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RESUME

Un modele allostérique du type Monod-Wyman-Changeux est étendu aux récepteurs nicotini-
ques du muscle humain exprimés dans des cellules HEK. Les propriétés fonctionnelles du récep-
teur normal, ainsi que celles du mutant myasthénique €T264D sont examinées de maniére
quantitative. Le modéle se fonde sur la transition concertée entre I'état basal B (canal fermé) et
Pétat actif A {canal ouvert). Uéquilibre B 2 A est déterminé en absence d’acétylcholine par la
constante allostérique, Ly, égale au rapport [By]/[Ag]. Lorsque la valeur de L, est égale 3 9 x 108,
le modele offre une excellente représentation des données enregistrées avec les récepteurs normaux
par la méthode du « patch-clamp » ; la distribution des temps d’ouverture du canal est unimodale
avec un maximum a 0,7 ms. Le modele rend compte de la distribution trimodale publiée par
Ohno et al. (1995) pour les temps d’ouverture du canal avec le murant €T264P sur la base d’une
valeur de L égale 2 100. Les trois maxima, 2 0,15, 3,8 et 60 ms, sont interprétés comme corres-
pondant respectivement aux récepteurs sans, ou avec une, ou deux molécules d’acétylcholine liées.
Lapplication du modéle allostérique a Pinterprétation des propriétés physiologiques d’autres
mutants myasthéniques est examinée.

Mots clés : modéle allostérique, récepteur nicotinique d’acétyicholine, mutant myasthénique,
temps d’ouverture de canaux uniques

ABSTRACT

An extended Monod—Wyman—Changeux allosteric-type model is applied to human muscle nicotinic
acetylcholine receptors expressed in HEK cells, for both the normal form and the high-affinity human
myasthenic mutant, € T264P. The model is based on a concerted transition between the basal (resting)
B state and the active (open-channel) A state, with the equilibrium in the absence of ligand determined
by the allosteric constant, L, = [ByJ/[A,]. For wild-type receptors the model with Ly = 9x 1 13 provides
a satisfactory representation of published patch-clamp recordings that yields a distribution of open-
channel dwell times with a single peak at 0.7 ms. For the e T264P mutant, the model with L, = 100
accounts for the trimodal distribution reported for open-channel dwell times, with peaks at 0.15, 3.8
and GO ms that correspond to non-, mono- and bi-liganded receptors, respectively. Possible applications
of the allosteric model to other myasthenic mutants are considered.

Key words: allosteric model, nicotinic acetylcholine receptor, myasthenic channel mutant, single-
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Introduction

Le récepreur nicotinique de 'acétylcholine du muscle est une
protéine membranaire composée de cinq sous-unités
[20:1B:18:1¢€]. La lumiere du canal est bordée par les résidus
du domaine transmembranaire M2 de chaque sous-unité. Les
deux sites de liaison de I'acétylcholine se trouvent aux inter-
faces des sous-unités 0/8 et /€. La fixation de I'acétylcholine
stabilise transitoirement I'état A (canal ouvert), puis le récep-
teur retourne a I'érat basal B ou évolue vers des états I ou D
(états désensibilisés). Selon le modele allostérique, ces états
s'interconvertissent librement, y compris en absence de
ligand, entrainant de ce fait des ouvertures spontanées du
canal. De telles ouvertures spontanées ont été parfois obser-
vées avec les récepteurs nicotiniques musculaires. Cependant,
les enregistrements de canaux uniques ont été le plus souvent
interprétés sur la base d’un modele séquentiel limitant les
ouvertures du canal aux récepteurs ligandés. Avec les récep-
teurs normaux, la rareté des ouvertures spontanées est telle
que la distinction entre les prédictions du modéele allostérique
et celles du modele séquentiel n’est pas possible. En revanche,
les propriétés du récepteur provenant d’individus atteints
d’un syndrome myasthénique congénital consécutif a la
mutation €T264P sont telles que la distinction entre les deux
modeles devient possible.

Méthodes

Le modele allostérique sous sa forme étendue au cas du récep-
teur nicotinique comporte au moins quatre états qui sont,
respectivement : B (de base, canal fermé mais activable),
A (actif, canal ouvert), et deux érats désensibilisés (réfractaire
et canal fermé), I et D, ol 'acétylcholine se lie plus fortement
sur D que sur 1. Avec une bréve application d’acétylcholine,
la désensibilisation est négligeable, et les érats B et A suffisent
pour modéliser les données concernant les récepteurs nor-
maux ainsi que ceux portant la mutation €T264P. Les valeurs
des constantes de vitesse de liaison de chaque molécule de
ligand, ainsi que celles de I'interconversion entre états allos-
tériques, ont été ajustées aux données publiées avec les récep-
teurs normaux et avec le mutant €1264P. Des simulations
stochastiques d’ouverture du canal ont été obtenues par
transformarion de ces constantes en probabilités. Les descrip-
tions globales des récepteurs normaux et mutés ont éé cal-
culées en termes de distribution d’ouvertures en fonction de
la durée de chaque échantdillonnage.

Résultats et discussion

Récepteurs normaux

Des simulations de canaux uniques ont d’abord été produites
avec le modele allostérique, et comparées aux données
publiées avec les récepteurs nicotiniques normaux du muscle
humain exprimés dans des cellules HEK. Les prédictions du
modele, obtenues avec une valeur de la constante allostérique
Ly=9x 108, concordent avec les données enregistrées avec
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une concentration d’acétylcholine de 0,3 mM. Ces données
sont caractérisées par une probabilité d’ouverture p, = 1074, et
par une distribution des temps d’ouverture ayant un maxi-
mum de 0,7 ms. Dans le cas des récepteurs normaux, a cette
concentration d’acétylcholine, les prédictions du modele
allostérique et du modele séquentiel sont trés semblables, du
fait du faible taux d’ouvertures spontanées (~1 ouverture/
15 s) prédit par le modele allostérique.

Récepteurs de myasthéniques
avec la mutation £T264P

Des simulations de canaux uniques ont été obtenues avec le
modele allostérique, et comparées aux données publiées con-
cernant des récepteurs de myasthéniques portant la mutation
€T264P et exprimés dans des cellules HEK. Avec L, = 100, ce
qui correspond 2 une probabilité d’ouverture de p, = 0,22, le
mode¢le représente de fagon satisfaisante les données obtenues
avec une concentration d’acétylcholine de 0,3 uM, y compris
la distribution trimodale des temps d’ouverture. Les trois
maxima qui caractérisent la distribution des temps d’ouver-
ture (2 0,15, 3,8 et GO ms) sont attribués, selon le modéle
allostérique, 2 des molécules de récepteur ayant respective-
ment lié zéro, une ou deux molécules d’acétylcholine. Un
modele séquentiel, pour lequel les ouvertures coincident obli-
gatoirement avec les récepteurs ligandés, ne permet pas de
rendre compte de ces données.

Autres récepteurs de myasthéniques

Treize mutants myasthéniques ont été identifiés 4 ce jour : les
positions de cinq de ces mutations sont exactement homo-
logues de celles déja introduites et caractérisées avec les récep-
teurs neuronaux homopentamériques o7. Par conséquent,
les divers phénotypes des mutants déja décrits avec les récep-
teurs 7 peuvent fournir une base d’interprétation des phé-
notypes des mutants myasthéniques. Trois classes de
phénotypes ont été proposées : ¥, L et K.

Le phénotype du mutant o7 L247T se manifeste par une
haute affinité pour I'acétylcholine, un nouvel état de con-
ductance, la conversion d’antagonistes compétitifs en ago-
nistes et un taux important d’ouvertures spontanées. Ces
propriétés peuvent étre expliquées par un érat désensibilisé
pour lequel la muration a rendu le canal ouvert. Un tel chan-
gement dans la conductance d’un état est désigné par « phé-
notype Y » D’autres mutants du récepteur o7 de haute
affinité, tels que V251T, peuvent étre expliqués par une
diminution de la constante allostérique, L, et entrent dans la
catégorie de « phénotype L ». Un changement uniquement de
Paffinit¢ d’un étac pour le ligand est désigné par « phéno-

type Ko».

Parmi les treize mutations myasthéniques identifiées, pour
onze d’entre elles le syndrome pathologique résulte d’une
augmentation d’activité, tandis que pour les deux autres,
€P121L et €eR311W, les symptémes correspondent i une
réduction d’activité. Cependant, seulement quatre des

mutants myasthéniques ont été caractérisés en termes de
constantes de vitesse : EP121L, al G153S, ol N271K et
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01 V249F. Dans ces quatre cas, les propriétés physiologiques
ont été interpréées sur la base d’'une modification de I'affi-
nité intrinséque pour P'acétylcholine, ce qui correspond au
phénotype K. Deux de ces mutations, eP121L et ol G153,
sont situées dans le domaine N-terminal, ot se trouvent les
résidus contribuant aux sites de lizison de P'acétylcholine.
Pour cette raison, un phénotype K est plausible, mais une
modification de I'équilibre allostérique reste possible. En
effet, un phénotype L a été observé avec le mutant 07 G152K
4 la position qui correspond i celle du mutance o1 G153S. La
mutation &l N271K dans le domaine M1 et la mutation

Allosteric model for nAChR myasthenic mutants

ol V249F dans le domaine M2 se trouvent 3 une distance
importante des sites de liaison de I'acétylcholine, et des inter-
prétations basées sur un phénotype L sont plausibles.

En conclusion, I'analyse du mutant T264P sur la base du
modele allostérique rend compte des données obtenues par
enregistrements de canaux uniques avec une valeur de la
constante allostérique (L) nettement diminuée par rapport 2
la valeur attribuée aux récepteurs normaux. Des modifica-
tions de la valeur de L, pouvaient aussi étre considérées avec
les autres mutants myasthéniques, afin d’éclaircir les méca-
nismes responsables des phénotypes pathologiques observés.

Introduction

The muscle nicotinic acetylcholine receptor (nAChR) is a
heteropentameric (20:1B:13:1¢) integral membrane pro-
tein, with an axial ion channel bordered by the M2 trans-
membrane segment and the two acetylcholine (ACh)
binding sites at the interfaces between each o subunit and
its neighboring & or & subunit [1-3]. Interactions with ACh
elicit two distinct chemical reactions: the stabilization of
the receptor in an open conformation (A) initiating a tran-
sient ion flux that terminates by a return to the basal (res-
ting) state (B) or the transition to a high affinity
desensitized state (I or D). Understanding the molecular
basis for the coupling between ligand binding and chan-
nel opening represents a major challenge for structural
biology that ultimately must await determination of the
three-dimensional structure at atomic resolution. Never-
theless, establishing plausible functional models will play
an essential role in providing the mechanistic framework
within which to interpret structural information.
According to the allosteric-type model, receptors occur
with a set of discrete, spontaneously interconverting con-
formational states [4]; concerted transitions to the open-
channel conformation are favored by the higher affinity of
agonist for the A state, but can in principle occur even in
the absence of ligand [5, 6]. Although such spontaneous
openings have been observed under certain conditions for
muscle-type receptors [7-9], most mechanistic analyses
have been based on sequential-type models [10-14]
along the lines of the induced-fit mechanism [15]. The
sequential models assume that the ion channel opens
only upon binding of two ligand molecules (or possibly
with one molecule in the case of brief openings) and thus
do not account for the occurrence of spontaneous open-
ings. However, a consensus has not yet emerged con-
cerning which model most closely describes the physical
basis of receptor action. Uncertainties exist as well con-
cerning the degree to which differences in the affinities of
the two binding sites are responsible for characteristic
properties of the nAChR. While differences of up to 700-
fold have been reported [16-21], in other studies the
results have been interpreted with two equivalent sites
[11-14]. Significantly different mechanistic models may
in appearance provide satisfactory representations of a
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particular data set. For example, recent data concerning
the properties of human muscle nAChR expressed in HEK
cells have been interpreted in terms of a rather wide range
of ligand binding affinities [14,19-21], varying from a
350-fold difference for the affinity of the two sites in the B
state [19] to identical affinities for the two sites [14].

Additional insights into the functional mechanism of
nAChR have been provided by mutant receptors. Over the
last few years, an increasing number of mutations in the
human population responsible for congenital myasthenic
syndromes have been identified [14,19-26]. A particu-
larly interesting example is the myasthenic mutant
€T264P that lies in the channel-forming M2 domain.
When expressed in HEK cells, receptors with this muta-
tion exhibit spontaneous channel opening and a trimodal
distribution of open times [19]. Since no mechanistic
interpretations were provided for this mutant, we have
examined these data and as reported here the allosteric
model provides a straightforward explanation, principally
on the basis of a large decrease in the value of Ly, the
equilibrium constant governing the transition between the
B and A states.

Methods

The allosteric model for the nAChR includes four confor-
mational states that differ in their affinity for agonists (and
antagonists) and the rates at which they interconvert [5]:
the closed but activatable B (basal) state; the open-chan-
nel A (active) state; and the | and D states (desensitized)
which are refractory to activation. For the applications
presented here, only activation is considered, since data
concerning the desensitized states are not available for
the eT264P mutant receptors. The relevant reactions for
the allosteric model involving the B and A states are pre-
sented in figure 1. Values of the appropriate rate constants
for wild-type and mutant receptors (see table I) were
incorporated into the overall rate matrix and converted to
transition probabilities per unit time as described pre-
viously [5]. Stochastic simulations are presented for wild-
type and mutant receptors as a train of events extending
over 0.1 s (figure 2) or as a complete description of the sto-
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Figure 1. Conformational states and ligand binding reactions for
nAChR with two agonist binding sites as formulated by the alloste-
ric model. ’

Interconversion reactions for receptors in the B and A states at vary-
ing degrees of ligation are indicated by the subscript 0, 1 or 2. Equi-
librium constants are defined from the appropriate kinetic constants
(i.e., BK = Bkoyi / Pheop, K = ki / Mk and Ly = Bk, / B'ky). According
to linear free energy relations [5], the interconversion rates vary with
the ratio of affinities of the B and A states (where *c = *K / BK), as
modulated by the transition state position parameter, ®'p, such that
log (“Bk;/ *%k.,) = ®p log (**c) and log (%k., / ®k,) = (1- PAp) log
(*4c). In relation to the standard model [11], the opening and closing
rates (o, and B,) are defined by o, = *?k, and B, = #*k,. Therefore,
from measured values of *?k, and 8*k,, the values of the other inter-
conversion rate constants are fixed by *'c and #'p.

chastic behavior using the probability density function
[27, 28] of the dwell times (figure 3).

Results and discussion

Wild-type receptors

Simulations of the stochastic properties of single channel
openings based on the allosteric model were generated
for wild-type nAChR for 0.3 pM ACh. Typical progressions
through the various molecular species are described in
figure 2a, with those events corresponding to channel
opening indicated. The corresponding dweli-time proba-
bilities are presented in figure 3a. At the low concentra-
tion of ACh used for the simulation, ionic events for wild-
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Table L. Parameters for wild-type and mutant nAChR.

Wild type £T264P
Ligand binding
By (x 108 M7Ts7T) 1.0 1.0
My X 108 M7Ts71) 1.0 1.0
Ligand dissociation
Bk i (sh 1.65x 10* 7.56 x 10°
Mhoii (57 0.1 4.4
Interconversion steps
BAko (s 2.06x 107 65.8
B (s71) 3.08 3.94x 10}
Ak, (s 4.60 x 10* 2.4x10°
Ak, (s 1.86 x 10° 6.58 x 10°
ABLL (57 1.68 x 10% 2.29%x10?
AB, (571 1.52 x10° 8.0

For wild-type nAChR the parameters were based on measurements
of human muscle receptors expressed in 293 HEK cells [14, 21].
The values for **k, and #*k, were set by the published values of o,
and B,, respectively, with the other interconversion rates calcu-
lated using linear free-energy relations on the basis of the value of

the transition state parameter, ®p = 0.2 [5). Values for the A state
were obtained by principles of microscopic reversibility. The ratio

ABko! BAky yields a value of the primary constant for the allosteric
transition, L, = 9 x 10° for the wild-type nAChR. For the €T264P
mutant, *8ky and "Bk, were calculated using the 1, and 1, values
reported for 0.3 pM ACh [22]. For Bk, the value derived from T,
(see legend to figure 3) was corrected to 229 s, since according
to linear free energy relations it should be intermediate between
Bk, and *Bk, on a logarithmic scale [5]. The analysis was based
on T, and T, values, since it was assumed that these values would
be subject to fewer errors of estimation than 1, for which the data
overlap with contributions of both of the other time constants. This
estimation of parameter values for €T1264P results in BAP = 0.45,
Lo =100, and the rates listed for Bk, Bk, and Bk, deduced
according to linkage principles and free energy relations. While
the change in the value of L, dominated the properties of the
(T264P mutant, the fit to the data was improved by additional
changes in 8k ; and “k .

type receptors are predicted to be infrequent, correspon-
ding to a probability of channel opening of P, = 107*. The
simulation in figure 2a includes one event for each open-
channel species, Aj, A; and A,, and their overall probabi-
lities presented in figure 3a display a single peak with an
average open-channel dwell time of 0.7 ms. The predic-
tions of the allosteric model, based on a value of the allos-
teric constant Ly = 9 x 10%, are in excellent agreement
with the data points (o) obtained from the kinetic cons-
tants reported [21] to describe an extensive data set for
human muscle receptors expressed in HEK cells. Concer-
ning the range of ligand binding affinities reported
[14,19-21], it is clear that more than one set of rate cons-
tants can provide an apparent description of the same
data set of single channel events. Therefore, in order to
establish the true degree of equivalence of the two bin-
ding sites, direct ligand binding measurements would be
required [29].

C. R. Acad. Sci. Paris, Sciences de la vie / Life Sciences
1997. 320, 953961



WILD TYPE
Molecular species:

A,
B4

A,
B

Ry

Allosteric model for nAChR myasthenic mutants

st L I T

Channel openings:

closed
open [ ” ! l
eT264P
Molecular species:
Ay
B1
A1
B
Ag
Bo

Channel openings:

0.1s

|

“oren [ I T (UL T TR T TI

Figure 2. Stochastic simulations for the nAChR.
a. Wild-type. b. Mutant eT264P.

The simulations were conducted for 0.3 pM ACh using the parameter values listed in table |. Each simulation shows the progression in time through
the various molecular species. Each passage through the A state is registered as a channel opening in the trace aligned below the molecular

species.

The simulations demonstrate that for wild-type recep-
tors the allosteric model can represent patch-clamp data
in as satisfactory a manner as the sequential-type models
(figure 3a). Whether critical experiments can be designed
to distinguish between the models remains to be ascer-
tained. The principal difference concerns channel open-
ing in the absence of ligand. While such events are
predicted only by the allosteric model, for wild-type
receptors they are expected to be rare (~1/15 s) and rapid
(~5 ps), and may therefore escape detection. More favo-
rable conditions for examining the possibility of sponta-
neous channel opening are provided by mutant receptors,
including pleiotropic site-directed channel mutants first
observed for neuronal a7 nAChR [30-32] and subse-
quently with muscle nAChR {24, 33, 34], as well as
related receptors for other neurotransmitters [35, 36]. Cer-
tain naturally occurring myasthenic mutants may provide
similar advantages and for this reason the properties of the
high-affinity mutant €T264P have been examined in
detail.

£T264P mutant receptors

Simulations for the myasthenic mutant eT264P based on
the published data for receptors expressed in HEK cells
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[22] are presented in figure 2b. Although a complete kine-
tic analysis was not included in the initial description of
the €T264P receptors, the amplitudes and average time
constants for the trimodal distribution of channel opening
events were presented for 0.3 pM ACh [22]. Simulations
corresponding to the properties described for this ACh
concentration were obtained using a markedly lower
value of the isomerization constant, Ly = 100, compared
to the wild-type value of Ly = 9 x 10° (table /). The effect
of lowering L, is distributed throughout the interconver-
sion rate constants, both raising the B — A rates and lowe- -
ring the A — B rates (table I!). The result of such an ‘L
phenotype’ [37] is a facilitation of the B — A transition
and thus a substantial increase in the sensitivity to agonist.
In the absence of ACh, the probability of spontaneous
channel opening becomes measurable (frequency ~2/s
and duration ~0.1 ms) and at 0.3 pM ACh the probability
of opening is P, = 0.22, which contrasts with the wild-
type value of P, = 107" (figure 3b). Furthermore, the
assumption of a diminished value of L, leads to the pre-
diction of three distinct peaks in the dwell-time profiles of
opening events with average open-channel dwell times of
0.15, 3.8 and 60 ms. At this stage, with the available data,
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Figure 3. Open-channel dwell times for stochastic simulations of
single channel events.

a. Wild-type,

b. Mutant eT264P,

The dwell-time profiles probability density function {27, 28], with the
square root of the number of events versus time on a logarithmic
scale, present the predicted distribution of all species (thick line} and
the contributions of the individual components (thin lines) for simu-
lations as described in figure 2 for an ACh concentration of 0.3 M.
At this concentration, P, = 107 for the wild-type nAChR and
P, =0.22 for the mutant eT264P. where: P, = 1/(1 + {(Ly [(X/*K)
+ 1P)IX/AK) + 113), with the ligand concentration indicated by X
and the equilibrium constants as defined in the legend to figure 1. For
wild-type receptors in a, the individual points (o) are obtained from
the kinetic rate constants presented in the legend to figure 8b of the
article by Milone et al. [21] to represent activation over a wide range
of ACh concentrations. For eT264P receptors in b, the individual
points (o) are presented for the sum of the three phases of the exper-
imentally observed open dwell times corresponding to the published
values [22] for 0.3 uM ACh of T, = 150 us, ag = 0.67; 1, = 1.8 ms,
a,=0.16;, and 1, = 69.5 ms, a, = 0.17, where 1, and a; are the mean
open time and relative amplitude, respectively, for each component.
The contributions to the pdf for eT264P of A, channel opening in-
volve passage to B, as well as passage to A, and the sum of both
processes is indicated by SA; (in b). The simulations corresponding
to ten bins for each integer interval of fog t, with peak heights based
on the number of events occurring in a total time t of 1 s.

alternative explanations for the three peaks based on
receptors with different subunit stoichiometry, e.g., o,Bve,
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o,By,, and o, Be,, have not been ruled out, yet the atypical
structures with two y or two € subunits have only been
observed when the missing subunit had been omitted
from the expression system [8]. Further studies in which
the proportions of the different subunits expressed are
varied should in principle clarify this issue. In addition,
different patterns of dependence on agonist concentration
would be expected for populations of fixed sites compa-
red with a homogeneous population of interacting sites.

The trimodal pattern predicted by the allosteric model is
compared to the three peaks reported for recombinant
€T264P receptors [22] and represented in figure 3b by the
individual points {0) calculated by summing the three
experimentally observed components. As expected from
the kinetic derivation of the allosteric model [5], the
greater the number of ligands bound, the longer the aver-
age dwell time for channel opening. The initial fitting in
figure 3b gives a reasonably satisfactory agreement
between theory and experiment, considering the difficul-
ties in extracting the parameters from the three overlap-
ping experimental curves and the relatively limited
quantity of data reported [22]. On the basis of this anal-
ysis, the three peaks for the mutant receptors may be read-
ily interpreted in terms of the allosteric model as reflecting
non-, mono- and bi-liganded receptors (figure 3b). The
sequential-type models, which do not include open states
for non-liganded receptors [11,14, 21} cannot satistacto-
rily represent such data. The sequential schemes contrast
with the basic postulate of the allosteric model according
to which the conformational equilibrium is established
prior to ligand binding (figure 7).

Other myasthenic mutant receptors

The physiological properties of the 13 myasthenic
mutants identified to date are summarized in table II. For
five of these cases, the position of the point mutation cor-
responds to a site previously mutated in the homopenta-
meric neuronal receptor o7 and characterized on the
basis of the functional properties of the mutant form
expressed in oocytes. Hence, the phenotypes observed for
the a7 site-directed mutants can provide an initial basis
for the interpretation of the myasthenic mutants and the
relevant o7 mutants, along with their proposed phenoty-
pic interpretation, are also presented in table /l. Three
classes of phenotypes have been distinguished: v, L and K
[37]. The pleiotropic phenotype observed for the o7
L247T mutant in the M2 channel domain includes a high
affinity for ligand, a new conductance state, conversion of
competitive antagonists into agonists, and spontaneous
opening [30-32]. This mutant can be understood in terms
of a high-affinity desensitized state that has been rendered
conducting (a ‘y phenotype’). Other high affinity mutants
in the channel such as V251T [38] can be satisfactorily
represented by a decrease in the equilibrium constant, Ly,
governing the allosteric transition between the B and A
states that renders the A state more favorable (an ‘L phe-
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Table II. Myasthenic mutations and site-directed mutations at corresponding positions in chick o7.

Muscle Neuronal o7
Domain Myasthenic Properties Proposed Site-directed Properties Proposed
interpretation interpretation
N-terminal eP121L weak K/L phenotype, o7 P120 - n.d.
response [20]  but see [20]
al G153S o7 G152K
prolonged K/L phenotype, low EC;, and 1C;, [40] L phenotype
openings [19]  but see [19]
al V156M K/L phenotype o7 L1551
prolonged P P normal IC, [40] WT phenotype
openings [25]
M1 ol N217K prolonged L. phenotype, o7 N 213 - n.d.
openings [14]  but see [14]
e P245L L ph -
prolonged phenotype o7 L 231 n.d.
openings {26}
M2 ol V249 F spontaneous L phenotype, o7 V245 - n.d.
openings [21]  but see [21]
L262M L phenotype o7 L2477 h
b prolonged P P spontaneous openings ¥phenotype
openings [24] {30, 32]
al T2541 L ph -
prolonged phenotype o7 T250 n.d.
openings {25}
€ T264P L phenotype o7 T250
spontaneous
openings {22]
V266M L phenot a7 V251T
B spontaneous P ype low ECs, [38] L phenotype
openings (23] :
€ L269F L phenotype a7 1255 - n.d.
spontaneous
openings [23]
M2-M3 loop a1 52691 prolonged L phenotype o7 D265N high ECs, [39] L phenotype
openings [25]}
M3 € R311W shortened L phenotype o7 297H - n.d.
openings [26]

notype’). An L phenotype can also produce lower appa-
rent affinity by an increase in Ly, as proposed in table Il for
the a7 mutant D265N [39]. Mutations producing a direct
effect on ligand binding affinity may also occur (a ‘K phe-
notype’), particularly at the ligand binding site [37],
although for mutations in this region a modification of L
may also be produced, as proposed for a7 G152K [40].
For each of the myasthenic mutants it is of interest to
evaluate whether its properties can be attributed predom-
inantly to one of these phenotypes. However, in contrast
to €T264P analyzed in detail as reported here, data for the
other 12 mutants are not available in a form suitable for
conducting a similar analysis and only four of the mutants
have been characterized in terms of individual rate con-
stants: €P121L, al G153S, a1 N217K and ol V249F
[14,19-21]. Nevertheless, an initial attempt to establish
the phenotype can be made on the basis of the available
reports and the resulting ‘proposed interpretation” is pre-
sented for each of the myasthenic mutants in table /1.
Overall, pathological syndromes can be caused by either
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‘gain’ or 'loss’ of function. For the 13 examples presented
in table Il, 11 of the mutations identified involve gain of
function, with loss of function occurring only for eP121L
and eR311W. The myasthenic mutants are distributed
throughout the receptor structure and include examples
in the N-terminal domain that encompasses the ligand
binding sites, as well as other examples in three of the
transmembrane domains and the M2-M3 loop. Each
group of mutations is considered below.

For myasthenic mutations in the M2 domain the most
simple hypothesis is to invoke interpretations in terms of
the L phenotype (table I), by analogy with the o7 muta-
tions. Evidence for such a phenotype is provided for sev-
eral of the M2 mutants by the occurrence of spontaneous
openings, generally characteristic of a receptor with a
marked decrease in the value of Ly [37]. For most of these
mutants insufficient data were provided to permit a com-
plete kinetic analysis, but for the o1 V249F mutation, the
novel properties were interpreted in terms of an increase
in the affinity of one of the binding sites from the micro-
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molar to the nanomolar range [21]. However, future stud-
ies should also explore whether a satisfactory interpre-
tation can also be provided by an L phenotype. Indeed, a
change solely in the affinity of ligand binding at one site
by over three orders of magnitude would be difficult to
reconcile with the fact that the position of the mutation is
far from the ligand binding sites and occurs on both a1
subunits. Moreover, this mutation occurs at the position
adjacent to the site homologous to the o7 mutation
T244Q [38], which was interpreted by us on the basis of
an L phenotype [37]. The explanation involving one high-
affinity site for a1 V249F is based mainly on the bursting
properties at low ligand concentrations (10 nM ACh)
attributed to multiple B, «» A, interconversions. However,
desensitization is also markedly enhanced in this mutant,
resulting in no detectable channel activity at ACh con-
centrations in the uM range. Therefore, an alternative
explanation for the bursting could be provided by transi-
tions to the desensitized state, along the lines observed for
wild-type receptors at higher concentrations [41]. Such a
mechanism could be readily described by a multi-state
allosteric model that includes the kinetic events leading to
desensitization [5]. An allosteric-type mechanism based
on an L phenotype is also supported by the fact that the
spontaneous open channels (~1/s) were observed with
this mutant [21].

For the myasthenic mutations in transmembrane
regions M1 and M3, as well as in the M2-M3 loop, we
also propose interpretations based on an L phenotype
(table ). However, the properties observed for the muta-
tion a1 N217K were interpreted by the authors as an
increase in affinity (~10-fold) for both (in this case equiv-
alent) binding sites [14]. In this case as well, additional
studies will be required to determine whether an L phe-
notype can also satisfactorily represent the data. For the
myasthenic mutations in the N-terminal domain, proper-
ties involving K and/or L phenotypes may be expected.

For the mutant eP121L its ‘loss of function” was inter-
preted by the authors mainly by a lower affinity (~50-fold)
at one of the binding sites [20]. The mutant a1 G153S
leads to a ‘gain of function’ attributed by the authors to an
increase in the affinity (~50-fold) at one of the binding
sites [19], but alternative explanations may be developed
involving contributions from an L phenotype, as sug-
gested for the a7 mutation in the region of the binding site
G152K (table /1) that alters the apparent affinity for ligand
mainly through changes in the equilibria governing the
allosteric transitions [40]. Hence, the phenotypes of
mutations in the N-terminal domain may include at least a
significant contribution from changes in the equilibrium
between conformational states in addition to direct
changes in the binding site. Such a mixed phenotype is
designated ‘K/L in table 1.

In conclusion, the unusual channel opening properties
reported for the high affinity €T264P mutant of the human
muscle nAChR provide critical insights into the differ-
ences between the allosteric- and sequential-type models.
The allosteric-type model predicts significant channel
opening for non-liganded, mono-liganded and bi-lig-
anded receptors. However, for wild-type receptors the bi-
liganded form dominates even at low ligand concentra-
tions, and opening events in the absence of ligand may be
too rare and too rapid to be reliably detected. In contrast,
for the mutant €T264P, the published high affinity prop-
erties are readily interpreted by the allosteric model with a
B «» A equilibrium that lies less strongly in favor of the B
state in the absence of ligand compared to wild-type
receptors (L phenotype). In this case, the three distinct
open-channel dwell times observed can be interpreted in
terms of receptors with zero, one or two ligand molecules
bound, respectively. Similar principles may be applicable
to other myasthenic mutants whose phenotypes have
been interpreted with a sequential model that limits chan-
nel opening to liganded receptors.
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