fol low binding at equi l ibr ium 

of  radioact ively  labeled compet i t ive  inhibi tors  and to 

m o n i t o r  the confo rma t iona l  equi l ibr ium as a funct ion  

o f  l igand binding by a difference in sedimenta t ion  co- 

efficient [8]. The  original  analysis was carried out  when 

it was er roneously  thought  that  the enzyme conta ined  

four  binding sites for substrate,  whereas  it was later 

de termined  that  the prote in  possesses six sites [14, 15]. 

Nevertheless ,  for curves recalculated with six sites, very 

similar  behavior  is observed.* The midpoin t  o f  1~ occurs 

at a concent ra t ion  over  2-fold lower than the midpo in t  

o f  "~. The A T C a s e  da ta  thus represent  the first clear 

example  o f  hyper- responsive  act ivat ion.  

The  full extent  o f  possible differences between Y and 15, 

as a funct ion o f  the L value is presented in figure 1 for 

a protein with 5 sites. F o r  l igand binding,  Y varies f rom 

0 to 1 and occurs, for  a protein with R and T states, 

wi thin  the affinity limits o f  YR and Y~ that  define the 

' l igand binding range '  (fig. 1A). In contrast ,  for the 

* The distinct theoretical curves for 15, ' and Y based on the MWC 
model (as defined in the legend to figure 1) representing the 
experimental data for aspartate transcarbamoylase change only 
slightly with the change in the number of sites from N = 4 to 
N = 6. In both cases, the curves for 15, ' and Y are significantly 
separated, with the normalized concentration of ligand, (X)/K R, 
at 50'70 equal to 0.58 for 15, ' and 1.25 for ~. However, the 
difference between 4 and 6 sites results in a change in the L values 
giving the best fit to the data, from 4 to 10, respectively, with a 
corresponding increases in nso from 1.34 to 1.42 and in c from 
0.001 to 0.078. 
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state funct ion,  at the extremes o f  L, R does no t  vary  

be tween 0 and 1 with  increasing l igand binding (fig. 

1A), but  has a l imited allosteric range,  Q [7], as summa-  

rized in fig. 1B (lower panel).  We  also no te  in the 

representa t ion  o f  figure 1A that  the ' l igand response 

range '  I~ can extend significantly beyond  the limits o f  

KR and KT (ligand b inding range). F o r  a prote in  with 5 

sites, the apparen t  affinity (as reflected by [X]50, the 

concen t ra t ion  o f  l igand at the midpo in t  o f  the 15, curve) 

may  be as m u c h  as 6.7 t imes lower  than  KR (the 

extreme hyper- responsive  pat tern)  or  6.7 t imes higher  

than  KT (the extreme hypo-respons ive  pattern).  This 

dis t inct ion is re levant  for m a n y  biological  receptors,  

since the c o m m o n l y  measured  pa rame te r  to character ize 

dose-response curves, ECs0, is equiva len t  to midpo in t  o f  

the 15 , curve (if  desensi t izat ion is sufficiently slow so as 

no t  to reduce the response signal [16]). Differences in 

the coopera t iv i ty  o f  the binding and state funct ions  also 

occur,  as measured  for example  by the Hill  coefficients, 

ns0 for 5 ( = 0 . 5  and n;0 for 15, '=0.5 (fig. 1B). The  

m a x i m u m  value  for n;o is cons iderably  higher  than for 

ns0 and at the extremes o f  L the value o f  nso falls to the 

limit o f  1.0 [7], but  the lower  l imit  o f  n;0 = 1.27 IS. J. 

Edelstein and W. G. Bardsley, unpubl i shed  work]. 

Extensions of the allosteric scheme to other systems 

Appl ica t ions  o f  the test for differences in 5( and 15, for 

allosteric enzymes have been limited, since it is often 

difficult to evaluate  con fo rma t iona l  states as a funct ion 

o f  l igand binding.  F o r  ano ther  classical allosteric system, 

hemoglob in ,  exper imenta l  measurements  for the nat ive 

prote in  lead to the predict ion o f  nearly over lapping  

curves for Y and 1~. However ,  for certain modif ied  forms 

of  the protein,  or  in kinetic experiments ,  differences 

between the b inding and change o f  state can be demon-  

s trated [17-22].  In cont ras t  to the soluble allosteric 

proteins,  for which Y is more  readily measured  than  t5,, 

the oppos i te  s i tuat ion prevails for a special class o f  

allosteric receptors ,  the l igand-gated channels  [23-27].  

15-ma • < 1. The difference, l~m,,• 15,rain, defines the allosteric range,_Q [7]: Concerning the Hill coefficients, the values of n;0 for the state 
function are presented for 15, ', the normalized value of 15, [8], i. e. R' = (R -- Rmin)/Q. The peaks of the curves of ns0 and n;o versus log 
L occur at L = c  -N/2. At this value of L the curves for ~" and 1~ are symmetric and nso corresponds to the point of maximal 
cooperativity (nmax). At other values of L, for ~( the values of nso and n .... fall off towards 1.0 as the extremes of L are approached, 
with nso<nm~ ~ and the value of Y corresponding to nine• progressively towards Y =  l/N at low L and increasing 
progressively towards 5) = (N - 1)/N at high L. The value of nso for ~" = 0.5 can be calculated directly from a sum of binding fractions 
each multiplied by its net reaction order [S. J. Edelstein, and W. G. Bardsley, unpublished work]. For other values of ~', n can be 
calculated from the Hessian equation based on the first and second derivatives of the binding polynomial [65, 66], which may be 
expressed in terms of the parameters of the MWC model: 

n = 1 + L(c - 1)2c~(N - 1)(1 + ~)N 2(1 + c~)N- 2/[(1 + c~)N i + Lc(1 + ccQ N 1][(1 + cQ N ~ + L(1 + ccQ N - 1] 

(W. G. Bardsley, personal communication). This equation corrects an erroneous derivation of the Hessian in terms of the MWC 
parameters presented by Wyman and Gill [67] (their equation 4.45). While nma x for Y varies follows a bell-shaped curve as a function 
of log L [7], n .... for 15, ' is independent of L and always equal to the value of n~0 at L = c N/2. However, the value of 15, ' corresponding 
to nm~ x varies widely, approaching 0 at low L and 1 at high L, with the exact value given by 1/(1 + LcN/2). Variations in n~0 also follow 
a bell-shaped curve as a function of log L, but with limits of n > 1 at the extremes [S. J. Edelstein and W. G. Bardsley, unpublished 
work]. For any combination of L and c, equations have been derived that give the corresponding value of ~50 and n~0 [24]. 
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Compared to other allosteric proteins, the nicotinic 
acetylcholine receptors (nAChR), as well as other li- 
gand-gated receptors, possess several distinct structural 
features [28], including a number of desensitized (closed 
and refractory) states, in addition to the activatable 
basal (T-like) state and open (R-like) state [29-33]. 
Within the nAChR family further distinctions concern 
the number of subunit types and their participation in 
ligand-binding sites. Muscle nAChR are heteropen- 
tamers with an c~2flyc~ structure possessing two ligand 
binding sites (at the interface between e and non-e 
subunits); neuronal nAChRs exist with various combi- 
nations of neuronal e and fl subunits [4, 34-37], includ- 
ing certain forms, such as e7 with a homopentameric 
structure, presumably carrying five ligand-binding sites 
[38]. For these receptors, the transient channel conduc- 
tance reflects 15,. However, 5( cannot directly be mea- 
sured in parallel, since equilibrium binding reveals the 
properties of desensitized states. Moreover, in many 
instances it is difficult to obtain sufficient quantities of 
receptor to perform binding measurements. Correla- 
tions between ligand-binding properties and ionic 
events have been possible under dynamic conditions in 
a limited number of cases [39]. Yet, the powerful ap- 
proach of studying ionic events on single molecules 
[40 43] has not been matched by methods permitting 
the recording of measurements on individual binding 
events. However, recent developments in fluorescence 
correlation spectroscopy [44, 45] offer the potential to 
overcome this obstacle. Considerable insight would be 
gained into the mechanism of ligand-gated channels 
were it possible to study single binding events in con- 
junction with single channel measurements of ionic 
events. 

Properties of state and binding functions for the 
homopentamer ~7 nAChR 

For ligand-gated channels, the distinct patterns of li- 
gand binding and conformational transition could, in 
principle, be obtained from direct binding experiments 
and dose-response curves. However, as already noted, it 
appears difficult to obtain the appropriate data, since 
binding should reflect only the activatable and active 
states (analogous to the T state and the R state, respec- 
tively), which occur transiently upon mixing with 
agonist. Measurements cannot readily eliminate contri- 
butions from additional desensitized states of higher 
affinity than the activatable or active states, unless a full 
kinetic analysis is achieved [30, 31, 46]. Moreover, the 
dose-response curve may be underestimated if the onset 
of desensitization is rapid [16]. Finally, even if suitable 
data for both binding and opening could be obtained, 
according to the estimates of the parameters governing 
the 'classical' single-channel measurements on muscle 
nAChR [41], the curves for 5f and 1~ would not differ 

appreciably, leading to a commonly held notion among 
electrophysiologists that muscle AChR channels open 
upon binding of two molecules of ACh. In this case, it 
is therefore difficult to design experiments that can 
distinguish between allosteric and sequential models. 
Observations on mutants of neuronal c~7 AChR have, 
however, recently cast the problem in a new light. 
Site-directed mutations involving changes in single 
residues within the ion-channel that provoke new 
pleiotropic phenotypes were discovered initially for the 
e7 receptor [47], and subsequently applied to muscle 
receptor [48, 49]. The mutations, such as L247T, dra- 
matically increase the sensitivity to ligand, render the 
competitive antagonist dihydro-fl-erythroidine a partial 
agonist [50], alter single-channel conductances [47], and 
lead to spontaneous channel opening [51]. Similar mu- 
tations such as V251T, characterized in e7 receptors 
[52, 53], or related mutations in muscle receptors [54], 
lead to spontaneous opening suggestive of an allosteric 
model in the hyper-responsive mode. In comparison, 
the properties of wild-type c~7 fulfill the conditions of 
the hypo-responsive pattern. 
The consequences of mutational events that can switch 
ligand-gated channels between the hypo-responsive and 
hyper-responsive modes were analyzed for several cases 
by Galzi et al. [27]. For the mutation L247T, the data 
are most readily interpreted in terms of a desensitized 
state that has become conducting. The properties of 
other mutants, represented by V251T, can be accounted 
for by a model in which there are simply changes in the 
allosteric constant, L. As shown in figure 2, decreasing 
L for the mutant receptors changes the hypo-responsive 
pattern of the wild-type (fig. 2A) to the hyper-respon- 
sive pattern (fig. 2C) and changes the competitive antag- 
onist dihydro-fl-erythroidine (fig. 2B) into a partial 
agonist (fig. 2D). The changes in Y due to the decrease 
in L are less striking than the changes in 1~, since the 15 , 
function is more sensitive to the value of L (fig. 1A). A 
similar explanation based on changes in L also provides 
an interpretation of the mutations responsible for 
startle-disease in the human glycine receptor [55, 56], 
but as the mirror image of the c~7 mutations, with 
wild-type glycine receptor characterized by low L and 
the mutants characterized by high L [27]. 

Separation of ligand binding and ionic events for single 
molecules in stochastic simulations 

As noted above, considerable insight into the mecha- 
nism of ligand-gated receptors has been obtained from 
single channel measurements, but uncertainties remain 
that could be resolved by parallel 'single binding' mea- 
surements. Anticipating the availability of more com- 
plete data in the near future, as well as developments 
that would permit monitoring of ligand binding and 
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Figure 2. Curves of ~/ and 15 , for four combinations of L and c. A) High L and low c. B) High L and high c. C) Low L and low c. 
D) Low L and high c. The values of  L and c correspond to the data analyzed with a two-state model [27] for the neuronal nicotinic 
acetylcholine receptor ~7, wild type (L = 800,000) and the channel mutant  V251T ( L -  20), with respect to the agonist acetylcholine 
(c = 0.1) and the partial agonist dihydro-fl-erythroidine ( c -  0.5) on the basis of  published experimental data [34, 53]. Other details as 
in figure 1. 

ionic events simultaneously on single molecules [44], we 
have initiated simulations that separate binding and 
ionic events. Several milliseconds of the simulated time 
course corresponding to the ~7 nAChR in the presence 
of  10 5 M acetylcholine are presented in figure 3. Nu- 
merous binding events occur compared to the rare 
opening events. Since the tendency to convert to the 
open state increases with the number of  sites occupied, 
ionic events are indeed probable only after several lig- 
and molecules have bound. At higher concentrations of  
acetylcholine, the receptor on average spends a signifi- 
cant fraction of  the time in the D (desensitized) state. 
The simulation in figure 3 reflects the hypothetical 
properties of  a single molecule on the basis of  the 
conditions of  divergent Y( and I~ presented in figure 2, 
and plausible kinetic constants based on observations 
with the e7 receptor and other nAChR. One conse- 
quence of the hypo-responsive pattern suggested for 
wild-type ~7 is that the lower maximal amplitude com- 
pared to the muscle receptor must be reflected by single 
channels that either close very rapidly and/or open 
infrequently. The simulation in figure 3 is obtained with 
both lowered frequency of  opening and more rapid 

closures, giving results consistent with measurements on 
hippocampal neurons showing ionic events attributed to 
c~7 receptors with open times in the 0.1 msec range [57]. 
For hyper-responsive receptors (fig. 2C), ionic events 
would be more abundant than ligand events, with sig- 
nificant ionic events occurring in the absence of ligand 
binding, as has been observed for certain hyper-respon- 
sive mutants, such as eT264P in muscle nAChR respon- 
sible for a congenital myasthenic syndrome [54]. 

General  comments  

The importance of  distinguishing between the Y and 1~ 
functions was reviewed here in its historical progression 
from allosteric enzymes to acetylcholine receptors. Evi- 
dence for the separation of  binding and conformational 
change is also accumulating from other receptor sys- 
tems [4]. For  G-protein coupled receptors, constitutive 
mutants demonstrate that a conformational transition 
can occur in the absence of  the triggering ligand [58]. In 
addition, for cyclic nucleotide-gated channels evidence 
of spontaneous openings has recently been punished 
[59, 60]. However, a further complication for the ligand- 
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Figure 3. Separation of binding events and ionic events in a stochastic simulation. A portion of the time trace of a simulation of c~7 
nAChR is presented with three conformational states, T, R and D (for desensitized) at an acetylcholine concentration of 10 -5 M. The 
traces at the top of the figure for 'Binding events' and 'Opening events' summarize the transient passage among the conformational 
states, depicted in the 'Occupancies of states'. Each positive binding event reflects the addition of a molecule of ligand, while each 
opening event reflects a transition to the R state. The simulation was produced using a computer program called STOIC, for Simulation 
of Transient Openings in lonotropic Receptors [16], recently extended to include ligand-binding stochastics [S. J. Edelstein, O. Schaad, 
and J.-P. Changeux, unpublished work]. During the simulation the protein changes conformation randomly with a probability based 
on the kinetic constants governing all of the possible reactions. The parameter values were based on muscle nAChR, with changes 
necessary to account for the specificity of ~7. In particular, the channel opening rate was reduced from 3 x 104 s -~ [41] to 1.2 a 1 0  3 

s-~, so that the estimated amplitude of the maximal response would lead to a closing rate of 104 s-~, in accord with estimates of the 
mean open time for ~7 [57]. In contrast, the rate of closing for muscle AChR is 700 s -~ [41]. 

gated channels  that  must  also be considered concerns  

the presence o f  more  than  two con fo rma t ion  states, 

with these addi t ional  states (possessing high affinity for  

ligand, but  slow t imes o f  fo rmat ion)  responsible  for  

desensi t izat ion [31, 46]. Moreove r ,  for  receptors  that  

may  be stabilized in desensit ized states even in the 

absence o f  neurot ransmit te rs ,  synaptic depression can 

result  independen t  o f  whether  the t ransi t ion f rom the 

closed (but  act ivatable)  state (T-like) to the open  state 

(R-like) is hyper- responsive  or  not.  

A n  impor t an t  issue to be addressed in future research 

concerns  compar i sons  be tween he te ropentamer ic  mus- 

cle receptors  wi th  two  l igand-binding  sites and ho- 

mopen tamer i c  neurona l  receptors  with five sites. 

A l t h o u g h  channel  mutan t s  at the posi t ion cor respond-  

ing to ~7 L247T also increase the sensitivity to l igand in 
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muscle  receptors,  the progressive var ia t ions  wi th  the 

n u m b e r  o f  mu tan t  residues in t roduced  [48, 49] appear  

difficult to reconcile wi th  the hypothesis  o f  a conduct -  

ing-desensit ized state. F o r  c~7 this hypothesis  was based 

on the higher  conduc tance  observed for  the m u t a n t  and 

its unconven t iona l  pharmaco logy ,  par t icular ly  the high 

affinity for d ihydro-f l -ery throid ine ,  a long with  the con- 

vers ion o f  this and other  compet i t ive  antagonis ts  o f  the 

wild-type to par t ia l  agonists  for the L247T mutan t  [27, 

47, 50, 52, 53]. However ,  differences may  exist between 

the two-site muscle and the five-site neurona l  c~7 

A C h R s ,  par t icular ly  since compet i t ive  antagonis ts  are 

no t  t r ans formed  into agonists  for muscle receptors  car- 

rying the muta t ion  equiva len t  to L247T [49]. Similarly,  

the cor responding  muta t ion  in t roduced  into the 5-HT3 

receptor  leads to high affinity and reduced desensitiza- 

t ion,  but  wi thou t  the convers ion  o f  compet i t ive  an tago-  

nists into agonists  [61]. In general,  the principles govern-  

ing c~7 appear  to involve less marked  differences in the 

affinities of  the act ivatable,  active, and desensit ized 

states, since the presence o f  five sites provides  an amplifi- 

ca t ion o f  small differences that  cannot  occur  with a 

two-si te  receptor.  Different  s t ructural  pat terns  may  

therefore  take par t  in the mechanisms  governing  the 

t ransi t ions be tween states and the accessibility o f  a 

desensitized state to a conduct ing  conformat ion .  

In the b roader  context  o f  m e m b r a n e  receptors  and more  

complex  processes such as prote in  t ranslocat ion,  under-  

s tanding is advanc ing  rapidly due to the remarkab le  

invest igat ions in a number  o f  centers, notably  the Schatz 

l abora to ry  [62 64]. A l though  these vector ia l  protein-  

t ranspor t  reactions are a great  deal  more  compl ica ted  

than  the gated passage o f  small ions, in the future it may  

be possible to design new exper imenta l  approaches  also 

permit t ing  invest igat ions at the level o f  single molecules.  
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