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ABSTRACT Channel-linked neurotransmitter receptors
are membrane-bound heterooligomers made up of distinct,
although homologous, subunits. They mediate chemo-
electrical signal transduction and its regulation via intercon-
version between multiple conformations that exhibit distinct
pharmacological properties and biological activities. The
large diversity of functional properties and the widely pleio-
tropic phenotypes, which arise from point mutations in their
subunits (or from subunit substitutions), are interpreted in
terms of an allosteric model that incorporates multiple dis-
crete conformational states. The model predicts that three
main categories of phenotypes may result from point muta-
tions, altering selectively one (or more) of the following
features: (i) the properties of individual binding sites (K
phenotype), (ii) the biological activity of the ion channel (-y
phenotype) of individual conformations, or (iii) the isomer-
ization constants between receptor conformations (L pheno-
type). Several nicotinic acetylcholine and glycine receptor
mutants with complex phenotypes are quantitatively analyzed
in terms of the model, and the analogies among phenotypes are
discussed.

Ligand-gated ion channels (1-4) mediate rapid communica-
tion between neurons and their target cells via a fast perme-
ability response to a brief high concentration pulse of neuro-
transmitter released by the nerve ending in the synaptic cleft;
in addition, a prolonged exposure to the neurotransmitter
results in a slow and reversible decline of the amplitude of the
ionic response to the neurotransmitter (5-7) via stabilization
of a refractory desensitized state. Ligand-gated ion channels
share several properties with classical allosteric regulatory
proteins (8-10). (i) They possess an oligomeric quaternary
structure. (ii) Their biologically active site, the ion channel
located in the axial cleft, opens in an all-or-nothing manner.
(iii) They carry several categories of topographically distinct
regulatory sites that differentially recognize agonists or com-
petitive and noncompetitive antagonists as positive or negative
allosteric effectors. (iv) They undergo conformational transi-
tions between discrete interconvertible states with distinct
ligand affinities and biological activities (1).

But receptor channels also display specific features not
found among allosteric enzymes (11). First, they may form
heterooligomers from distinct, although homologous, subunits
pseudo-symmetrically arranged around a unique rotational
axis perpendicular to the plane of the membrane; as a conse-
quence, the neurotransmitter-binding sites, located at subunit
boundaries, are only partially equivalent but, nevertheless,
interact in a positively homotropic manner. Second, they have
access to more than two discrete conformational states; muscle
and electric organ nicotinic receptors, for instance, may in-
terconvert between four conformations with kinetics extend-
ing from the microsecond to the minute time scale. Finally, in
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addition to these rather unconventional properties, point
mutations within their subunit genes often result in "complex"
and extremely pleiotropic phenotypes with, for instance, con-
comitant modifications of the apparent affinity for agonist,
channel properties, and agonist-versus-antagonist specificity.

Since the discovery (12-19) of these mutations, the inter-
pretation of their complex phenotype in molecular terms has
become a challenging issue. We have therefore reexamined the
classical allosteric model proposed for nicotinic acetylcholine
receptors (1, 6) and show here that the allosteric scheme offers
plausible and experimentally verifiable interpretations for
these complex phenotypes. We also consider the classical
sequential model (20) and critically compare its specific pre-
dictions to those of the allosteric model.

THE ALLOSTERIC MODEL RECONSIDERED

Biological Premises

The model rests upon the following biological premises:
Multiplicity of the Phenotypes. Biochemical and biophysical

studies on recombinant ligand-gated ion channels show that
various combinations of wild-type (WT) or mutant subunits
result in receptor molecules with a wide diversity of binding,
signal transduction, and possibly folding phenotypes. These
diverse oligomers display distinct pharmacological specificities
(21, 22), conductance and ionic selectivities (23), kinetics of
activation and desensitization (14, 24, 25), and a variable
number of conducting (12, 26) or desensitized (6, 27) states.

Pleiotropy of the Phenotypes. Mutations of amino acids
directly contributing to the major functional sites of ligand-
gated ion channels (neurotransmitter sites, ion channel, and
allosteric regulatory sites) frequently alter not only the ligand-
binding properties of the mutated site but also signal trans-
duction and its regulation in the oligomer. For example, a
single mutation in the M2 channel domain of the a7 nicotinic
acetylcholine receptor, Leu-247 -> Thr (12-14), yields a re-
ceptor that is insensitive to the channel blocker QX222, has lost
desensitization, and displays an apparent affinity for acetyl-
choline up to 200-fold higher than for WT. In addition, the
mutant receptor exhibits two conducting states activated by
high (the 40-pS state) versus low (the 80-pS state) concentra-
tions of acetylcholine; moreover, a competitive antagonist of
the WT receptor, dihydro-,B-erythroidine (DH,3E), behaves on
this mutant as a full agonist (with 10-fold higher apparent
affinity than acetylcholine) and exclusively activates the high
conductance state.
Analogy Among the Phenotypes. Mutations at several dif-

ferent positions along the primary sequence of receptor sub-
units may produce similar, although not identical, phenotypes.
For instance, shifts in the neurotransmitter dose-response
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curve are obtained by mutating amino acids contributing to
either the ligand-binding domain (22, 28-31) or to the ion-
channel domain (12-19), even though they are located 20-40
A away from each other in nicotinic receptors (32). A partic-
ularly striking case of analogy among phenotypes of a7 nico-
tinic receptor mutants altered in the M2 channel domain is
discussed below.

Restatement of the Model

The model rests upon the following assumptions (Fig. 1):
(i) Receptor molecules exist in several (at least three)

discrete conformations, Si, which correspond to thermodynam-
ically stable states with defined tertiary and quaternary struc-
tures. These conformations are qualitatively described by a
structural parameter Yi and functionally defined as closed (but
activatable), active (channel open), and desensitized (closed
but refractory). Each state is characterized by its affinity for
the agonist (Ki) or other ligands, and its conductance (-y', in
pS).

(ii) The interconversion between any two conformational
states Si and Sj occurs freely with an allosteric equilibrium
constant i'L = [Sj]/[Si], and ligands stabilize the conformations
to which they bind with higher affinity.

(iii) One receptor oligomer, with a given subunit composi-
tion, has access to a unique set of conformational states,
possibly including more than one conducting (glycine recep-
tors, ref. 26) or desensitized (nicotinic receptors, refs. 6, 27)
state.

(iv) Substituting one subunit for another, or mutating
amino acids in one (or more) subunit(s), may alter the pattern
of the conformational network by changing the intrinsic bind-
ing properties or the biological activity (conductance) of one
or more conformation or changing the equilibrium constants
between conformational states. In addition, the number of
conformational states may vary-i.e., certain conformations
may become virtually inaccessible, or conversely, stable.
The mechanistic and mathematical formulation used is

given by Monod, Wyman, and Changeux (8) for allosteric
proteins with extension to multiple-states equilibria (1, S.J.E.,
0. Schaad, E. Henry, D. Bertrand, J.-P.C., unpublished work).
The equations (in legends) used in the present work are
developed for a two- (see Figs. 2 and 3) or three- (see Fig. 4)
state scheme of channel activation or ligand binding.

PHENOTYPIC CHANGES IN ALLOSTERIC
NETWORKS CAUSED BY POINT MUTATIONS

assumed to interconvert to the same finite number of identical
quaternary structures. Also, as kinetics of activation and
desensitization take place over significantly different time
scales (desensitization is generally slow compared to activa-
tion), the conformational scheme used to describe receptor
activation is, in a first approximation, reduced to only those
interconverting states involved in the activation process (rest-
ing and active states). Taking into account the intrinsic prop-
erties of individual conformational states and their possibilities
to isomerize to other conformational states (Fig. 1), three main
classes of effects may be expected in such an allosteric system
with increasing numbers of interconverting states.
The Binding or K Phenotype. The K phenotype is assumed

to result from mutations that selectively alter the intrinsic
binding affinities of individual conformational states. In this
context two possibilities may be envisioned. First, the affinity
of each conformation changes but the affinity ratio (ijc =

Ki/Kj) between conformations remains constant. The apparent
affinity (EC5o) for response activation would then change with
neither modifications of cooperativity (Hill coefficient) nor
response amplitude (Fig. 2). In other words, the dose-response
curves are parallel. Second, the mutation selectively alters the
affinity of certain states only, leading to changes in the affinity
ratios (ijc). In this case, not only would the apparent affinity be
affected but also cooperativity and, possibly, response ampli-
tude (Fig. 2). Furthermore, as c increases, agonists may
progressively become partial agonists or even competitive
antagonists. Finally, for none of the K phenotypes would the
spontaneous equilibrium between any states Si and Sj be
altered in the absence of ligand.

Isomerization or L Phenotype. The L phenotype is assumed
to result from mutations that selectively alter the equilibrium
constant between two given interconvertible conformations.
The intrinsic properties of each conformation-i.e., the mi-
croscopic binding constants and the state of channel activity,
are further assumed to remain unchanged. Let us consider a
two-state model consisting of an inactive (channel closed) B
and an active (channel open) A state. The fraction of receptor
molecules spontaneously existing in the active state is de-
scribed by L = [B]/[A]. Furthermore, regulation of channel
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FIG. 1. The allosteric network. Receptor molecules exist in mul-
tiple conformational states. Each conformation Si corresponds to a

unique quaternary structure (Xi) with intrinsic binding properties (K,)
and biological activity (-yi). The interconversion between any two
conformational states S, and Sj is described by an allosteric equilibrium
constant ijL = [Sj]/[Si].
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FIG. 2. The K phenotype. Theoretical agonist dose-response
curves are generated for a two-state B (inactive) = A (active) model
with equation A = [(1 + a)n]/[(l + a)n + BAL(1 + BAca)n], where
n is the number of sites; a is the concentration of ligand [X] normalized
to its affinity for the A state: a = [X]/KA; BAC is the ratio of dissociation
constants for the B and A states; BAc = KA/KB; and BAL is the
equilibrium constant between the B and A states in the absence of
added ligand: BAL = [B]/[A]. Values of the parameters L, KA (M) and
BAc are given. The number of sites is taken to be 5. Equivalent affinity
changes for both B and A conformations (modified KA value, c
unchanged), result in parallel agonist dose-response curves with no
changes in cooperativity or response amplitude. Affinity changes
affecting only one conformational state (increased c value, K un-
changed) would alter cooperativity and response amplitude.
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opening by an agonist depends on its affinity for the active
state, as compared to its affinity for the inactive state (c =

KA/KB). Agonists are characterized by a small value of c,
partial agonists by a larger c value, and competitive antagonists
by an even larger one. For an L phenotype, as L increases,
agonists may progressively become partial agonists and com-
petitive antagonists. For decreasing L values, the reciprocal
progression occurs, and, in addition, competitive antagonists
may become partial agonists (intermediate c values) or remain
competitive antagonists (large c values). Also, in equilibrium
binding experiments, apparent affinities will be displaced more
for ligands with small c values than for ligands with large c

values (Fig. 3). Furthermore, the model predicts that for very
small values of L, (i) spontaneous stabilization in the active
state may occur, yielding constitutively active mutants (spon-
taneous channel opening), and (ii) positive allosteric effectors
of the WT, which behave as very weak agonists, may become
partial agonists of the mutant. Finally, changes in the L value
will generally be accompanied by changes in cooperativity and
maximal response amplitude.
Conductance or y Phenotype. The -y phenotype is assumed

to result from changes of the state of activity of the ion channel
(e.g., nonconducting to conducting) in one (or possibly more)
conformation, with no alteration of the intrinsic binding
parameters of each state (i.e., its pharmacological specificity)
or of the equilibria (and kinetics) of interconversions. Let us
consider that one desensitized conformation, which exhibits
high affinity for agonists but has a closed channel, becomes
conducting after a mutation. In such a three-state model (one
activatable and two conducting states), the expected changes
of the physiological response properties are 4-fold, as com-
pared to WT: (i) desensitization of the response to agonists is
reduced because isomerization to a desensitized conformation
is no longer accompanied by a closing of the ion channel; (ii)
the apparent affinity for activation is higher for agonists
because desensitized conformations exhibit higher affinity for
agonists; (iii) a new conducting state, in addition to the WT
conducting state, is observed and; (iv) the pharmacological
drug profile of the two conducting states differ (Fig. 4).
Agonists cause the opening of one conducting state at low

1,

Log [ligand; M]

FIG. 3. L phenotype. Theoretical ligand dose-response (A) and
binding-site occupancy (Y) relations describing the L phenotype. The
curves are generated, assuming a two-state B = A model with five

ligand-binding sites, using the equations A = [(1 + a)n]/[(1 + a)n +
BAL(1 + BAca)n] for dose-response curves (Upper), and Y = [a (1
+ a)n-1 + BAL BAC a (1 + BAC )n-l1]/[(1 + a)n + BAL(I + BAc a)n]
for ligand binding (Lower). When the L value decreases from 4 x 105
(broken lines) to 20 (solid lines), (i) the agonist (c = 0.1) stabilizes the
active coniformation with increased apparent affinity (lower EC5o),
efficacy, and cooperativity, as well as with higher apparent binding
affinity (c = 0.1, Lower), whereas (ii) the competitive antagonist (c =
0.5) becomes a partial agonist (Upper) with almost unchanged binding
affinity (c = 0.5, Lower).
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FIG. 4. The -y phenotype. Theoretical dose-response relationships
describing the -y phenotype. The curves are generated assuming a
three-state model B = A = I assuming that either only the A
conformation (two-state model) or both the A and I conformations
(three-state model) contribute to physiological response. The equa-
tion for the three-state model becomes: A + I = [(1 + a)n + A L(1
+ AlC a)"]/l(l + a)n + AIL(1 + Al Ca)n + AIL BAL(1 + AIC BAC a)n]
with a = [X]/KI. L values for the B = A transition are BAL = 8 x 105
and for the A I transition AIL = 1.2 x 10-5. For ligand 1: KA = 2.5
X 10-6 M, and BAC = 0.1, KI = 10-6 M, and AIc = 0.4. For ligand 2:
KA = 3.5 X 10-6 M and BAC = 0.5, K1 = 3 X 10-7M and AIc = 0.0857.
Intrinsic affinities increase from state B to A to I for both ligands.
Ligand 1 is a competitive antagonist when the I state corresponds to
a closed-channel state and becomes an agonist when the I state has an
open channel. Ligand 2, which is an agonist in both cases, stabilizes one
or two conducting states depending on the biological activity of the I
conformation.

concentration (the high affinity desensitized but conducting
state) and of two conducting states at high concentration,
whereas competitive antagonists, if stabilizing the desensitized
conformation, will activate only the new conducting state at
any concentration used.
Complex "Network" Phenotypes. Complex phenotypes will

be observed when a large number of conformational states
contribute to the physiological response and when mutations
affect several conformations simultaneously. Specific predic-
tions of the allosteric model will depend, for each speciflc
receptor, on the number of conformations (and on their
intrinsic properties) as well as on their equilibrium constants.
Multiple A L, and/or fy phenotypes may be anticipated. For
instance, a network phenotype may be associated with multiple
conducting states and with mutations changing the number and
relative frequencies of opening of several open-channel states.

Experimental Interpretations

Interpretations of ligand-gated ion channel phenotypes rely on
a few measurable functional and structural parameters. First,
functional parameters generally comprise equilibrium-ligand
binding (yielding apparent binding affinities expressed as Kapp
or KI values with their corresponding Hill coefficients),. agonist
and competitive antagonist dose-response curves (EC50 val-
ues, Hill coefficients, response amplitude), and single-channel
recordings (single-channel conductance, frequency of channel
opening, and mean closed channel time mainly determined
over a narrow agonist-concentration range). Yet, little is
known to date in mutant receptors about the time course of
actual ligand binding and about kinetics of interconversion
between conformations. Second, structural parameters ob-
tained by chemical approaches lead to reasonable distinctions
among amino acids that compose the ligand-binding area, the
ion-channel domain (3, 1 1), or the lipid-protein boundary (33)
and to the estimation of the relative distances of these sites (32,
34). These structural parameters also permit changes in ter-
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tiary and quaternary structure to be followed upon stabiliza-
tion of receptor molecules in different conformations (35-38).
However, such data are presently available, almost exclusively
from Torpedo nicotinic receptor.

Despite the limited information available on these mutants,
we may tentatively suggest the following interpretation of their
phenotypes in terms of the proposed model.

Nicotinic Receptors Mutated in Their Cholinergic Ligand-
Binding Area. The amino acids Tyr-93, Trp-148, Tyr-190, and
Tyr-198 were identified by affinity and photoaffinity labeling
of the acetylcholine-binding site from the electric organ nic-
otinic receptor (references in refs. 2, 39). Substitution of their
homologs to phenylalanine on chicken neuronal C7 (residues
Tyr-92, Trp-148, and Tyr-187; ref. 28) or on mouse muscle al
subunits (29, 31) yields functional receptors with reduced
sensitivity to acetylcholine but unchanged Hill coefficients and
maximal current amplitudes. These alterations may be inter-
preted in terms of a K phenotype, with the intrinsic affinity of
the activatable and active conformations being affected to the
same extent. As shown in Fig. SA, simulation of a7 nicotinic
receptor dose-response curves with changes in solely the K
values for Y92F, W148F, and Y187F mutant receptors fits the
experimental data points reported in the literature (28) and

yield EC50 values and Hill coefficients consistent with the
experimentally determined values.

Mutations in other parts of the extracellular domain of
ligand-gated ion channels alter the pharmacological specificity
in a different way. Mutation of Asp-200 in muscle al (30) or
Gln-198 in neuronal nicotinic a3 (ref. 41, as well as Ile-111 and
Ala-212 in al glycine receptor subunits; ref. 22), affects the
relative affinity and efficacy of distinct agonists. Mutation
Asp-200 -> Asn, in particular, converts the partial agonists
tetramethylammonium and phenyltrimethylammonium into
competitive antagonists (30), as expected for changes of
intrinsic binding properties of only certain states within the
network-i.e., altered c values in a K phenotype. Yet, uncer-
tainties persist about this interpretation because the properties
of these mutants may also be accounted for by an L phenotype.
Additional experimental data are required to reach a definitive
interpretation.

Nicotinic Receptors Mutated in Their Channel Domain.
Chemical labeling of Torpedo nicotinic receptor with noncom-
petitive blockers has led to the identification of amino acid
rings from the M2 segment of all five subunits that contribute
to the channel domain and are conserved in the family of
nicotinic receptors (2, 3). In the case of the a7 nicotinic
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FIG. 5. Experimental interpretations. (A) Nicotinic C7 receptor WT and Y92F, W148F, and Y187F mutants as plausible K phenotypes. Values
are as follows: n = 5, L = 8 x 105, and c = 0.1. Acetylcholine (ACh) dissociation constants for the active state (KA, M) are as follows: WT, 2.5
x 10-6; Y187F, 3 x 10-5; Y92F, 4 x 10-5; Y148F, 3 x 10-4. EC50 values are determined as ACh50. Binding cooperativity, expressed as Hill
coefficients, is given by nH = d log[Anorm/(1 - Anorm)]/d log (a), with Anorm = [A - Amin]/[Amax - Amin] and where Amin = 1/(1 + BAL) and
Amax = 1/(1 + BAL BAcn). Predicted EC5o and Hill coefficient values (compared to experimental values from ref. 28 given in parentheses) are as
follows: WT, 117 AM and 1.3 (115 ,iM and 1.7); Y92F, 1.4 mM and 1.3 (1.4 mM and 1.7); W148F, 10.0 mM and 1.3 (10.5 mM and 1.6); Y187F,
1.0 mM and 1.3 (1.2 mM and 1.6). (B) The nicotinic receptor O7 V251T mutant as a plausible illustration of the L phenotype. L values for WT
and V251T mutant are 8 X 105 and 20, respectively. KA (2.5 X 10-6 M) and c (0.1) values for acetylcholine, and KA (3.5 x 10-6 M) and c (0.5)
values for DH,BE are identical for WT and mutant. Hill coefficients are determined as indicated in A. Predicted EC5o and Hill coefficient values
(compared to experimental values from refs. 14 and 40 given in parentheses) are for acetylcholine on WT: 117,M and 1.3 (115 ,uM and 1.4); on
V251T, 2.6 ,uM and 2.1 (2.0 ,tM and 2.0). Values for DHjE on WT, competitive antagonist; on V251T, partial agonist (Ima, 0.6 relative to
acetylcholine) EC50 = 9.5 ,uM, nH = 1.2 (9.27 ,uM and 1.4). For correspondence to published data (14, 40) dose-response curves are normalized.
However, this simulation accounts for a 10-fold higher maximal acetylcholine response amplitude on V251T than on WT (40). Similar data are
obtained for T244Q mutant dose-response curves simulation. (C) The a7 nicotinic receptor L247T mutant as a plausible illustration of the 'y
phenotype. All parameters are identical for WT and mutant. L values are for the B= A transition BAL = 8 x 105, and for the A - I transition
AIL = 1.2 x 10-5. For acetylcholine, KA = 2.5 x 10-6 M, BAC = 0.1, KI = 10-6 M, AIC = 0.4. For DH3E, KA = 3.5 x 10-6 M, BAc = 0.5, KI =
3 x 10-7 M, AIc = 0.0857. Hill coefficients for the three-state model are given by nH = d log[A + Inorm/(1 - (A + I)norm)]/d log(a), with A +
Inorm = [(A + I)- (A + I)min]/[(A + I)max - (A + I)min] and where A + Imin = 1/(1 + BALAIL) andA + Imax = 1/(1 + BAL BAcn AIL AICn).
Normalized dose-response curves for acetylcholine and DH3E are fit to experimental data points. Predicted EC5o and Hill coefficient values
(compared to experimental values from refs. 12-14 given in parentheses) are for acetylcholine on WT:117 ,iM and 1.3 (115 ,uM and 1.4); on L247T,
0.6 ,uM and 2 (0.65 ,iM and 1.4), and for DHOE on WT, competitive antagonist; on L247T, 0.19 ,iM and 2.1 (0.18 jiM and 1.6). Nonnormalized
dose-response curves are similar to those shown in Fig. 4. (D) Agonist dose-response relationships for glycine, ,B-alanine, and taurine (solid lines)
on wild-type glycine receptor al homooligomers, and for glycine (dashed lines) on R271L and R271Q mutants. Superimposed to experimental data
points from ref. 22 are shown the theoretical curves for WT generated by using a two-state B= A model with n = 5. Parameters KA and c reflecting
the intrinsic binding constants for each agonist are adjusted to fit data points, with L = 100. For glycine, KA = 1.5 x 10-4 M and c = 0.013; for
,3-alanine, KA = 1.6 X 10-4 M and c = 0.34; and for taurine, KA = 4 x 10-4M and c = 0.48. Predicted EC50 andnH values (compared to experimental
values from ref. 22 given in parentheses) are for glycine, 0.23 mM and 3 (0.24 mM and 2.9); for ,B-alanine, 0.79 mM and 1.4 (0.73 mM and 1.6);
and for taurine, 2 mM and 1.2 (2.2 mM and 1.3). Glycine dose-response curves on R271L and R271Q mutant receptors are generated by solely
changing the allosteric constant L (L = 1.2 x 109 for R271L and L = 2.5 x 109 for R271Q mutant). To obtain dose-response curves, channel
conductances are weighted (conductance x frequency) and normalized to WT "global" channel conductance. The correction factors (1 for WT,
0.5 for R271L mutant, and 0.24 for R271Q mutant) then multiply the A state function to yield ionic responses. Predicted EC5o and nH values for
glycine (compared to experimental values from ref. 16 given in parentheses) are on R271L, 32 mM and 1.6 (35 mM and 1.7) and on R271Q, 42
mM and 1.5 (44 mM and 1.4). Using the KA and c values determined for 1-alanine and taurine on WT receptor, with the L values determined
for the mutants, predicts that these partial agonists no longer elicit ionic responses on mutated receptors but fully occupy ligand-binding sites, as
observed for these ligands that are competitive antagonists on mutant receptors (18).
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receptor, the available data on the alterations of receptor
properties that occur upon substitution of the ring of Val-251

Thr or of Thr-244 -- Gln can be interpreted in terms of L
phenotypes. Indeed, acetylcholine dose-response curves can
be simulated for WT and mutant receptors with the single
assumption that L values are high for the WT (L = 8 x 105)
and low for the mutants (L = 20; see Fig. 5B). Such simulation
also accounts for the higher maximal amplitudes of ionic
response observed for these mutants (14, 40). Furthermore,
the competitive antagonist of theWT receptor, DH3E, with its
specific bindingK and c values (see details in legend to Fig. Sb),
behaves as a competitive antagonist when the L value corre-
sponds to the WT receptor and as a partial agonist when the
L value corresponds to the V251T or T244Q mutant receptor.

Analogies exist between the phenotypes of the M2 mutants
L247T and T244Q or V251T. Yet, if the L247T mutant
receptor were to correspond to an L phenotype, a single
change in L value would not fully account for the experimen-
tally determined acetylcholine and DH,BE dose-response
curves (13, 14). Indeed, with the L value yielding an appro-
priate EC50 for acetylcholine, DHf3E will not behave as a full
agonist but rather as a partial agonist, as on the T244Q or
V251T mutants; moreover, under no circumstances will the
apparent affinity for DHJ3E be, as observed, higher than for
acetylcholine. Rather, the occurrence, in addition, in L247T of
two conducting states with distinct pharmacological profiles
(12-14) favors an interpretation in terms of the y phenotype
scheme. In such a case, simulated acetylcholine and DH,BE
dose-response curves satisfactorily fit the experimental data
(Fig. 5C), assuming that one of the conducting states is
identical to the WT conducting states (not stabilized by
DH,BE), whereas the other (assumed to correspond to a
desensitized conformation of the WT) binds DHf3E with
affinity higher than for acetylcholine.

Glycine Receptors Mutated in the Channel Domain. Two
mutations identified in M2 from glycine receptor at position
R271 (mutations R271L and R271Q) cause the neurological
disorder hyperekplexia (42) by drastically reducing the appar-
ent affinity of the receptor for the agonist glycine (16-18).
These mutations, in addition, decrease the maximal amplitude
of agonist-evoked currents, reduce the number of conducting
states when present in the homooligomeric ai receptors from
five (WT) to three (R271L) or one (R271Q), and convert the
partial agonists 13-alanine and taurine into competitive antag-
onists. Accordingly, their phenotype appears as a "mirror
image" of the phenotypic changes observed in the nicotinic a7
receptor L247T or V251T. The glycine receptor mutants would
then resemble wild-type nicotinic acetylcholine receptor. Gly-
cine, f3-alanine, and taurine dose-response curves can be
simulated forWT homooligomeric cai glycine receptor, as well
as the R271L and R271Q mutants, using, for each ligand,
identical binding parameters forWT and mutant receptors and
making the minimal assumption that mutations increase L
values with the sequence LWT < LR271L < LR271Q (Fig. SD).
To take into account the existence of multiple conducting

states (16, 18), glycine dose-response curves were also simu-
lated using an extended "complex network phenotype" scheme
comprising several open-channel conformations 'A, "IA, IIIA...,
all in equilibrium with one activatable state. In this scheme, the
open-channel states are assumed to exhibit similar quaternary
structures (i.e., similar intrinsic binding constants) but distinct
single-channel conductances (the state function of each open
channel conformation being corrected for conductance dif-
ferences) and opening frequencies (L values reflecting the
relative opening frequencies). The generated curves (data not
shown) superimpose with those obtained using the simple
two-state model, and changing the binding constants to those
of j3-alanine or taurine fit their respective reported dose-
response relationships.

The experimental data available thus far for the WT and
mutant glycine receptor cai homooligomeric receptors are
consistent with the notion that the mutations R271L and
R271Q displace the equilibrium between one activatable and
one or several active conformations in favor of the activatable
state-L value(s) increase(s)-without affecting the intrinsic
binding properties of the distinct quaternary structures corre-
sponding to these states. Such an interpretation, in terms of a
"complex L phenotype", also accounts for the reported data,
indicating that ,B-alanine and taurine do not desensitize the
mutant receptors (18). Yet, further investigation of the phar-
macological properties of each detected conducting state is
required to determine whether they possess similar or different
quaternary structures and, thus, to definitely reject the alter-
native possibilities.

DISCUSSION
In the present work, we reconsider previously reported mu-
tations in ligand-gated ion channels to clarify the mechanism
by which they alter signal transduction in response to neuro-
transmitter application. The use of the allosteric model, which
combines structural information and functional data, leads to
specific predictions for mutation phenotypes with altered
intrinsic affinity (K), equilibria between conformations (L), or
biological activity (y) of the receptor and accounts for their
complex and pleiotropic characters.

In the field of ligand-gated ion channels, the electrophysi-
ological recordings are, most often, conveniently analyzed in
terms of a sequential model for channel activation (16, 29, 31).
It thus appears challenging to test to what extent this model fits
mutant receptor data. This scheme (20) comprises successively
a binding step, described by a binding K parameter, and the
interconversion of the receptor-agonist complex to an open-
channel conformation, with ,B and ca the rate constants for
channel opening and closing, respectively. With this formula-
tion, the binding K parameter is identical to the binding
constant for the low-affinity activatable state (KB) of the
allosteric scheme, and the a/f3 ratio is equal to Lcn in the
allosteric scheme. The major difference between the two
models thus results from the distinction, in the allosteric
model, of an intrinsic equilibrium (L parameter) between
interconvertible states that occurs in the absence of ligand and
is displaced by the bound ligand as a function of its affinity for
one conformation relative to the other (c parameter). The
allosteric (but not the sequential) model thus allows the
distinction among K phenotypes with altered c values and L
phenotypes. The sequential model neither predicts spontane-
ous channel openings in the absence of ligand (43, 44) nor
changes in pharmacological drug profiles, such as those ob-
served in the nicotinic and glycine receptor mutants discussed
above. Finally, specific prediction (for patch-clamp recordings)
of the allosteric model is that, for K phenotypes, spontaneous
channel openings will remain unchanged, but for the L phe-
notypes, they will be modified.

Specific structural assumptions of the Monod-Wyman-
Changeux model have been validated in the case of soluble
allosteric enzymes with known three-dimensional structure.
Moreover, phenotypes analogous to the K (45), where K refers
to allosteric effector affinity, L (9) and y (46) where y refers
to the catalytic activity, as well as mixed K and L (47)
phenotypes, have been described for aspartate transcarbamoy-
lase (K and -y phenotypes), hemoglobin (L phenotype), and
phosphofructokinase (mixed K and L phenotypes), among
others (for reviews, see refs. 9, 10, 45, 46).

Other neurotransmitter receptors, such as the functionally
related glutamate receptors or the structurally unrelated G
protein-coupled receptors, exhibit complex functional proper-
ties and pleiotropic phenotypes upon mutation. In the case of
G protein-coupled receptors, several mutations lead to con-
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stitutive activity of the receptor (48), which may result, as
discussed here, from (i) alteration of the isomerization con-
stant between activatable and active conformations, (ii) sta-
bilization of a new conformational state (absent in the WT)
with spontaneous biological activity but resistance to desen-
sitization mechanisms, or (iii) alteration of the isomerization
toward a desensitized conformation. The distinct specific
predictions for each possibility would help in designing exper-
iments to further characterize the functional architecture of
these receptors. The present speculations may thus be fruit-
fully extended beyond the ligand-gated ion channels to a wide
variety of pharmacological receptors.
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