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Abstract

Identification of all residues involved in the recognition and binding of cholinergic ligands (e.g. agonists, competitive
antagonists, and noncompetitive agonists) is a primary objective to understand which structural components are related to the
physiological function of the nicotinic acetylcholine receptor (AChR). The picture for the localization of the agonist/competitive
antagonist binding sites is now clearer in the light of newer and better experimental evidence. These sites are located mainly on
both o subunits in a pocket approximately 30-35 A above the surface membrane. Since both o subunits are identical, the
observed high and low affinity for different ligands on the receptor is conditioned by the interaction of the o subunit with other
non-o subunits. This molecular interaction takes place at the interface formed by the different subunits. For example, the high-
affinity acetylcholine (ACh) binding site of the muscle-type AChR is located on the a0 subunit interface, whereas the low-affinity
ACh binding site is located on the oy subunit interface. Regarding homomeric AChRs (e.g. a7, a8, and @9), up to five binding
sites may be located on the oo subunit interfaces. From the point of view of subunit arrangement, the y subunit is in between
both o subunits and the & subunit follows the o aligned in a clockwise manner from the y. Although some competitive
antagonists such as lophotoxin and a-bungarotoxin bind to the same high- and low-affinity sites as ACh, other cholinergic drugs
may bind with opposite specificity. For instance, the location of the high- and the low-affinity binding site for curare-related
drugs as well as for agonists such as the alkaloid nicotine and the potent analgesic epibatidine (only when the AChR is in the
desensitized state) is determined by the oy and the ad subunit interface, respectively. The case of a-conotoxins (a-CoTxs) is
unique since each a-CoTx from different species is recognized by a specific AChR type. In addition, the specificity of a-CoTxs
for each subunit interface is species-dependent.

In general terms we may state that both o subunits carry the principal component for the agonist/competitive antagonist
binding sites, whereas the non-a subunits bear the complementary component. Concerning homomeric AChRs, both the
principal and the complementary component exist on the o subunit. The principal component on the muscle-type AChR
involves three loops-forming binding domains (loops A—C). Loop A (from mouse sequence) is mainly formed by residue Y3,
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loop B is molded by amino acids W'*, Y'2, and probably G'>3, while loop C is shaped by residues Y'°, C!?, C'3, and Y.
The complementary component corresponding to each non-o subunit probably contributes with at least four loops. More
specifically, the loops at the y subunit are: loop D which is formed by residue K**, loop E that is designed by W>° and E*’, loop
F which is built by a stretch of amino acids comprising L'®, S''!, C''° 1''® and Y'", and finally loop G that is shaped by F'”?
and by the negatively-charged amino acids D'’* and E'®*. The complementary component on the & subunit, which corresponds
to the high-affinity ACh binding site, is formed by homologous loops. Regarding a-neurotoxins, several snake and a-CoTxs bear
specific residues that are energetically coupled with their corresponding pairs on the AChR binding site. The principal
component for snake a-neurotoxins is located on the residue sequence olW'#*—D?%, which includes loop C. In addition, amino
acid sequence 55-74 from the ol subunit (which includes loop E), and residues yL'"® (close to loop F) and yE'7® (close to loop
G) at the low-affinity binding site, or 3L'?! (close to the homologous region of loop G) at the high-affinity binding site, are
involved in snake a-neurotoxin binding. The above expounded evidence indicates that each cholinergic molecule binds to specific
residues which form overlapping binding sites on the AChR.

Monoclonal antibodies have been of fundamental importance in the elucidation of several aspects of the biology of the
AChR. Interestingly, certain antibodies partially overlap with the agonist/competitive antagonist binding sites at multiple points
of contact. In this regard, a monoclonal antibody directed against the high-affinity ACh binding site (a0 subunit interface)
induced a structural change on the AChR where the low-affinity ACh locus (oy subunit interface) approached to the lipid
membrane.

The o subunits also carry the binding site for noncompetitive agonists. Noncompetitive agonists such as the
acetylcholinesterase inhibitor (—)-physostigmine, the alkaloid galanthamine, and the opioid derivative codeine are molecules that
weakly activate the receptor without interacting with the classical agonist binding sites. This binding site was found to be
located at K!*° in an amphipathic domain of the extracellular portion of the al subunit. Interestingly, the neurotransmitter 5-
hydroxytryptamine (5-HT) also binds to this site and enhances the agonist-induced ion flux activity. This suggests that 5-HT
may act as an endogenous modulator (probably as co-agonist) of neuronal-type AChRs. The enhancement of the agonist-evoked
currents elicited by noncompetitive agonists seems to be physiologically more important than their weak agonist

properties. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The nicotinic acetylcholine receptor (AChR) is the
prototype of the superfamily of ion channel-coupled
receptors which are gated by specific neurotransmit-
ters. In addition to both neuronal- and muscle-type
AChRs, this superfamily includes the y-aminobutyric
acid (GABAAR and GABACR types), the glycine
(GlyR), and the 5-hydroxytryptamine (5-HT) (5-HT;R
type) receptor (reviewed in Changeux and Edelstein,
1998; Ortells and Lunt, 1995; Karlin and Akabas,
1995; Hucho et al., 1996). A scheme of the primary,
the tertiary, and the quaternary basic structural fea-
tures of these ionotropic receptors is shown in Fig. 1.
One of the reasons by which these receptors are con-
sidered a superfamily is the existence of high homology
between the amino acid sequences of each receptor
subunit (Fig. 1(A)) (reviewed in Ortells and Lunt,
1995). For example, between neuronal and muscle
AChR o subunit sequences homologies of 48—70% are
found. The homology between the 5-HT3A[ subunit
and either the ol or the a7 AChR subunit is about
30%. However, a higher homology is found when key
amino acid sequences are compared (e.g. ligand bind-
ing domains or the M2 transmembrane domain).

A second characteristic, shared by all members, is
that each subunit can be divided in three portions: (1)
an extracellular; (2) a transmembrane; and (3) a cyto-
plasmic portion (Fig. 1(B)).

1. The NH,-terminal hydrophilic extracellular portion
bears the neurotransmitter binding sites, several gly-
cosylation sites, and the 15-residue Cys-loop
between amino acids 128—142 corresponding to the
Torpedo o subunit (reviewed in Ortells and Lunt,
1995). Regarding the AChR subunit, a long extra-
cellular region comprising about 210 amino acids is
oriented 55-65 A towards the synaptic cleft. The
amino-terminal domain is essential for a correct
AChR assembly (Chavez and Hall, 1992; Verrall
and Hall, 1992). In addition to the loci for classical
cholinergic agonists and competitive antagonists,
this large domain contains: (a) the site for noncom-
petitive agonists (this subject will be addressed
later); (b) the main immunogenic region (comprising
at least residues 67-76 of the ol subunit) which is
involved in the autoimmune disease myasthenia
gravis (Wahlsten et al., 1993; reviewed in Conti-
Tronconi et al., 1994); (c) the high-affinity binding
site for the noncompetitive inhibitor (NCI) ethidium
(Johnson and Nuss, 1994; reviewed in Arias, 1996,
1997, 1998a); and (d) the Cys residue in the & subu-
nit that links, by means of a disulfide bridge, two
different 9 S AChR monomers to form the 13 S
AChR dimer (DiPaola et al., 1989).

2. The transmembrane domain of each subunit is

formed by four highly hydrophobic segments named
M1, M2, M3, and M4 (Fig. 1(B)). These putative
membrane-spanning o helices have a dimension of
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Fig. 1. Schematic representation of the structures of several ligand-gated ionotropic receptor families. (A) Schematic illustration of the primary
sequence of several subunits from members of the ligand-gated ion channel superfamily which includes the o (a1-29) and non-o (B1-f4, v, €,
and J) subunits of the AChR, the 5-HT3A1 subunit of the 5-HT3R, the a1 subunit from the GABAAR, and the ol subunit from the GlyR. M1-
M4, transmembrane domains; C—C, Cys—Cys bridge found in the ion-channel superfamily (homologous to C'*® and C'*® of the a1 AChR subu-
nit; CC, Cys—Cys pair found in the o subunits from both muscle- and neuronal-type AChRs) corresponding to C'*>~C'*® from the a1 AChR
subunit; Y, oligosaccharide groups. (B) diagram of the tertiary organization of the AChR, the GluR, and the P2XR. Each AChR subunit, as
well as the subunits from the other members of the ligand-gated ion channel superfamily, includes: (1) a long NH,-terminal hydrophilic extra-
cellular region; (2) four highly hydrophobic domains named M1, M2, M3, and M4. It is postulated that the intrinsic ion channel is composed by
five M2 segments, one from each subunit. Moreover, M1-M2 and M2-M3 are connected by minor hydrophilic stretches; and (3) a major hydro-
philic segment facing the cytoplasm. Additionally, the M4 domain orientates the COOH-terminus to the synaptic side of the membrane. On the
contrary, the subunit of the GluR presents three transmembrane domains M1, M3 and M4, a reentrant loop, and a cytoplasmic orientation for
the COOH-terminus; while the subunit of the P2XR has only two transmembrane domains (M1 and M2) and both NH,- and COOH-terminus
are oriented against the cytoplasm. (C) Schematic representation of the oligomeric organization of AChR, GluR and P2XR. The hypothetical
pentameric AChR is formed by two o subunits and three non-o chains. The two ligand binding sites (L) are located at the interfaces of one o
subunit and one non-a chain. For instance, the muscle-type AChR presents a high-affinity ACh binding site at the od subunit interface and
another low-affinity ACh locus at the ay subunit interface. Regarding homomeric AChRs (e.g. a7, a8, and a9), up to five ligand binding sites
may putatively exist. On the contrary, GluR and P2XR present four and three ligand binding sites, respectively, each one located on only one
subunit.



598 H.R. Arias | Neurochemistry International 36 (2000) 595-645

30-35 A. The domains M1, M2, and M3 are separ-
ated from each other by short hydrophilic stretches.
In particular, the portion between M2 and M3 of
the AChR «l subunit photoreacted with the potent
local anesthetic analogue meproadifen mustard
(Pedersen et al., 1992; reviewed in Arias, 1996,
1997, 1998a, 1999). The hydrophilic faces of the five
M2 segments, one from each receptor subunit, form
the wall of the ion channel. The ion channels from
the GABAAR, the GABACR, and the GIlyR, are
specific to anions (e.g. Cl7), whereas the ion chan-
nels from the 5-HT3;R and AChRs allow for the
passage of cations (e.g. Na®, K™, and Ca®"). The
ion channel itself is the target site for the pharmaco-
logical action of several NCIs that act by a steric
blocking mechanism (reviewed in Arias, 1996, 1997,
1998a, 1999; Changeux and Edelstein, 1998; Hucho
et al., 1996; Karlin and Akabas, 1995).

The M1, M3, and M4 transmembrane domains
from the AChR, and probably from the other
receptor members, are in contact with the lipid
membrane. Although these transmembrane domains
have traditionally been considered as a-helical, sev-
eral lines of experimental research suggest a mixed
a-helical/non-helical secondary structure (reviewed
in Arias, 1998a; Hucho et al., 1996; Karlin and
Akabas, 1995). Interestingly, the extracellular end of
the M1 domain has been found to bear structural
elements for the high-affinity binding site of the
NCI quinacrine (reviewed in Arias, 1996, 1997,
1998a).

3. The hydrophilic cytoplasmic segment, approxi-
mately four-fold smaller than the extracellular one,
is intercalated between domains M3 and M4. The
M4 domain orientates the COOH-terminus to the
synaptic side of the membrane. The cytoplasmic
domain of these receptors carries several phos-
phorylation sites (reviewed in Huganir and Green-
gard, 1990; Swope et al., 1992). The process of
phosphorylation-dephosphorylation has been found
to be very important for the modulation of this ion
channel superfamily (reviewed in Levitan, 1994).
More particularly, the AChR cytoplasmic region
bears the linking site for the nonreceptor 43 kDa
protein, actually named rapsyn, which functions in
receptor clustering and receptor-cytokeleston com-
munication (Phillips et al., 1991).

The notion that each receptor can be structurally and
functionally represented by three different but interact-
ing domains (the extracellular, the transmembrane,
and the cytoplasmic domain) is supported by the fol-
lowing experimental evidence. (a) The construction of
a chimeric receptor formed by the NH,-terminal por-
tion of the o7 subunit and the remanent by the 5-
HTsA_ subunit yields functional chloride channels that

are gated by ACh (Eiselé et al., 1993). (b) The a4/5-
HT;3A receptor chimera was found to be activated by
5-HT and the Ca®" flux was higher than the homo-
meric 5-HT;R indicating that the o4 subunit contrib-
utes to the formation of the ion channel when
expressed with the 5-HT3;Ap subunit (Kriegler et al.,
1999; van Hooft et al., 1997).

The major structural information on this superfam-
ily has been obtained from studies that use the
muscle-type AChR. The muscle-type AChR is a pen-
tamer structurally formed by two o subunits, one [,
one & and, one y or one € subunit depending on
whether the receptor is in an embryonic or adult
stage, respectively. Specific intersubunit contacts
determine the formation of the agonist binding sites
and a correct transport of the assembled AChR to
the cell surface (Green and Wanamaker, 1998; Gu et
al., 1991; Kreienkamp et al., 1995). Based on the
existence or not of two adjacent cysteines in or close
to the position 192 and 193 of the muscle-type o sub-
unit, which are involved in the recognition and bind-
ing of agonist, the neuronal-type AChR subunit
classes are designated o (when they contain both
cysteines) and non-a or B (when they do not). Up to-
date, eight o subunits (x2—a9) and three B subunits
(B2—B4) have been identified in vertebrates. The o
and B subunits of the muscle-type AChR are actually
numbered ol and 1. Interestingly, several AChR
subunits have also been discovered in distinct invert-
ebrate animals including nematodes (reviewed in
Brownlee and Fairweather, 1999) and insects (Sgard
et al., 1998 and references therein). In addition to the
great variety of AChR subunits, biochemical and
cDNA sequence data have established subunit diver-
sity for the other members of the ion channel super-
family as well (reviewed in Boess and Martin, 1994;
Brownlee and Fairweather, 1999; Langosch et al.,
1990; Sieghart, 1995). From phylogenetic analysis, a
gene duplication was postulated to be the main cause
for the observed subunit diversity (Le Novére and
Changeux, 1995; Ortells and Lunt, 1995). The exist-
ence of a high number of functional and pharmaco-
logical distinct receptor entities is a direct
consequence from such genetic variety (reviewed in
McGehee and Role, 1995).

The receptors comprising the ligand-gated ion chan-
nel superfamily are formed by five (but not necessarily
distinct) subunits (Fig. 1(C)). Viewed from the synaptic
cleft, these receptors appear as a rosette with a central
depression. The five subunits are arranged pseudosy-
metrically around an axis that passes through the ion
pore, perpendicular to the plane of the membrane. In
homology with the muscle-type AChR, the neuronal
AChRs are also considered to be oligomers composed
of five subunits (Anand et al., 1991). However,
depending on the kind of tissue involved, these chains
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can be linked in several heteromeric combinations (e.g.
one of the main brain AChRs is composed of two o4
subunits and three B2 subunits; see review by Role,
1992), and even in homomeric combinations of only
one subunit (e.g. o7 and a8 receptors in chick retina
(Keyser et al., 1993) and o9 in cochlear hair cells
(Elgoyhen et al., 1994)) (see Fig. 1(C)). The other
members of the ligand-gated ion channel superfamily

basically present the same pentameric organization
(Boess et al., 1995; Langosch et al., 1990; Nayeem et
al., 1994).

Each member of this superfamily exhibits two neu-
rotransmitter binding sites located at different subunit
interfaces. Regarding the muscle-type AChR, each
monomer contains two o subunits bearing nonequiva-
lent binding sites which recognize the endogenous neu-
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Fig. 2. Molecular structures of different agonists, competitive antagonists and noncompetitive antagonists. The structure of competitive antagon-
ists such as the a-neurotoxin from N. mossambica mossambica and several a-CoTxs are shown in Fig. 7 and Table 6, respectively.
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rotransmitter acetylcholine (ACh) (see molecular struc-
ture in Fig. 2). This specific binding produces a confor-
mational change on the receptor that opens the ion
channel to allow for the movement of monovalent and
divalent cations in favour of the electrochemical gradi-
ent. A recent picture involving the change in configur-
ation from the closed to the open-channel AChR by
means of ACh binding has been determined by elec-
tron microscopy images at 9 A resolution (Unwin,
1995).

In general, neuronal-type AChRs present higher
Ca’" permeability than muscle-type AChRs. In turn,
this feature is physiologically modulated by extracellu-
lar Ca?" levels (Mulle et al., 1992). At least in the par-
ticular case of the a7 receptor, this potentiation seems
to be mediated by Ca’>* binding to several extracellu-
lar sites: one at the residue sequence 161-172 and two
others at the level of E'® and E* (Galzi et al., 1996).

Channel opening can be inhibited by diverse ligands
that compete for the neurotransmitter binding site.
This mechanism receives the general name of competi-
tive antagonism. Fig. 2 shows the molecular structure
of several cholinergic competitive antagonists. There
also exists another process named desensitization in
which the receptors, in a prolonged exposition to
specific agonists, remain on the surface of the mem-
brane but in a closed conformational state (reviewed
in Jones and Westbrook, 1996). In this state, they do
not respond to any further agonist addition.

In addition to binding sites for agonists and com-
petitive antagonists, the ligand-gated ion channel
receptors posses sites for a heterogeneous class of com-
pounds named NCIs. These drugs inhibit agonist-
evoked ion flux activity without inhibiting agonist
binding. The NCIs are structurally and chemically very
different from each other and, at least for the AChR,
their binding sites are located at distinct luminal and
nonluminal domains (reviewed in Arias, 1996, 1997,
1998a, 1999; Changeux and Edelstein, 1998; Hucho et
al., 1996; Karlin and Akabas, 1995). Nevertheless,
these molecules preserve certain common pharmaco-
logical properties such as the apparent blockade of the
ion pore by a steric mechanism, or the channel inacti-
vation by an allosteric process, and/or the enhance-
ment of the desensitization rate. Interestingly, several
local anesthetics that act as NCIs on the AChR behave
as competitive antagonists on the 5-HT;R (reviewed in
Arias, 1999).

From a physiological point of view, an important
characteristic of the ligand-gated ion channel receptor
superfamily is that each member may be modulated by
ligands other than the natural neurotransmitter. For
example, either nicotinic agonists (Gurley and Lan-
thorn, 1998) or antagonists such as d-tubocurarine (d-
TC) and their analogues (Yan et al., 1998, 1999) com-
petitively antagonize the action of 5-HT on 5-HT3Rs

from different sources. In addition, 5-HT and ana-
logues enhance the desensitization process (Cross et
al., 1995), inhibit ion flux activity in the micromolar
concentration range (Nakazawa and Ohno, 1999;
reviewed in Arias, 1998a,b) as well as potentiate the
agonist-activated currents in the submicromolar con-
centration magnitude (Schrattenholz et al., 1996) on
both neuronal- and muscle-type AChRs. Finally, com-
petitive antagonists of the ligand-gated ion channel
superfamily such as bicuculline (GABAAR), strychnine
(GlyR), and ICS-205,930 (5-HTsR) behave as competi-
tive antagonists of the cochlear o9 (Rothlin et al.,
1999), and the o7 and a4B2 AChRs (Matsubayashi et
al., 1998).

In addition to this receptor superfamily, other neu-
rotransmitter-gated ion channels such as the receptors
for glutamate (GluR) (Bennett and Dingledine, 1995)
and for ATP (P2XR) (Brake et al., 1994) have been
found (reviewed in Barnard, 1996; Brake et al., 1994;
Changeux and Edelstein, 1998; Paas, 1998; Sieghart,
1995). Nevertheless, both receptors present several
structural characteristics that make them distinct from
that comprising the AChR and their cousins. For com-
parative purposes, the tertiary structure and the oligo-
meric organization of both the GluR and the P2XR
are shown in Fig. 1. From the tertiary structures
shown in Fig. 1(B), it becomes evident that these
receptors do not share a common hydrophobic seg-
ment pattern as the one previously described for the
ion channel receptor superfamily. More specifically,
the GluR presents three transmembrane domains (M1,
M3, and M4) and a reentrant membrane loop with the
ascending limb in an o-helical conformation and the
descending limb in an extended orientation (Bennett
and Dingledine, 1995; Kuner et al., 1996; Paas, 1998),
whereas the P2XR has only two transmembrane
domains (M1 and M2) (Newbolt et al., 1998; reviewed
in Brake et al., 1994; Changeux and Edelstein, 1998;
Paas, 1998). Thus, a cytoplasmic COOH-terminal lo-
cation is expected for the former receptor, while both
P2XR terminals are exposed to the intracellular side.
Surprisingly, the ion-conducting pathway of P2XR
seems to progressively dilate during prolonged (10—
60 s) ATP activation (Virginio et al., 1999), and its ion
selectivity changes in the second time regime (Khakh
et al., 1999). These intrinsic properties are considered
to be functionally related with the neuronal modu-
lation elicited by these ion channel receptors.

From the subunit organization displayed in
Fig. 1(C), it is possible to distinguish that the GluR
and the P2XR are formed by four (Laube et al., 1998;
Wu et al., 1996) and three subunits (Nicke et al.,
1998), respectively. In addition, these receptors show
neither the same number nor the same localization of
neurotransmitter binding sites as that found on the
AChR and its ionotropic receptor superfamily



(Fig. 1(C)). The heteromeric forms of the ligand-gated
ion channel receptor superfamily show two neurotrans-
mitter binding sites at the interfaces of two subunits
(see Fig. 1(C)). Exceptions are the receptors formed by
homologous subunits. For instance, the homomeric o7

Table 1
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nicotinic receptor has putatively five binding sites
(Palma et al., 1996a) (see Fig. 1(C)). On the contrary,
the GluR has four agonist binding sites, each one
located at the interface of the two extracellular lobes
provided by only one subunit (Paas et al.,

1996;

Ligands Labeled subunits Specific residues® Loop® References

Agonists

[*H]Bromoacetylcholine oy (low); ad (high)* aC'? and aC'? C (Damle et al., 1978; Dunn et al.,
1993; Moore and Raftery, 1979)

[PH]Nicotine o and y aC'?, aC'®3, aY™s, Cand E (Middleton and Cohen, 1991; Chiara

aY' and yW et al., 1998)
[*HJACh mustard o Y3 A (Cohen et al., 1986)
PH]ACs all not determined not determined (Chatrenet et al., 1992)

['**1)Azidoimidacloprid

Competitive antagonists
PH]TDF
PHIMBTA

PHIMPTA
FHIDAPA

[’H]d-Tubocurarine

[*H]Lophotoxin
PHIDDF

[*H]4-Benzoylbenzoylcholine
o-["*I]CoTx MI®

N-ASA o-['*1]-CoTx GIAS
N*ASA o-['*I]-CoTx GIA®

p-Benzoylphenylalanyl-o-[' 2T}
CoTx GI"

o-["*I]CoTx GVIA!
[PH]Azido ethidium
derivatives’

Noncompetitive agonist
(—)-Physostigmine or eserine®

66 kDa (to a lesser
extent 61 kDa)

o
oy (high)?
o

all

ay (high); ad (low)

oy (low); ad (high)
o

Y

all (By)
vo

By

oy

o

ay (high)

o

not determined

C192 and C193
2 3
aC'? and aC"

C192 and C193
aC'? and oC'?

oY (to a lesser extent
aC'? and aY'?®), sW*7
and YW’ (to a lesser
extent yY''! and yY'!)
QY19

C192, C193 190 y19%
Y% and W'* (to a
lesser extent Y'! and
W)

1,109

not determined

not determined

residues y121-183 and
B149-255

not determined

not determined
not determined

2.
KIS

not determined

C,E,and F

A, B, and C

F
not determined
not determined
G

not determined

not determined
not determined

(Tomizawa and Casida, 1997)

(Changeux et al., 1967)

(Damle and Karlin, 1978; Kao and
Karlin, 1986; Martin and Karlin,
1997)

(Sobel et al., 1980)

(Witzemann and Raftery, 1977; Tine
and Raftery, 1993)

(Pedersen and Cohen, 1990; Chiara
and Cohen, 1997; Chiara et al., 1999)

(Abramson et al., 1989)
(Galzi et al., 1990; 1991a,b)

(Wang et al., 1996)
(Myers et al., 1991)
(Myers et al., 1991)
(Myers et al., 1991)

(Kasheverov et al., 1999)
(Horne et al., 1991)

(Pedersen, 1995)

(Schrattenholz et al., 1993a,b)

% Labeling specificity for the agonist/competitive antagonist sites is defined by following the criteria: (1) the labeled site (e.g. subunits, domains,
polypeptides, residues, loops, etc.) should be inhibited by agonists such as ACh and/or competitive antagonists such as a-BTx but (2) should not
to be affected by the pharmacological action of high-affinity NCIs such as the hallucinogenic drug phencyclidine or histrionicotoxin.

® See Fig. 3 for details on specified loops.

¢ Site at which the used probe binds with low affinity.

94 Site at which the used probe binds with high affinity.

¢ The labeling was relatively nonspecific (all subunits were labeled) by using ethylen glycol bis(succinimidyl succinate) as cross-linker which has
1.6 nm nominal radii. Subunits § and y were labeled by using disuccinimidyl tartrate as cross-linker which has 0.65 nm nominal radii.

FN*ASA o-['*I]-CoTx GIA, azidosalicylate o-['**T]conotoxin GIA derivative labeled at amino terminal.

& NS-ASA o-[>I]-CoTx GIA, azidosalicylate o-['>’Ilconotoxin GIA derivative labeled at K'°.
}fp—Benzoylphenylalanyl a-["**Tjconotoxin GI derivative labeled at Y''.

' Specific crosslinking was reduced by Ca

2+

in the millimolar concentration range but not by a- or x-BTx, a-CoTx or CCh.

I PH]Azido ethidium derivatives, 3- and 8-[*H]azido, and 3,8-[*H]diazido ethidium, reacted with the high-affinity binding site of d-TC.
K The labeling of this site was not inhibited by classical agonists or antagonists and thus, this agonist noncompetitive site is considered a new
pathway for AChR activation or co-agonistic action.
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reviewed in Changeux and Edelstein, 1998; Paas,
1998), whereas the P2XR has three agonist binding
sites, each one located at the large extracellular
domain from every subunit (reviewed in Changeux and
Edelstein, 1998).

The aim of this review is to discuss several recent
findings on both structural and functional relevant
aspects of ligand binding sites of the AChR. We will
put special emphasis on the description of the localiz-
ation of ligand binding sites for cholinergic agonists
such as the native neurotransmitter ACh, for curari-
form drugs, for several a-neurotoxins and antibodies
which specifically compete with agonists, as well as for
those acetylcholinesterase inhibitors and the neuro-
transmitter 5S-HT that activate the AChR in a noncom-
petitive manner. Fig. 2 shows the molecular structure
of several agonists, competitive antagonists, and non-
competitive agonists. The information described herein
has been mainly obtained by means of methods such
as photolabeling, site-directed mutagenesis in combi-
nation with electrophysiological techniques, and by
using biophysical approaches such as quantitative flu-
orescence spectroscopy and high resolution electron
microscopy.

2. Principal component of the binding sites for agonists
and competitive antagonists

2.1. Evidence from the photolabeling approach

The specific agonist binding sites are located at the
extracellular portion of the AChR (Fairclough et al.,
1993). A major insight into the structure of the ago-
nist/competitive antagonist sites was provided, like for
the study of the localization of NCI binding sites
(reviewed in Arias, 1996, 1997, 1998a, 1999), by using
affinity and photoaffinity labeling techniques. The col-
lected information on agonist/competitive antagonist
binding sites location by using different cholinergic
probes is shown in Table 1. Among used probes we
may cite, natural molecules that can be directly acti-
vated by simple ultraviolet (UV) irradiation, alkylating
agents, and photoactivatable derivatives with specific
photoreactive groups such as diazonium, azido, mus-
tard, etc.

Early works demonstrated that the ol subunit was
labeled by affinity drugs that resemble the ACh mol-
ecule. Changeux’s laboratory at Pasteur Institut (Paris,
France) was one of the first groups that studied photo-
affinity labeling of the agonist binding sites by using
the probe trimethylammonium diazonium fluoroborate
(TDF) (Changeux et al., 1967). Later, the competitive
antagonist  bis(3-azidopyridinium)-1,10-decane  per-
chlorate (DAPA) was also used as a photoaffinity label

(Tine and Raftery, 1993; Witzemann and Raftery,
1977).

Due to the existence of both C'? and C'”* on the
AChR, subsequent studies were performed by using
different alkylating agents. Among them, there are
agents that present competitive antagonist activity
such as 4-(N-maleimido)benzyltrimethylammonium
iodide (MBTA) (Damle and Karlin, 1978; Kao and
Karlin, 1986; Martin and Karlin, 1997) and 4-(N-mal-
eimido)phenyltrimethylammonium iodide (MPTA)
(Sobel et al., 1980), others with agonist properties such
as bromoacetylcholine (BrACh) (Damle et al., 1978;
Dunn et al., 1993; Moore and Raftery, 1979) and an
oxidizable dithiol carbamylcholine (CCh) analogue
(Servent et al., 1995). These sulfhydryl-directed affinity
ligands are far less chemically reactive than photoaffi-
nity derivatives such as TDF and DAPA and require
previous disulfide reduction of the AChR to be active.
The obtained data indicate that the antagonists MBTA
and MPTA and the agonist BrACh reacted with C'?
or C'”? upon disulfide reduction. The importance of
both cysteines in ligand recognition and binding was
supported by the fact that disulfide reduction causes a
decrease in cholinergic agonist affinities (Walker et al.,
1984), and vice versa, agonists and competitive antag-
onists affect the reactivity of the disulfide site (Damle
and Karlin, 1980). In addition, reduction of a4B2 neur-
onal receptors with dithiothreitol inhibited the binding
of the alkaloid [*H]cytisine and the effect of this ago-
nist was reversed upon reoxidation with dithiobisnitro-
benzoic acid (Rossant et al., 1994). Opposite to this,
under nonreducting conditions, alkylation of free sulf-
hydryl groups by using relatively nonpolar alkylating
agents such as N-phenylmaleimide produced inhibition
of ion channel activity without affecting ligand binding
properties including ligand-induced transitions (Clark
and Martinez-Carrion, 1986; Walker et al., 1984). This
apparent contradiction was overcame by mutating the
Cys residues and determining their effect on ACh bind-
ing properties, an issue that will be developed later.

In order to explore the recognition site of nonderiva-
tized cholinomimetic drugs, Taylor’s laboratory at the
University of California (San Diego, USA) has used
the covalent properties of the natural cyclic diterpe-
noid lophotoxin (see molecular structure in Fig. 2)
found in gorgonian corals such as Lophogorgia and
Pseudopterogorgia to label the AChR (Abramson et
al., 1989). This marine neurotoxin acts inhibiting neu-
romuscular, peripheral, and neuronal AChRs
(reviewed in Arias, 1997). Other drugs such as the al-
kaloid nicotine (Chiara et al., 1998; Middleton and
Cohen, 1991) and the poison d-TC (Chiara and
Cohen, 1997; Chiara et al., 1999; Pedersen and Cohen,
1990) were also utilized under UV irradiation as natu-
ral probes (see molecular structures in Fig. 2). From
these experiments, an important difference between
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alkylating and natural agents was found: alkylating
agents mainly labeled C'*>'°3 whereas lophotoxin and
d-TC primarily labeled Y'°, and nicotine labeled Y'**
(Table 1). d-Tubocurarine also labeled C'** ' and, to
a lesser extent, Y'”%. Another piece of evidence that
supports the above location for nicotine is given for
binding studies by using the synthetic peptide 181-200
from the ol subunit (Lentz et al., 1998). [’H]-Labeled
nicotine bound with lesser affinity to peptides contain-
ing mutated residues at positions K!8, {8 y190
Co2, 193 T19% op Y19,

An improvement in the labeling was achieved by
using the competitive antagonist p-N,N-(dimethylami-
no)phenyldiazonium fluoroborate (DDF) and by
selecting the bound drug measuring the fluorescence
resonance energy transfer (FRET) elicited from the
protein (Galzi et al., 1990, 1991a; reviewed in Arias,
1997; Changeux and Edelstein, 1998; Hucho et al.,
1996; Karlin and Akabas, 1995). Upon photolysis, this
bisquaternary probe generates an extremely reactive
aryl cation that irreversibly labeled fragment 179-207,
specifically at Y'® and Y', in addition to C'** and
C'%, in an agonist-protectable manner. These photola-
beling data indicate that a stretch of amino acids com-
prising C'%, C'3, Y'°, and Y'® contribute to the
binding of ACh (see loop C in Fig. 3). Interestingly,
practically the same amino acids (i.e. Y'°, C'? and
C') were photolabeled by using [*H]5-HT as a probe
for the agonist/competitive antagonist binding sites on
the Torpedo AChR (Blanton M. P., McCardy E. A.,
Fryer J. D., Liu M. and Lukas R. J., personal com-
munication). Two additional loops have also been
found by using DDF: one which includes residue Y*?
(and perhaps W®®) (loop A in Fig. 3) and the other
that includes amino acid W'¥ (and perhaps Y'')
(loop B in Fig. 3). In addition, the reactive azirinium
ion derivative of 2-[(N-2'-chloroethyl)-N-methylami-
nojethyl acetate (ACh mustard) labeled Y**, which is
the residue comprised by loop A (Cohen et al., 1991).

A structural and functional relationship was found
on the labeling of loops A and B: the receptor in the
desensitized state presents higher labeling than in the
resting state (Galzi et al., 1991b). Significantly, the
amino acids labeled with DDF are conserved in both
the muscle and the neuronal o chains, but not in non-
o subunits from neuronal AChRs.

Although the use of the photolabeling approach has
provided important information for the localization of
the agonist/competitive antagonist binding sites, a note
of caution should be taken into account: this technique
is limited in accuracy when only small populations of
the receptor is labeled, as is often the case for second-
ary and/or low-affinity binding sites.

These data are consistent with the existence of a
principal component for the agonist/competitive antag-

onist binding site on the o subunit which is formed by
the structural contribution of loops A—C (Fig. 3).

2.2. Evidence from the combination of mutagenesis and
electrophysiological approaches

In parallel to the above experimental evidence, site-
directed mutagenesis in combination with patch-clamp
techniques have confirmed that loops A—C (see Table 1
and Fig. 3) contribute to the agonist/competitive an-
tagonist locus. The effect of o subunit residue-directed
mutagenesis on agonist and competitive antagonist
binding properties is summarized in Table 2. For
example, when C'°? and C'** were replaced by Ser the
inhibition of a-bungarotoxin (¢-BTx) binding elicited
by 10 mM CCh reached only 34 and 66% of control,
respectively (Mishina et al., 1985). However, the fact
that the AChR channel response to ACh was not
detectable might be due to a low receptor expression.
The specificity of both C'*?7'** in agonist binding is
manifested by the fact that mutations of several
cysteines located at positions other than 192-193 in
different subunits have demonstrated no functional
effect on binding properties (Lee et al., 1994; Li et al.,
1990, 1992; Lo et al., 1991; Pradier et al., 1989).
Nevertheless, these mutations affected the ion channel
gating process. For instance, the mutation C222S
located at aM1 from Torpedo AChR (Mishina et al.,
1985), or its equivalent in murine AChR C** (Lo et
al., 1991), and the mutations of yC‘m’ and yC420 to Ser
or Phe located in between the M3 and M4 domains
(Pradier et al., 1989).

In regards to amino acids other than C'*? and C'3,
when Y' was replaced by Phe, a concentration of
ACh 20-180 times higher than that for the nonmu-
tated AChR was necessary for channel activation (Ayl-
win and White, 1994a,b; Chen et al., 1995; O’Leary
and White, 1992; O’Leary et al.,, 1994; Sine et al.,
1994; Tomaselli et al., 1991) (Table 2). This mutation
also caused about 400-fold decreasing in dimethyl-d-
tubocurarine (DMT) affinity (Sine et al., 1994). How-
ever, it is necessary to take into account that the
increase in the apparent dissociation constant (Ky) for
ligands does not only reflect changes in the recognition
site but also in the allosteric coupling (Spivak, 1995).
Additionally, the agonist concentration required for
half-maximal current (ECsy) is a parameter that
depends on the performance of both binding and gat-
ing processes. Thus, in order to determine whether mu-
tations alter either (both) the binding or (and) the
gating process, single channel kinetic analyses were
performed on Y190F mutated AChRs. These exper-
iments indicated that Y'° is involved in both binding
and gating events (Chen et al., 1995). The observed
reduced ACh affinity for the YI90F mutated AChR
was more pronounced at the high-affinity binding site
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Fig. 3. Top view of a schematic model for the proposed folding of the extracellular domain involved in the binding site of several quaternary-am-
monium compounds, including the native neurotransmitter ACh and the competitive antagonist curare. The high-affinity d-TC (and the low-affi-
nity ACh) binding site is located in the oy interface. Its counterpart, the low-affinity d-TC (and the high-affinity ACh) binding site, which is
located in the ad interface is not included in this model (but see Fig. 5). The large sphere represents a quaternary ammonium-containing mol-
ecule. The principal component of the ligand binding site is located in the o subunit which contributes with loops A, B, and C. The residues
involved in the binding site are represented by small spheres in one letter code. Loop A is mainly formed by residue Y**. Loop B is molded by
amino acids W', Y'32 and probably G'**. Loop C is shaped by residues Y'?°, C'*?, C'3, and Y'?®. The disulfide bond indicated in the o subu-
nit as —S—S— represents the link between C'*® and C'*%. The complementary component of the ligand binding site is located on either the v or
the & subunit. We only show the complementary component corresponding to the y subunit which probably contributes with loops D, E, F and
G. Loop D is formed by residue K**. Loop E is designed by W>* and E*’. Loop F is built by a stretch of amino acids comprising L'*, S'!!,
C'"® 1" and Y'". Loop G is shaped by F'’? and by the negatively-charged amino acids D'’* and E'®. In the y subunit, —S—S— indicates
the above mentioned disulfide bond. The used residue sequence number corresponds to the mouse AChR. The complementary component of the
4 subunit (model not shown for simplicity) is instead formed by homologous loops. The observed complementarity between loops D and G
suggests that these two loops come into close proximity at the non-a surface of the binding site (Sine et al., 1995b; reviewed by Prince and Sine,
1998b).

(0) and it was considered to be due to a 60 times ACh affinity for the AChR resting state (Aylwin and

lower association rate constant than the one of the White, 1994a,b).
wild-type AChR. However, the principal cause for the The effect of the residue charge was evidenced since
shifts in the macroscopic dose-response curves for the mutation on Y'° to the basic amino acid His

either Y”* or Y'*® to Phe mutation is a reduction in reduced DMT affinity by almost three orders of mag-
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Table 2
Residue mutations on the AChR o subunit that strongly affect the binding of both agonists and competitive antagonists as well as the gating
properties of agonists

Mutation  Source of AChR Pharmacological effect® References

Reduction of Reduction of Reduction of

competitive agonist agonist-induced
antagonist binding® channel
binding® activation®
C1928 Torpedo receptor expressed in Xenopus oocytes 34 (CCh) NCD (Mishina et al., 1985)
C193S 66 (CCh) NCD
Y190F BC;3H-1 receptor expressed in Xenopus oocytes 77 (ACh) 50 (Tomaselli et al., 1991)
WI148F a7 expressed in Xenopus oocytes 92 (ACh); (Galzi et al., 1991b)
306 (nicotine)
Y92F 12
Y187F 10
Y190F Torpedo receptor expressed in Xenopus oocytes 20 (curare)® 20 (O’Leary et al., 1994)
Y93F 8
Y93F mouse receptor expressed in HEK-293 cells 50 (ACh) (Sine et al., 1994)
Y 190F 402 (ACh)
Y190W 34 (DMT)f 43 (CCh)
Y93wW 88 (CCh)
Y1988 18 (DMT)" 270 (CCh)
Y93S 137 (CCh)
Y1908 167 (DMT)" 485 (CCh)
Y198T 89 (DMT)f 588 (CCh)
Y93T 164 (CCh)
Y190T 156 (DMT)" 510 (CCh)
Y198C 36 (DMT)" 306 (CCh)
Y190C 254 (CCh)
Y198H 882 (CCh)
Y190H 907 (CCh)
Y93I 127 (CCh)
Y190F Torpedo receptor expressed in Xenopus oocytes no effect 20 (O’Leary and White,
1992)
Y190S no effect NCD
Y198S no effect 30
Y190C mouse receptor expressed in Xenopus oocytes NCD (McLaughlin et al.,
1995)
Y198C ~ 140
Y190F mouse receptor expressed in HEK-293 cells 35 and 2 184 (Chen et al., 1995)
(ACh)?
Y93F mouse receptor expressed in Xenopus oocytes 18 (Aylwin and White,
1994a)
Y93wW 37
Y93S 28
Y 190F 42
Y190W 11
Y190S NCD
Y198S 33
Y198E mouse o,fy, expressed in HEK-293 cells ~ 50 (DMT) (Fu and Sine, 1994)
Y198C ~ 15 (DMT)
Y198S ~45 (DMT)
Y198T ~45 (DMT)
Y198R ~ 500 (DMT)
D152N mouse receptor expressed in HEK-293 cells 40 and 7 124 (CCh) (Sugiyama et al., 1996)
(DMT)"
D152Q 162 and 99 31 (CCh)
(DMT)"
DI152N/ 79 and 33 28 (CCh)
S154A (DMT)"

(continued on next page)
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Table 2 (continued)

Mutation  Source of AChR

Pharmacological effect®

References

Reduction of

Reduction of Reduction of

competitive agonist agonist-induced
antagonist binding® channel
binding® activation?
D152Q mouse receptor expressed in HEK-293 cells 37 and 22 (d- 16 (CCh); (Osaka et al., 1998)
TC)’; 64 and 16 (SubCh)
19 (DMT)"
DI152Y 68 and 41 (d- 44 (CCh)
TC)!
G153S mouse receptor expressed in HEK-293 cells 37 (AChy (Sine et al., 1995a)
G152K a7/5-HTj3 receptor chimera expressed in HEK-293 22 (ACh); 11 (Corringer et al., 1998)
cells and Xenopus oocytes 50 (nicotine)
WS54H a7/5-HTj3 receptor chimera expressed in HEK-293 42 (ACh); 188 (ACh); (Corringer et al., 1995)
cells and Xenopus oocytes 61 (nicotine) 47 (nicotine)
WS54A 10 (ACh) 6
WS54F 3 (ACh) 4

# Pharmacological effect corresponds to the pharmacological properties of a ligand elicited on the mutated over the wild AChR. These values
are expressed in times the pharmacological effect (fold). The only exception are the values obtained from Mishina et al. (1985) which are

expressed in percentage of reduction.

® These values were obtained by measuring the inhibition of the initial rate of a-BTx binding elicited by competitive antagonists.

¢ As above for agonists.

9 These values were obtained by measuring the agonist concentration required for half-maximal current (ECsp).

¢ This value was obtained by measuring the half-inhibitory curare concentration (ICsy).

" These values correspond to reduction of DMT binding to its high-affinity site.

€ These values correspond to reduction of ACh binding to either the high- or the low-affinity site, respectively.

" These values correspond to reduction of DMT binding to either the high- or the low-affinity site, respectively.

i These values correspond to reduction of d-TC binding to either the high- or the low-affinity site, respectively.

I These values correspond to increase of both agonist binding and activation, respectively. NCD, no current detected.

nitude (Sine et al., 1994). Furthermore, a complete
agonist insensitivity for channel activation was
observed when this aromatic amino acid was replaced
by Ser (O’Leary et al., 1994) or by Cys (McLaughlin
et al., 1995). Mutations on Y** and Y'*® to aromatic
amino acids showed a lower effect on agonist-induced
channel activation than the Y190F mutation (Aylwin
and White, 1994a; O’Leary et al., 1994; Tomaselli et
al., 1991; ). Nevertheless, the mutations on Y or Y8
caused a great effect on competitive antagonist binding
(Sine et al., 1994). This effect was also found in recep-
tors with stoichiometry a,fvy, (Fu and Sine, 1994). On
the contrary, the Y198F mutation caused an increase
in the affinity of curariform drugs (see Table 2). Since
this increase in affinity may be due to an increase in
the association rate and/or a decrease in the dis-
sociation rate, the time course of recovery of ACh-eli-
cited currents from d¢-TC blockade was studied
(O’Leary and White, 1992). The recovery from d-TC
preincubation in the mutant was found to be slower
(ti2 =& 65 s) than the nonmutated AChR (¢, = 3-53),
indicating a reduction in the rate of d-TC dissociation
from the mutated AChR. The residue charge effect
was also evidenced on Y'”® when it was exchanged by
charged amino acids such as Arg or His (Fu and Sine,
1994; Sine et al., 1994). Finally, 140 times higher ACh

concentration was necessary for channel activation
when Y'® was substituted by Cys (McLaughlin et al.,
1995). These data suggest that cholinergic ligands
interact with Y®® by a salt bridge whereas they bind
Y'® through the aromatic moiety. The importance of
the hydroxyl group on Y*® and of the aromatic ring
on Y'® was also evidenced by using the nonsense
codon suppression method to incorporate unnatural
Tyr and Phe derivatives in intact cells and determining
the dose-response relationship on each position by
electrophysiological analysis (Nowak et al., 1995).

Practically the same reduction in affinity was
described for the neuronal-type homooligomer o7
expressed in Xenopus oocytes (Table 2). Mutations on
Y2, Y, or W (which correspond to Y%, Y™, or
W' in the muscle-type AChR) by Phe residues,
reduced 10-92 times the ACh ECs, (Galzi et al.,
1991b). Additionally, this effect was less pronounced
(two-fold) by using nicotine, except in the particular
case of mutated W'*® which showed an ECs, 300 times
higher than that for control. This would indicate that
both agonists interact differently with the three resi-
dues.

There is no experimental evidence from the site-di-
rected mutagenesis approach confirming the meager
labeling of W*® by DDF (Galzi et al., 1990) and thus,
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supporting the possible contribution of this amino acid
to the agonist/competitive antagonist binding sites on
the muscle-type AChR. In this regard, recent muta-
tional studies indicated that the residue at position 84
(L¥ in chick and Q% in rat) on the neuronal-type o7
AChR, which is located at the periphery of loop A,
has been implicated in the specificity of piperazinium-
derived cholinergic agonists (Vazquez and Oswald,
1999). However, these mutations had moderate effect
on the ACh affinity.

In addition, no effect on agonist-induced channel ac-
tivation was observed when Y'>', which was slightly
labeled by DDF, was exchanged by Phe (O’Leary et
al., 1994). Taking into account that mutation of aro-
matic amino acids such as Y*?, Y'°, and Y'® to Phe
caused a great effect on agonist binding (Table 2), it is
possible to suggest that Y'! is actually not involved in
the agonist/competitive antagonist binding sites.
Nevertheless, charge neutralization at the neighboring
residue D'*? markedly reduced agonist, partial agonist,
and competitive antagonist affinities (Osaka et al.,
1998; Sugiyama et al., 1996) (Table 2). Thus, it seems
likely that the anionic residue D', in addition to
other negatively-charged residues of both y and & sub-
units, plays an important role in the stabilization of
quaternary ligands by means of long range electro-
static interactions. This idea was corroborated since
the mutation to Asp of the homologous residue
o7G"!, which is uncharged, practically does not affect
agonist activation (Corringer et al., 1998; Galzi et al.,
1991b). The fact that the double mutation G151D/
S154K produced no effect, whereas the sum of the
effects of both single mutations is expected to display
eight-fold decrease in the ACh affinity, suggests that
both residue side chains interact each other (Corringer
et al., 1998).

The natural mutation o1GI153S increases agonist
affinity for the resting closed state and prolongs acti-
vation episodes by allowing multiple reopenings before
ACh can dissociate, suggesting a putative role on ago-
nist binding (Croxen et al., 1997; Sine et al., 1995a). In
this regard, the G153S mutation increases the rate of
ACh association 17-fold, resulting in a 90 times
increase in affinity for one of the two binding sites
(Sine et al., 1995a). The substitution a7G15204K on
the o7/5-HT3R chimera, which is homologous to
al1G"3, increased both ACh and nicotine affinities
(Corringer et al., 1998). The use of several a4/o7 chi-
meras of the NH,-terminal domain indicated that sev-
eral segments individually contribute to the marked
pharmacological differences existing between the o7
and the o4PB2 receptor. In addition to alG153S, the
alV156M mutation has been also considered to be re-
lated to a slow-channel congenital myasthenic syn-
drome (Croxen et al., 1997; reviewed in Vincent et al.,
1997).

An important conclusion based on the preceding
data is the significance of aromatic groups in the
AChR binding sites for quaternary ammonium ligands
such as cholinergic agonists and curariform antagon-
ists. Interestingly, other members of the ligand-gated
ion channel superfamily also present aromatic amino
acids on their ligand binding sites. For example, F'*,
Y'! and Y?* of the GlyR ol subunit have been
shown to be important for the binding of both ago-
nists (e.g. glycine) and competitive antagonists (e.g.
strychnine) (Rajendra et al., 1995a). Additionally,
ol F® as well as residues Y7, Y'*°, and Y?*? from the
B2 subunit have been indicated as being significant
determinants of GABA binding (reviewed in Darlison
and Albrecht, 1995).

One possible binding mechanism that accounts for
the ACh—AChR complex formation includes the inter-
action of m-electron systems from aromatic amino
acids with the cholinium nitrogen from the quaternary
compounds (Dougherty and Stauffer, 1990; reviewed
in Dougherty, 1996). Recent high-resolution solid-state
nuclear magnetic resonance (NMR) studies support
this idea (Williamson et al., 1998). This binding force
is also shared by other proteins and molecules that
bind quaternary ammonium ions, in particular acetyl-
cholinesterase (AChE) (Dougherty and Stauffer, 1990;
Sussman et al., 1991; reviewed in Dougherty, 1996).
However, spectroscopic evidence suggests that each
ligand binding site (one from the AChR and the other
from the AChE) presents a different environment (Bol-
ger et al.,, 1984; reviewed in Arias, 1997). In this
regard, the existence of hydrophobic interactions in the
formation of AChR-cholinergic drug complexes has
been suggested. For example, it has been found that
the binding of DMT is stabilized by Y'® and Y'®
residues through both aromatic-quaternary ammonium
and hydrophobic interactions (Sine et al., 1994). This
evidence also indicates certain Tyr-specificity for both
agonists and curariform drugs. Whereas the binding of
agonists receives contributions from all three conserved
tyrosines with a strong requirement for the aromatic
hydroxyl at positions 93 and 190, the binding of DMT
only requires Y'° and Y'?* without preference for the
aromatic hydroxyl. It has been proposed that the
observed residue-specificity may be due to different
spatial orientations of both kinds of cholinergic ligands
into the binding pocket (Sine et al., 1994).

Interestingly, loops homologous to the AChR have
been found on the GIlyR, the GABAAR, and the 5-
HT3R as well. In particular, the principal component
for the agonist/competitive antagonist binding site at
the GlyR ol subunit is formed by loop A which
encompasses the residue I''!, by loop B that comprises
D' and the sequence F'*°-G'°-Y'®!and by loop C
which includes amino acids K**°, Y22, T2, and prob-
ably A>'? (for a model see Rajendra et al., 1995b and
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references therein). Instead, the principal component
for GABA binding in the GABAAR is located on the
B2 subunit. At least two homologous loops have been
determined in this subunit: loop B which is shaped by
the sequence Y''-G'-Y'°-T'" and loop C that is
built by the fragment T?*-G**-$**-Y?% (mamma-
lian sequence number) (reviewed in Darlison and
Albrecht, 1995). Regarding the 5-HT3R, residues E'*°
(Boess et al., 1997) and perhaps W®' (Schulte et al.,
1995) have been indicated as forming the homologous
loop A on the main 5-HT3A; subunit (reviewed in
Arias, 1999).

In conclusion, the principal component of the ligand
binding site on the ol AChR subunit comprises three
amino acid loops, where loop A is mainly formed by
residue Y®3, loop B is molded by amino acids W',
Y'*2, and probably G'*, and loop C is shaped by resi-
dues Y'°, C'2, C'3, and Y'® (see Fig. 3).

2.3. Spatial localization of the agonist binding sites

Another approach that has been successfully used to
determine the location of the agonist/antagonist bind-
ing sites on the AChR is based on FRET measure-
ments. Particularly, FRET between the agonist
fluorescent derivative 6-(5-dimethylaminonaphtalene-1-
sulfonamido) hexanoic acid-B-(N-trimethylammonium)
ethyl ester (dansyl-Cg-choline) bound to the AChR
and two membrane-partitioned fluorescent probes,
octadecylrhodamine B (C;g-rhodamine) and 5-(V-
dodecanoylamino)eosin  (C;,-eosin), was used to
measure the transverse distance between the agonist
binding sites and the surface of the lipid membrane
(Valenzuela et al., 1994a). Dansyl-C¢-choline, a well
characterized ACh fluorescent derivative that binds
with a K4 in the nanomolar range to the agonist bind-
ing sites (Heidmann and Changeux, 1979; Valenzuela
et al., 1994a) was used as an electronic energy donor.
The positively charged Cg-rhodamine and negatively
charged Cj,-eosin lipid probes were employed as
energy acceptors. Both lipid probes are assumed to be
located at the water-lipid interface upon partitioning
into the membrane, as was experimentally evidenced
for Cjg-rhodamine (Arias et al., 1993). Transverse dis-
tances of 31 and 39 A for Cj,-eosin and C,g-rhoda-
mine, respectively, were calculated by using the Off-
Axis FRET model (Yguerabide, 1994).

The basic tenets of the Off-Axis FRET model,
which is illustrated in Fig. 4, are as follows. (a) The
donor is attached at a distance & from the major axis
of symmetry of a cylindrical protein embedded into a
planar—lipid membrane. (b) The symmetry axis of this
protein is perpendicular to the membrane surface. (c)
R, is the transverse distance from the protein-bound
donor to acceptors positioned in the plane of the
water—lipid interface. (d) o is the distance of closest
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Fig. 4. Schematic representation of the Off-Axis membrane fluor-
escence resonance energy transfer (FRET) model (modified from
Valenzuela et al., 1994a,b; Yguerabide, 1994). r. is the distance of
closest approach between the donor (represented here as a grey cir-
cle) and an acceptor (not shown) in the surface of the membrane
(the head-groups and the acyl chains of the bilayer-forming lipids
are represented here as black circles with two tails). The donor is
attached at a distance & from the major axis of symmetry of a
cylindrical protein. Membrane-partitioned acceptors are assumed to
be distributed randomly in a planar array at a transverse distance R,
from the plane of the protein-bound donor. a is the distance of clo-
sest approach between the acceptor and the central axis of the pro-
tein in the acceptor plane and this distance is greater than or equal
to d.

approach between the acceptors and the central axis of
the protein in the acceptor plane, and (e) o is greater
than or equal to d.

Therefore, given that the receptor protrudes 55-65
A out of the extracellular side of the membrane
(Toyoshima and Unwin 1990; Unwin, 1993), the
agonist binding sites are located significantly below
the extracellular apex of the AChR (Fig. 5). The
finding that the agonist binding sites are located
~35 A above the membrane surface (Valenzuela et
al., 1994a) is consistent with a structural analysis of
the AChR at 9 A resolution (Unwin, 1993), where
a pocket approximately at the center of each a-sub-
unit at ~30 A above the surface of the membrane
is shown. The observed distances for the location
of the ACh binding sites agree with the ones
assumed by Herz et al. (1989) for the steady-state
and lifetime FRET measurements between the ago-
nist dansyl-Cg-choline (22-40 A) or the competitive
antagonist bis(choline)-N-(4-nitrobenzo-2-oxa-1,3-dia-
zol-7-yl)-iminodiproprionate (BCNI; 21-35 A) as
energy donors and the fluorescent acceptor ethidium
bromide as a probe for the high-affinity NCI binding
site.

The observed water-filled cavities are formed by
three rods running approximately normal to the plane
of the bilayer, two of them next to the entrance of the
channel and the third, which is tilted radially out-
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Fig. 5. Transverse schematic representation of the muscle-type
AChR showing the possible locations of the acetylcholine binding
sites. The value of 30-35 A corresponds to the transversal distance
between the agonist binding site and the membrane surface obtained
by using FRET (Valenzuela et al., 1994a) and electron microscopy at
9 A resolution (Unwin, 1993).

wards, lies outside (Unwin, 1993) (Fig. 6). This direct
evidence is in agreement with the observation of Chan-
geux’s laboratory indicating three loops in the o subu-
nit as the principal component of the ACh binding
region (see photoaffinity evidence described in Table 1
and loops A—C in Fig. 3). The rods twist around each
other as in a left-handed coil and are associated with a
hollowed-out region on the surface. This cleft may rep-
resent a difuseable region for the free access of ACh
molecules to their binding sites.

In general, this model resembles that of the binding
site for ACh on the AChE, where there is a pocket
of about 20 A located halfway into the enzyme
(Sussman et al., 1991). Additionally, the cavity pre-
viously found on the o subunit located next to the &
chain has been considered to be functionally import-
ant (Unwin, 1995). The hollow, which presumably
forms the ACh binding pocket in this particular o
subunit, disappeared by the effect of ACh released
onto tubular vesicles containing AChRs. More
recently, the projection structure of the inactivated
AChR at 7.5 A resolution indicated that the two o
subunits, more precisely the putative o-helices encir-

Acetylcholine high-affinity or d-tubocurarine low-affinity binding site

Acetylcholine low-affinity or d-tubocurarine high-affinity binding site

Fig. 6. Normal section of the muscle-type AChR at approximately 30 A above the membrane surface (modified from Unwin, 1993). There are
three density peacks in each subunit arising from three rods running approximately normal to the plane of the section. The black circles indicate
the possible localization of the binding sites for the neurotransmitter ACh. The high-affinity ACh binding site (and the low-affinity d-TC binding
site) is tentatively located in the o subunit with the y subunit to the right. The low-affinity ACh binding site (and the high-affinity 4-TC binding
site) is tentively located in the o subunit with the y subunit to the left. Although an afayd arrangement was suggested by Unwin’s laboratory
(Unwin, 1996 and references therein), the muscle-type AChR subunits are disposed according to Hucho’s data (reviewed in Hucho et al., 1996).
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cling the assumed agonist cavities, are unequally
inclined (Unwin, 1996).

In conclusion, the most probable transverse distance
between both agonist binding sites (average) and the
lipid membrane surface is 3035 A.

3. Secondary component of the binding sites for agonists
and competitive antagonists

Two molecules of agonist are required to be bound
on the receptor oligomer, one to each o subunit, for
channel activation. The binding of agonists to the
high-affinity site rapidly activates the AChR, whereas
the binding to the low-affinity site abruptly closes the
channel following a stimulus (Jackson, 1989). One
characteristic of agonist activation is the existence of
positive cooperativity (Hill coefficient of 1.5-3.0). This
means that upon the proper positioning of one ACh
molecule to a first o subunit, the agonist induces cer-
tain conformational change on the structure of the
receptor that finally enhances the probability for
another molecule of ACh to be bound at a second o
subunit. Probably, all receptor subunits are involved in
the overall conformational change in a concerted man-
ner to permit the binding of two ACh molecules and
mediate channel opening.

Evidence that supports the existence of two nonequi-
valent agonist/competitive antagonist binding sites is
the fact that several agonists and competitive antagon-
ists present differences in binding affinities for each
specific site (reviewed in Arias, 1997). For instance,
distinct agonist binding affinities in Torpedo AChR
expressed in mouse fibroblasts were revealed by single
channel current kinetic studies (Sine et al., 1990). Simi-
lar results were also obtained on mouse embryonic
AChRs (Zhang et al., 1995).

Since the two o subunits are encoded for by a single
gene (e.g. in the mouse the gene coding for both o sub-
units of the muscle-type AChR are located on chromo-
some 17) and they are not nearest neighbors on the
AChR (reviewed in Changeux and Edelstein, 1998;
Hucho et al., 1996; Karlin and Akabas, 1995), the
differences in cholinergic binding properties between
subunits are probably due to the asymmetric microen-
vironment surrounding each particular o subunit cor-
responding to the structural contribution of other non-
o subunits.

3.1. Photolabeling and crosslinking evidence

In addition to the experimental evidence indicating
the o subunit as the main target labeling site, different
cholinergic derivatives labeled both y and & receptor-
forming subunits in AChR-enriched membranes
(reviewed in Arias, 1997). Interestingly, the ['**IJazido-

nicotinoid derivative labeled two (the 66 kDa subunit
and, to a lesser extent, the 61 kDa subunit) of the
three subunits (the other is the 69 kDa subunit) of the
Drosophila AChR (Tomizawa and Casida, 1997).

On the basis of photoaffinity labeling experiments,
there exists consensus for the preference of certain
competitive antagonists such as d-TC (Pedersen and
Cohen, 1990) and MBTA (Martin and Karlin, 1997)
as well as agonists such as nicotine (Middleton and
Cohen, 1991) and the derivative BrACh (Dunn et al.,
1993) for the ay interface which displays the low-affi-
nity ACh binding site. It seems that substituents at
positions 12" and 13" of the phenyl ring and the stereo-
center at carbon 1 of the fused ring of d-TC (see mol-
ecular structure in Fig. 2) are important in
discriminating both binding sites (Pedersen and Papi-
neni, 1995). The same basic results were obtained for
the 5-HTsR (Yan et al., 1998). Bipinnatins that belong
to the family of lophotoxins (Groebe et al., 1994) pre-
fer the od pair which displays the high-affinity ACh
binding site. Surprisingly, three azido derivatives of the
NCI ethidium labeled both o and y subunits in a d-TC
protectable manner, indicating that ethidium prefer-
ably binds to the high-affinity d-TC locus (Pedersen,
1995). The case of a-conotoxins (a-CoTxs) is special
because different toxin subtypes bind with high affinity
to distinct subunit interfaces (see Table 6).

On the basis of crosslinking experiments by using S-
(2-[*H]glycylamidoethyl)dithio-2-pyridine ([*H]GCP) in
the presence of 1-ethyl-3-(3’-dimethylamino-propyl)car-
bodiimide to induce formation of an amide bound
between a carboxyl and a primary amine, residues
164-257 of the & subunit have been identified to cross-
react with the ol subunit (Czajkowski and Karlin,
1991, 1995) (Table 1). In particular, D'®°>, D'’ and
E'®> from the & subunit remained attached by an
amide bond to the crosslinking moiety after reduction
of the disulfide bond of the o subunit. Taking into
consideration the extended conformation of GCP, a
distance of ~9 A was calculated between the cystea-
mine thio group in the ol subunit and the glycyl
amino group in the & subunit (Czajkowski and Karlin,
1991, 1995).

Other amino acids than these acidic residues have
been shown to be labeled by d-TC (Table 2). The pri-
mary site of incorporation in the y subunit is found on
W3 (see loop E in Fig. 3). While yY''" and yY'"" (see
loop F in Fig. 3) incorporated with an efficiency of 5
and 1% from that observed for YW, respectively
(Chiara and Cohen, 1997; Chiara et al., 1999). The
YW? residue was also labeled by [*H]nicotine (see loop
E in Fig. 3) (Chiara et al., 1998). Interestingly, yL'®,
the neighbour residue of yY'!”, was specifically photo-
labeled with the competitive antagonist [*H]-4-benzoyl-
benzoylcholine (see loop F in Fig. 3) (Wang et al.,
1996).
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The homologous counterparts on the & subunit were
also labeled. For instance, SW>7, the homologous resi-
due of yW?°, was labeled with relatively high efficiency
(Chiara and Cohen, 1997). In addition, the positive
charge of 8R'", the homologous residue of yY''!,
seems to be one of the structural causes that account
for the observed d-TC selectivity on Torpedo AChR.
These and other structural studies suggest that the
region comprising residues 108—120 presents an anti-
parallel B-sheet orientation with a y-turn around the
highly conserved residue G''* with the side chains of
amino acids L'%, Y''', S5 ¥ and L' from the
Torpedo y subunit (and their homologous on the é and
€ subunits) facing the subunit interfaces that bear the
agonist binding sites (Chiara et al., 1999 and references
therein).

The above data indicate that: (1) different ligands
bind with distinct specificity to either the ad or the ay
subunit interface; and (2) the amino acid W>” is form-
ing loop E whereas residues L19? y! st y'7 and
L' are constituting loop F (see Fig. 3).

3.2. Expression of AChRs containing different subunit
compositions and site-directed mutated subunits

The expression of AChR pentamers with different
subunit composition made it possible to account for
the two affinities seen in native subunit composition.
By cell coexpression of mouse ay, ad, or aff pairs,
complexes formed either by & or y, but not by B, with
the o subunit, were detected (Blount and Merlie,
1989). The presence of the o subunit in the cell is not
sufficient by itself to bind CCh and 4-TC (Blount and
Merlie, 1988). However, a6 and oy complexes can bind
agonists such as CCh and epibatidine (an alkaloid
originally isolated from the skin of the Ecuadorian
poison arrow frog Epipedobates tricolor; see molecular
structure in Fig. 2) as well as competitive antagonists
such as d-TC and o-toxins (Blount and Merlie, 1989;
Gershoni et al., 1983; Gu et al., 1991; Pedersen and
Cohen, 1990; Sine, 1993; Sine and Claudio, 1991). This
is in agreement with the observed 1000 to 10,000 times
lower affinity of a-BTx to isolated Torpedo o subunits
than to native AChRs (Gershoni et al., 1983). In the
same context, by expressing chimeric subunits in
HEK-293 cells in the presence of wild-type chains, the
sequence 21-131 of the y subunit (and not homologue
residues on the B subunit) was found to be sufficient
for association with its respective neighboring o subu-
nit and to form agonist-displaceable toxin binding sites
(Kreienkamp et al., 1995). These studies indicated that
the oy and ad pairs present high and low affinity for d-
TC and low and high affinity for ACh, respectively
(Blount and Merlie, 1989) (Figs. 3 and 6). The afy-
and afd-containing receptors bind d-TC with high and
low affinities, respectively, which is opposite to the

case of lophotoxin binding (Sine and Claudio, 1991).
Interestingly, epibatidine, a very potent analgesic, was
found to preferably bind to the ay or the ae subunit
interface when the receptor is in the desensitized state
(Prince and Sine, 1998a). In contrast to epibatidine
selectivity, CCh was shown to display little site selec-
tivity for desensitized fetal or adult AChRs. Thus,
further studies using epibatidine as a probe for the
agonist binding site might yield important evidence for
the elements that confer state-dependent selectivities of
the binding sites.

Coexpressing several 6y chimeras of different length
with both o and B subunits, and by comparing the
binding properties of the curariform drug DMT on
By, and o3, AChRs, Sine’s laboratory at Mayo
Clinic (Rochester, Minnesota, USA) found that hom-
ologous residues of & and y subunits are responsible
for the ~100 times decrement in curare affinity (Sine,
1993; reviewed in Prince and Sine, 1998b). These extra-
cellular sites are flanking a disulfide loop formed by
C'32-C"® which is found throughout the ligand-gated
ion channel superfamily (Le Novere and Changeux,
1995; Ortells and Lunt, 1996) (see Fig. 1(A)) but which
does not structurally participate in the neurotransmit-
ter binding site (Amin et al., 1994; Criado et al., 1986).

In the predisulfide region of the y and & subunits,
residues YY''® and yY'!” (see loop F in Fig. 3), in ad-
dition to amino acids dV''"® and 8T'® have been
shown to be responsible for curare selectivity (Sine,
1993). In addition, only one amino acid was found in
the postdisulfide region (S'°' in the y subunit, and
K'%® in the & subunit). However, these latter residues
appear to interact with DMT allosterically (Fu and
Sine, 1994).

The studies developed by Sine’s laboratory using a
combination of chimeric and site-directed mutated
receptors helped to elucidate the structural components
that interact with cholinergic ligands (reviewed in
Prince and Sine, 1998b). Exchanging the residues of
the y subunit with the corresponding & residues one at
each time, the importance of yY''” for DMT binding
was evidenced. For instance, different mutations
enhanced (Fu and Sine, 1994) or diminished (Sine,
1997) the affinity of DMT (Table 3). The highest effect
was observed on Arg, probably by the repulsion eli-
cited between the positively charged guanidinium side
chain and the quaternary ammonium group of DMT.
These data are consistent with a model where, in ad-
dition to the stabilization of one of the quaternary am-
monium groups of DMT by Y'*® from the ol subunit,
the second quaternary nitrogen of DMT is more
tightly associated with the y subunit by means of Y''”.
In this context, the effect of oY '”® mutations on DMT
site-specificity may arise from changes in the ol subu-
nit that affect the bridging of the drug to the other &
and v subunits (Sine et al., 1994).
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Residue mutations on non-o subunits that affect the binding of both agonists and competitive antagonists as well as agonist gating

Mutation Source of AChR  Times the pharmacological effect Reference
Reduction of competitive Reduction of Reduction of
antagonist binding® agonist agonist-induced
binding® channel
activation®
vy Subunit
F172681178 mouse oy, 169 (0-CoTx M1) (Sine et al., 1995b)
receptor
expressed in
HEK-293 cells
S1118Y113 609 (a-CoTx M1)
K345S36/F17281178 45% (0-CoTx M1)
K346S36/S1116Y113/F17281178 ~1000¢ (2-CoTx M1)
K3438S36/F17251178 human ay 9 (CCh)¢ (Prince and Sine, 1996)
subunits
expressed in
HEK-293 cells
K348S36/C1158Y117/F1281178 13 (CCh)®
K345S36/S1296P131/F17281178 10 (CCh)*
K3438S36/F17251178 mouse receptor 11 (CCh)? (Prince and Sine, 1996)
expressed in
HEK-293 cells
WS55L Torpedo receptor 8 (d-TC)* 7 (O’Leary et al., 1994)
expressed in
Xenopus oocytes
Y1176T119 mouse oY ~ 16 (DMT) (Sine, 1993)
receptor
expressed in
HEK-293 cells
Y1178T119/S1616K 163 ~ 56 (DMT)
Y117T mouse oy, ~ 25 (DMT) (Fu and Sine, 1994)
receptor
expressed in
HEK-293 cells
Y1171 ~ 10 (DMT)
Y117R ~ 250 (DMT)
Y1118R113 Torpedo receptor 11 (d-TC)%; 11, 4 (d-TC)" (Chiara et al., 1999)
expressed in
Xenopus oocytes
LI19K mouse receptor 1085 (DMT)® (Sine, 1997)
expressed in
HEK-293 cells
D174N mouse receptor 26 (ACh)" 6 (ACh) (Martin et al., 1996)
expressed in
Xenopus oocytes
D174N mouse 0B, 10 (d-TC)® 167 (ACh)
receptor
expressed in
Xenopus oocytes
D174N mouse oy, 7 (d-TC)® 85 (CCh) (Osaka et al., 1998)
receptor
expressed in
HEK-293 cells
D174N/6D180N mouse o,yd 5,3 (d-TC) 120 (CCh)
receptor
expressed in
HEK-293 cells
DI174N/3D180N 4, 4 (DMT) 130 (SubCh)
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Mutation Source of AChR  Times the pharmacological effect Reference
Reduction of competitive Reduction of Reduction of
antagonist binding® agonist agonist-induced
binding® channel
activation®
DI174T mouse oy, 2 (d-TC) 30 (ACh) (Martin and Karlin,
receptor 1997)
expressed in
Xenopus oocytes
D174C 16 (d-TC) 42 (ACh)
D174V 18 (d-TC) 48 (ACh)
DI174A 18 (d-TC) 89 (ACh)
DI174N 10 (d-TC) 117 (ACh)
D174K 29 (d-TC) 197 (ACh)
D174Y 10 (d-TC) 616 (ACh)
D174H 6 (d-TC) no effect
D174E/8D180E mouse o,py0 22 (ACh)
receptor
expressed in
Xenopus oocytes
DI174T/6D180T 61 (ACh)
DI174A/3D180A 64 (ACh)
D174C/3D180C 72 (ACh)
D174N/3D180N 137 (ACh)
D174H/6D180H 140 (ACh)
D174V/3D180V 146 (ACh)
DI174K/6D180K 656 (ACh)
€ Subunit
1588H60 mouse o,Ped 17 (DMT)? (Bren and Sine, 1997)
receptor
expressed in
HEK-293 cells
D595A61 25 (DMT)*®
1586H60/D595A61 47 (DMT)?
S117R 42 (DMT)*®
LI19K mouse o,fed 12 (DMT)® (Sine, 1997)
receptor
expressed in
HEK-293 cells
DI175N mouse o,fed 8 (ACh)! (Zhang et al., 1995)
receptor
expressed in
HEK-293 cells
P121L human receptor 66 (ACh)j 41 (ACh)! (Ohno et al., 1996)
expressed in
HEK-293 cells
& Subunit
S36yK34 mouse 0,3, 5 (a-CoTx M1) (Sine et al., 1995b)
receptor
expressed in
HEK-293 cells
S36yK34/1178yF172 ~ 1000 (a-CoTx M1)
S36yK34/1178yF172 human ay 50 (CCh) (Prince and Sine, 1996)
subunits
expressed in
HEK-293 cells
S36YK34/DS9yES7/1178yF172 20 (CCh)
S36yK34/Y117yC115/1178yF172 54 (CCh)
S36yK34/P131yS129/1178yF172 54 (CCh)
S36yK34/DS9yE57/Y117yC115/ 26 (CCh)

1178yF172

(continued on next page)
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Table 3 (continued)

Mutation Source of AChR  Times the pharmacological effect Reference

Reduction of competitive Reduction of Reduction of

antagonist binding® agonist agonist-induced
binding® channel
activation®
S36yK34/1178yF172 mouse o306, 8 (CCh) (Prince and Sine, 1996)
receptor
expressed in
HEK-293 cells
S36yK34/D59yES57/1178yF172 4 (CCh)
S36yK34/Y117yC115/1178yF172 6 (CCh)
S36yK34/D59yE57/Y117yC115/ 5 (CCh)
1178yF172
LI21K mouse o,Ped 43 (DMT)* (Sine, 1997)
receptor
expressed in
HEK-293 cells
D180N mouse o306, 2 (d-TC)¥ 200 (ACh) 84 (ACh) (Czajkowski et al.,
receptor 1993; Martin et al.,
expressed in 1996)
Xenopus oocytes
E189Q no effect 7 (ACh) 13 (ACh)
D180N mouse o,yd 2 (ACh) (Martin and Karlin,
receptor 1997)
expressed in
Xenopus oocytes
D180N mouse 0,30, 84 (ACh)
receptor
expressed in
HEK-293 cells
DI180N mouse 0,33, no effect 74 (CCh) (Osaka et al., 1998)
receptor
expressed in
HEK-293 cells
DI180N mouse o35, 2 (d-TC) 248 (CCh) (Martin and Karlin,
receptor 1997)
expressed in
Xenopus oocytes
DI180C 3 (d-TC) 294 (CCh)
DI80A 6 (d-TC) 402 (CCh)
D180H no effect 484 (CCh)
D180V 4 (d-TC) 832 (CCh)
DI80T 5 (d-TC) 1016 (CCh)
DI80K 16 (d-TC) 3712 (CCh)

# These values were obtained measuring the inhibition of the initial rate of o-BTx binding elicited by competitive antagonists.

® As above for agonists.

¢ These values were obtained measuring the agonist concentration required for half-maximal current (ECs).

9 In these cases an enhancement of ligand binding is observed.

¢ This value was obtained measuring the inhibition of d-TC on the currents elicited by ACh (ICs).

"The observed competitive antagonist binding inhibition corresponds to the high- (ay) and the low-affinity (a:8) site, respectively.

€ The observed competitive antagonist binding inhibition is restricted to the high-affinity (o€ or ay) site.

" The observed ACh binding inhibition is restricted to the low-affinity (ory) site.

! The observed effect on the dissociation constant for ACh binding to the opening state was calculated by using kinetic parameters.
I The observed ACh binding inhibition is restricted to the low-affinity (o) site when the receptor is in the desensitized state.

X The observed competitive antagonist binding inhibition is restricted to the low-affinity (ad) site.

Interestingly, Tyr residues in a position homologous
to vY'!" on the muscle-type AChR were found in sev-
eral subunits of other neurotransmitter-gated ion chan-
nel receptors, suggesting the existence of a structural
motif for the binding site of different ligands. How-

ever, when eS'", the homologous residue of me,
was exchanged by different residues on the adult recep-
tor, a small effect on DMT binding was found (Bren
and Sine, 1997). Although the eS117R mutation pro-
duced the highest decrease in the K4 for DMT (10-
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fold), the extent of this effect is not comparable with
the effect elicited by the yY117R mutation (~250-fold;
Table 3) (Fu and Sine, 1994). Thus, €S'' is probably
close to the DMT binding site of the mature AChR
but it does not provide high affinity for DMT.

The residue yY'!"' has been considered to be import-
ant for d-TC binding but not for ACh binding (Chiara
et al.,, 1999) (Table 3). Interestingly, amino acids
yC"3/8Y"7 which are positioned on the primary
sequence two residues before the pair yY''//8T',
have been considered as secondary determinants for
CCh selectivity by means of site-directed mutagenesis
studies on chimeric receptors (Table 3) (Prince and
Sine, 1998a).

The natural mutation eP121L, which is also found
at the predisulfide region, was detected to reduce the
affinity of one of the two binding sites for ACh, pre-
sumably the ae subunit interface, when the AChR is
either in the open or in the desensitized state (Ohno et
al., 1996). Considering that P'*! is conserved in the vy
subunit, it is probable that this residue is involved in
the low-affinity ACh binding site.

The question of whether the contribution of non-o
subunits in neuronal AChRs is or not important for
ligand specificity has been presently answered by tak-
ing into account the relative sensitivity of cholinergic
ligands on receptors containing different subunits. For
example, f4-containing AChRs generally present larger
responses to the ganglionic stimulants such as nicotine
and cytisine (an alkaloid extracted from the seeds of
Cytisus laburnum; see molecular structure in Fig. 2)
than PB2-containing AChR subtypes (Wheeler et al.,
1993), whereas the opposite is true for ACh (Cohen et
al., 1995). In addition, a3B2 receptors are more sensi-
tive to blockade by dihydro-B-erythroidine (DHPBE)
and k-bungarotoxin (k-BTx) than the «2B4 complex
(Harvey and Luetje, 1996). In this regard, chimeras
where the ligand-sensitive sequence segment of one
subunit is replaced by another (e.g. the o4 subunit
with B4/B2 chimeras consisting of COOH- or NH,-
terminal sequences of appropriate lengths from B2 and
B4, respectively) were constructed, then expressed in
Xenopus oocytes, and subsequently studied by pharma-
cological methods. The results indicated that the
region of B4 and P2 that contributes to agonist and
competitive antagonist selectivity as well as neurotoxin
inhibition is localized at residues 1-80 from the NH,-
terminal (Harvey and Luetje, 1996; Papke et al., 1993).
Particularly, the major determinant of specificity for
both DHBE and k-BTx is located between residues 56
and 63 (Harvey and Luetje, 1996). The fact that the
mutation P2T>° — B4K>® decreased both DHPE (nine-
fold) and k-BTx (71-fold) sensitivity supports the con-
jecture that this residue is the primary element that
modulates the observed differences in competitive an-
tagonist susceptibility between B2- and P4-containing

neuronal receptors. Additionally, a minor determinant
is observed on sequence 1-54 for both competitive an-
tagonists, and between residues 74—80 for the particu-
lar case of x-BTx (Harvey and Luetje, 1996). However,
the significance of these components is uncertain.

Based on this kind of studies it was also possible to
discriminate residues within sequence 1-120 in the
extracellular NH,-terminal of the B2 subunit as re-
sponsible for the relative ACh selectivity (Cohen et al.,
1995; Figl et al.,, 1992). For example, substituting
sequence 104—120 from the B2 subunit for sequence
106—122 from the B4 chain, reduced the ECsos but did
not restore the P4-like values (Figl et al., 1992). Inter-
estingly, residues I''® and F'" both found within
sequence 104—120 of the neuronal B2 subunit are hom-
ologous to residues yI''® and yY'!'” which are con-
sidered to be important for DMT binding (Sine, 1993)
(Table 3 and Fig. 3). In addition, residues yS''' and
YY", homologous to B2S''* and P2F'" within the
sequence 104—120, were found to be labeled with d-TC
(Chiara and Cohen, 1997; Chiara et al.,, 1999)
(Table 1). In this regard, it is plausible that sequence
104-120 from the P2 subunit contributes to a ligand
binding site on neuronal AChRs. From the physiologi-
cal point of view, studies with B2 subunit-knockout
mice indicated that this subunit is implicated in the
behavioral effect of nicotine (Picciotto et al., 1995,
1997).

In conclusion, both the y and the & subunit from
muscle-type AChRs as well as different  subunits
from neuronal-type AChRs bear several residues
(complementary component) involved in the inter-
action of distinct cholinergic ligands with the AChR.

3.3. Evidence from the site-directed mutagenesis
approach

The suggested participation of yW>> and W7 in
additional interactions for the stabilization of d-TC
(Chiara and Cohen, 1997) or nicotine (Chiara et al.,
1998) with the AChR has received experimental sup-
port (O’Leary et al., 1994) (see Table 2). These Trp
residues were substituted for Leu, which maintains a
large hydrophobic group but without the aromatic
character. The yYWS55L mutation resulted in an 8.3-fold
decrease in d-TC affinity (Table 3). The exchange of
3W for Leu did not affect d-TC binding which is
consistent with the fact that the & chain is related to
the low-affinity ¢-TC binding site. Concomitantly, the
ACh half-maximal activation (ECs,) value changed
from 136.7 + 7.4 puM in the yYW55L mutated AChR to
20.3 + 0.4 uM in the wild AChR, while this latter
value was not changed by the SWS57L mutation. These
findings support the previous evidence indicating the
ay interface as the high-affinity binding site for d-TC.

The importance of W>* for ligand binding on the a7
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neuronal-subtype AChR, which is homologous to resi-
dues SW>7 and yW>> from the muscle-type AChR, was
also demonstrated (Corringer et al., 1995). The residue
W3 was mutated to Phe, Ala, or His, on the o7/5-
HT;R chimera (Eiselé et al., 1993). These mutations
diminished both the affinity and the pharmacological
response of agonists such as ACh and nicotine (see
Table 2) as well as the antagonist DHBE, whereas o-
BTx binding kinetic constants were not affected.

Homologous residues of yW> and 8W>’ on other
receptor members of the ligand-gated ion channel
superfamily may be also important for the agonist
binding site formation. For example, exchanging F®
for Leu on the al subunit of the alB2y2 GABAJR, a
200-fold decrease in agonist sensitivity was observed
(Sigel et al., 1992). Homologous mutations on the
other subunits did not show the same effect. However,
mutation on F”’ from the y2 subunit altered the bind-
ing of benzodiazepine ligands (Buhr et al., 1997). In
addition, the residue I'?! from the ol subunit is a
determinant of GABA binding and gating. This resi-
due aligns with Torpedo yV''® which is close to yY''".
Regarding the 5-HT;R, mutations on W* markedly
diminished the affinity of the competitive antagonist
curare, whereas the affinity of the agonist 5-HT was
reduced by substituting only R°' (Yan et al., 1999).
The affinity of the competitive antagonist granisetron
was also reduced by the same mutations in addition to
the Y** exchange.

Other neighbor amino acids to the pair §W>’/yW>>
have also been considered to be involved in the DMT
binding sites from the adult mouse AChR (Bren and
Sine, 1997). Exchange of one (I'®* — H®® or D% — A%")
or two (I°®/D* — H®/A®") residues from the € subunit
with the equivalent amino acids on the & chain
decreased the apparent K4 of DMT only on the high
(a€) binding site (Table 3). The double mutation on
residues from the y subunit (M>®/Q* — SH®?/A®Y),
which are equivalent to the ones previously exchanged
in the € chain, does not affect DMT affinity. This indi-
cates that these determinants are not essential for the
binding of DMT to the high-affinity oy interface. In
conclusion, one of the two quaternary DMT am-
monium groups may electrostatically interact with
€D and/or €I’®. The fact that the equivalent position
of YY" (the residue that interacts with one of the two
DMT ammonium groups) on the € subunit is occupied
by Ser supports such possibility. Depending on the en-
vironmental pH, His may be positively charged and
thus, electrostatic repulsion between His and DMT in
its low-affinity binding site may exist.

In addition to yC'"*/6Y""” (loop F in Fig. 3), amino
acids yE*’/8D* (loop E in Fig. 3), which are posi-
tioned two residues following the pair YW /W,
have been considered to be secondary determinants for
CCh selectivity (see Table 3) (Prince and Sine, 1998a).

The importance of %7Q%, the homologous residue of
pair yE*7/8D*, in ligand binding was also corrobo-
rated since the mutation of this specific residue, but
neither M7 or Y>%, decreased ACh and nicotine affi-
nities two to four times (Corringer et al., 1995). In ad-
dition to pairs yE*’/8D* and yC'"*/6Y"7, a primary
set of determinants of agonist selectivity comprising
pairs yK3*/8S* (loop D in Fig. 3) and yF'"?/81'®
(loop G in Fig. 3) has been detected (Prince and Sine,
1998a) (Table 3). The region between residues 118 and
171 of the 6 subunit does not contain major determi-
nant of agonist selectivity. Furthermore, the agonist
selectivity was found to depend on the receptor confor-
mational state: whereas pairs yK**/8S*® and yF'"%/
31'" contribute with agonist selectivity when the
AChR is in the resting state, YE>’ is responsible for
the selectivity on desensitized receptors (Prince and
Sine, 1998a). Interestingly, similar high affinity and
degree of selectivity were observed for the ad subunit
interface in human receptors. The position 36 on the
human & subunit is replaced by Ala. Thus, the CCh
affinity change conferred by the mutual exchange of
yK3* and 8S* seems to be more likely produced by
steric occlusion or/and electrostatic repulsion from the
positively charged Lys than by polar interaction with
the hydroxyl group of Ser.

In an attempt to demonstrate whether the aspartates
and the glutamates found in the 164-224 residue seg-
ment of the mouse muscle & and y subunits contribute
to agonist binding, each amino acid was site-directed
mutated and the receptor expressed in Xenopus oocytes
(Table 3). When 8D and SE'" were, respectively,
mutated to Asn and Gln, an enhancement of 84 and
15 times the ACh ECs, in affé-containing oocytes, and
a 200 and seven times lesser ACh affinity than the non-
mutated was found (Czajkowski et al., 1993) (Table 3).
Other exhaustive mutational analyses indicated that
both 8D'*" and yD'™ are involved in agonist binding
(see Table 3) (Martin and Karlin, 1997; Martin et al.,
1996; Osaka et al., 1999). The highest effects (ACh and
d-TC binding decrease) where found on mutations that
exchange the side chain charge (from a positive to a
negative charge; i.e. D174K and D180K) (Martin and
Karlin, 1997). An eight-fold increase in ACh ECsy was
observed when the homologous residue eD'” was
mutated to Asn (Zhang et al., 1995). Most of this
effect seems to be accounted for by a decrease in the
channel opening rate. Results from mutational studies
also suggest that the charged residues yD'7*/6D'® and
aD'>? confer independent, noninteracting electrostatic
contributions to the cholinergic agonist binding sites
(Osaka et al., 1999).

The same mutations diminished the binding of com-
petitive antagonists such as d-TC, hexamethonium,
and DHBE, but to a lesser extent than that found for
agonists (Martin and Karlin, 1997; Martin et al., 1996;
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Osaka et al., 1999). This difference may be ascribed to
distinct points of contact of agonists and competitive
antagonists within overlapping loci. Another expla-
nation, is that a dominant part of the mutational
effects are on isomerization steps elicited upon agonist
binding but not upon antagonist binding (Martin and
Karlin, 1997). Mutations to Gln on each Glu or Asp
residue located at different positions on both & and vy
subunits only decreased ACh-induced current by ap-
proximately two to five times, and mutations dE166Q,
vE183Q, 8D202N, or 6D208N, practically made no
change (Czajkowski et al., 1993).

Concerning ACh selectivity, the involved determi-
nants on the & subunit comprise a primary set of com-
ponents including residues S*® (which is located on a
region homologous to loop D), D* (which is located
on a region homologous to loop E), Y'’®, D'® and
E'®® (which are located on a region homologous to
loop G), and a secondary set of determinants compris-
ing residues Y''" and P'?!' (which are located on a
region homologous to loop F). Thus, both ACh and
curare share at least loops E and F.

The final conclusion is that although each cholin-
ergic ligand binds to different AChR residues, these
residues are forming an overlapping domain at the o)/
non-a subunit interface that account for their pharma-
cological activity. In this regard, the complementary
component at the y subunit is probably formed by
four loops: loop D (K3*), loop E (W> and E*’), loop
F (L', s 15 116 and Y1), and loop G (F'”2,
D' and E'®?).

3.4. Interfacial ligand-binding model

Based on the above results and taking into consider-
ation: (a) that residues identical to D'®® and E'" in
the & subunit are also present in o, €, and vy (i.e. D'
and E'®, respectively) subunits, but not in the B subu-
nit, (b) that the tertiary structure of all subunits are
very similar, and (c) the existence of a quasi-fivefold
symmetry for the pentameric complex, Karlin’s labora-
tory at Columbia University (New York, USA) devel-
oped a model where the positively charged ACh
ammonium group electrostatically interacts with D'
or yD'* (or eD'®) (see loop G in Fig. 3) at either the
high- or the low-affinity binding site (Czajkowski and
Karlin, 1991, 1995; Czajkowski et al., 1993; Martin
and Karlin, 1997; Martin et al., 1996; reviewed in Kar-
lin and Akabas, 1995). In this regard, two to three
charges and an effective electrostatic potential of about
—30 mV were calculated to exist in the ACh locus
(Stauffer and Karlin, 1994). However, a potential of
—15 4+ 3 mV at one of the agonist binding sites was
obtained using a MBTA nitroxide analogue and con-
tinuous wave power saturation electron paramagnetic
resonance (EPR) spectroscopy (Addona et al., 1997).

Regardless of the absolute value, the observed poten-
tial at the ligand binding site may account for long-
range electrostatic interactions with the quaternary
ammonium group of ACh.

Regarding neuronal AChRs, acidic side residues are
lacking in non-o subunits. Thus, they do not posses
the electronegative subsite found in muscle-type AChR
d and vy subunits to complement the positive charge
carried by the quaternary amine present in cholinergic
agonists. In the special case of neuronal-type o subu-
nits capable of forming homooligomeric AChRs such
as o7, a8, and o9, the putative disposition of the ago-
nist/competitive antagonist binding site at the o/o sub-
unit interface would implicate that both the principal
and the complementary component showed in Fig. 3
for the muscle-type AChR is carried by the same o7
(or a8 or a9) subunit (see Fig. 1(C)).

Karlin and his group also postulated that, upon
ACh binding to the o subunit, the negatively charged
residue Asp from each d, or y (or €) subunit, moves
closer to the agonist quaternary group. In turn, this
movement may conduct other residues into more ad-
vantageous positions enhancing the interaction of the
agonist molecule with its site. Finally, this contraction
could impel the sliding of neighboring chains, propa-
gating the structural changes from the extracellular
domain across the transmembrane portion to the gate
which is close to the cytoplasmic end of the ion chan-
nel (Pascual and Karlin, 1998; Wilson and Karlin,
1998).

The interfacial location for cholinergic ligands on
the AChR is consistent with the extracellular model of
the muscle-type AChR developed by Taylor and co-
workers at the University of California (San Diego,
USA) using sequence homology with copper binding
proteins, plastocyanin, and pseudoazurin, together
with data from mutagenesis and labeling studies (Tsi-
gelny et al., 1997). An interesting concept is that equiv-
alent residues in the linear sequence of each subunit
map the same spatial position at one of the two faces
of the subunit. Thus, the ligand binding site at the sub-
unit interface is formed by a positive (+) face (also
called counterclockwise face) provided by the o subu-
nit and a negative (—) face (also called clockwise face)
provided by the non-a chain (8, €, or y) (see Fig. 3)
(see Machold et al., 1995a; Sine et al., 1995b). These
(interfacial) models are not strictly consistent with that
proposed by Unwin at the MRC Laboratory of Mol-
ecular Biology (Cambridge, UK), where the binding
site for agonists are topologically localized in pockets,
one on each o subunit, and there is no evidence for
these pockets to be located at any subunit interface
(Unwin, 1993). However, a model of the extracellular
portion based on novel secondary structure predictions
where the pentameric arrangement is not rod-shaped
but more flattened allows the agonist binding sites to
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be placed at the interfaces between two subunits (Le
Novére et al., 1999). In addition, a distinct confor-
mation for each o subunits was observed on nonacti-
vated Torpedo AChRs at 7.5 A resolution (Unwin,
1996). The rods encircling the cavities where the ago-
nist binding sites have been putatively located are
tilted at different degrees with respect to the major axis
of symmetry of the AChR.

The most probable location of cholinergic ligands is
at the o/non-o subunit interface of AChRs.

4. o-Neurotoxin binding sites
4.1. Snake neurotoxins

The family of toxins from the snake venom of Elapi-
dae and Hydrophidae species are important competitive
antagonists of both muscle- and neuronal-type
AChRs. To date, approximately 100 o-neurotoxins
and 4 x-toxins have been isolated and sequenced. -
Neurotoxins are polypeptides with molecular weights
ranging from 7 to 8 kDa that bind quasi-irreversibly
to the muscle-type AChR with Kgs between 10 pM
and 1 nM (reviewed in Endo and Tamiya, 1991).
Depending on the number of amino acids, these toxins
can be classified as long or short a-neurotoxins. Short
a-neurotoxins contain 60—62 amino acids and four dis-
ulfide bridges in common positions. Fig. 7 shows a
scheme of the tertiary structure of the short a-neuro-
toxin from Naja mossambica mossambica. Long o-neu-
rotoxins are formed by 66-74 residues and contain
another fifth disulfide bond. Long toxins associate and
dissociate much more slowly than short a-neurotoxins.
In the muscle-type AChR (in addition to o7, o8, and
o9 neuronal subtypes), the most profusely used long a-
neurotoxin is the a-BTx. k-Neurotoxins are designed
by 66 amino acids which contain five disulfide bonds.
In the a3- or ad-containing neuronal-subtypes, the
most widely employed is the «-BTx (reviewed in
Chiappinelli et al., 1996). Both o- and x-BTxs are
obtained from fractioning the venom of the Taiwanese
krait Bungarus multicinctus. Analysis of the three-
dimensional structure has revealed that a-neurotoxins
are relatively flat molecules with three loops (I, II, and
III; see Fig. 7) forming a large B-pleated sheet which
protrudes from a hydrophobic core stabilized by four
or five disulfide bridges.

Early studies by using electron microscopy tech-
niques evidenced that o-BTx binds to two sites (Bon et
al., 1984; Holtzman et al., 1982) on the top or outer
perimeter of the protein (Fairclough et al., 1983). The
photolabeling approach has been useful to obtain
more information on the exact localization of the o-
neurotoxin binding sites on the AChR. Depending on
the type of neurotoxin, on the kind of crosslinker

Fig. 7. Scheme of the tertiary structure of the a-neurotoxin from N.
mossambica mossambica (taken from Osaka et al., 1999). The con-
cave face of the toxin is facing the viewer. The localization of the
mutated residues are also included. Residue R¥ is near the tip of
loop II, whereas K* is closer to the top and opposite side of loop
II. Amino acid R3® is on loop II, whereas K*' is located on an
exposed surface of loop III.

group (e.g. size, reactivity. etc.), and on the location of
the reacting group in the toxin molecule, different sub-
units were labeled. Table 4 summarizes the updated in-
formation obtained by means of the photolabeling
approach. All subunits were labeled, albeit to different
extent, by using different o-neurotoxin derivatives. The
al subunit was mainly labeled by using a-neurotoxin
derivatives from N. naja oxiana with the photoactiva-
table group attached at K* (Kreienkamp et al., 1992)
and from N. naja nigricollis with the group attached at
the analogue residue K*’ (Chatrenet et al., 1990). Both
residues are located on the concave side of loop III of
the toxin structure (see Fig. 7). In addition, using the
['?I]-neurotoxin II derivative carrying the photoactiva-
table group at K¢ (Kreienkamp et al., 1992), toxin 3
from N. naja siamensis with the azidogroup attached
at K** (Utkin et al., 1998), or a-BTx under simple UV
irradiation (Oswald and Changeux, 1982), practically
only the 6 and 7y subunits were labeled. Moreover, a-
cobratoxin (a-CTx) derivatives with photoactivatable
groups at either position K*° (N. naja oxiana) (Mac-
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Table 4

Localization of a-neurotoxin binding sites on the AChR by the photolabeling approach

a-Neurotoxin derivative a-Neurotoxin  Position of the activatable group Labeled subunits® References
species (Loop)

Long a-neurotoxins

Arylazido—[lZSI]chTx B. multicinctus  unidentified ad®; &° (Chaturvedi et al.,
1992)

N-[(5-Azido-2- B. multicinctus  unidentified all (Nathanson and Hall,

nitrobenzoyl)amino]sacetimidate-['>*IJ«BTx 1980)

["**T]aBTx B. multicinctus  direct UV activation o, v, and & (Oswald and

Changeux, 1982)

Dithiobis(succinimidylpropionate)-activated ~ N. naja unidentified By (high); ad (low)®  (Hamilton et al.,

[PH]methyl-a-CTx siamensis 1985)

p-Azidobenzoyl-['*T]aCTx N. naja K** (Loop II) yand & (Utkin et al., 1998)
siamensis

Tetrafluoroazidobenzoyl-['**T]aCTx N. naja K?* (Loop II) v and & (Utkin et al., 1998)
siamensis

Trifluoromethyldiazyrinilbenzoyl-['**1JaCTx  N. naja K** (Loop II) o, v, and & (Utkin et al., 1998)
siamensis

Benzoylbenzoyl-['**T]aCTx N. naja K?* (Loop II) o and & (Utkin et al., 1998)
siamensis

Short a-neurotoxins

p-Azidobenzoyl-PH]aCTx N. naja K'® (Loop I); K*" (Loop 11I); ad (high)®; ad (high)®; (Chatrenet et al.,
nigricollis K3! (Loop IIT) 5 (high)® 1990)

p-Azidobenzoyl-['*I]-neurotoxin 11 N. naja oxiana K*® (Loop 11I); K*® (Loop 1I) o; v (high)®; 8 (low)®  (Kreienkamp et al.,

1992)

p-Azidobenzoyl-['*I]-neurotoxin 11
p-Benzoylbenzoyl-['**T}-neurotoxin I

N. naja oxiana
N. naja oxiana

p-Azidosalicylamidoethyl-1,3'-dithiopropyl-
['?*I]-neurotoxin 11

N. naja oxiana

K¢ (Loop II)

K?* (Loop II); K'* (Loop I);
K* (Loop III)

& (starting at F'4%) (Utkin et al., 1994a)

different Lysines o (Kasheverov et al.,
1999)
5 (at A%®); ap (low)*; (Machold et al.,
o and y 1995a,b)

@ The criteria to demonstrate specificity is based on the inhibition of labeling elicited by nonderivatized a-neurotoxins.
® Both o and & subunits were covalently linked by the arylazido-['>’TJaBTx derivative containing a 14 A side chain, whereas only the & subunit

was labeled by the derivative containing a 33 A side chain.
¢ Site at which d-TC competes with high-affinity.
4 Site at which d-TC competes with low-affinity.
¢ Site at which native a-neurotoxin competes with high-affinity.

hold et al., 1995a,b) or K*’ (N. naja nigricollis) (Hervé
et al., 1992) reacted almost exclusively with the 6 subu-
nit.

From EPR spectroscopy (Rousselet et al., 1984) as
well as chemical modification and site-directed muta-
genesis studies (Ackermann and Taylor, 1997; Hervé et
al., 1992; Pillet et al., 1993; Trémeau et al., 1995) there
is consensus in that residues homologous to the con-
served amino acid K?® which is located on the concave
side of loop II are involved in the specific neurotoxin
binding to the AChR (see Fig. 7). Opposite to this, the
residue K*” and homologous amino acids located on
loop IIT (see Fig. 7) do not interact with the AChR
residues implicated in o-neurotoxin binding (Acker-
mann et al., 1998). Evidence from fluorescence spec-
troscopy has questioned the contribution of the
homologous Lys residue on AChR binding specificity
(Johnson et al., 1990). For example, K**-labeled o-
CTx from N. naja siamensis, a long a-neurotoxin, did
not diminish binding affinity and the fluorescence of
the attached fluorophore group (fluorescein) was

quenched by iodide, demonstrating accessibility of the
aqueous solute to the fluorophore. A possible expla-
nation for this is that K>3, as observed for its homolo-
gous residue K2 is located on the concave side of
loop II (see Fig. 7). Thus, K** would be oriented
towards the AChR ion channel. Therefore, the labeled
residue might be accessible to aqueous solutes.

There is also evidence that other invariant residues
are important for neurotoxin binding (Ackermann and
Taylor, 1997, Ackermann et al., 1998; Pillet et al.,
1993; Trémeau et al., 1995). In this regard, a strong
energetic coupling between residue R*® of N. mossam-
bica mossambica a-neurotoxin (which is located at the
tip of loop II; see Fig. 7) and aV'®® (2.6 kcal/mol;
Ackermann et al., 1998) or yE'"® (—=2.7 kcal/mol;
Osaka et al., 1999) on the mouse AChR has been cal-
culated. This is in accord with the observation that the
charge reversal of Arg reduces 350-fold the erabutoxin
a binding (another short neurotoxin) (Trémeau et al.,
1995) and 16,000-fold the N. mossambica mossambica
binding to the ay site (Osaka et al., 1999). A high
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coupling (—2.2 kcal/mol) was also observed between
R3¢ (which is located on loop II; see Fig. 7) of N. mos-
sambica mossambica o-neurotoxin and yE'’® (Osaka et
al.,, 1999). The R36A mutation, the homologous resi-
due of a-BTx, also reduced ~90-fold the a-BTx affinity
to wild-type receptors (Spura et al., 1999 and refer-
ences therein). Smaller but significant linkage of 2.1
kcal/mol was also observed between o-neurotoxin-K?’
(which is located closer to the top and opposite side of
loop II; see Fig. 7) and the receptor residue oV'®®
(Ackermann et al., 1998). In addition, a strong ener-
getic coupling (—5.9 kcal/mol) was found between the
same o-neurotoxin residue and yE'7® (Osaka et al.,
1999). Thus, the electrostatic force between yE'’® and
K? is a primary factor in stabilizing the toxin-AChR
complex. In addition, a lower energetic coupling (1.5~
1.9 kcal/mol) was determined between o-neurotoxin-
K?” and residues a1Y'?, 1P, or a1D?* at the o8
subunit interface (Ackermann et al., 1998). Regarding
the D?% residue, interesting information was obtained
by using small ligands. Although the D200N mutation
practically did not change the affinity of either the full
agonist ACh (O’Leary and White, 1992) or the com-
petitive antagonist d-TC (O’Leary et al., 1994)
obtained by permeability response, the D200Q mu-
tation decreased the affinity for both the agonist (30-
fold) and the high-affinity d-TC (13-fold) binding site
but increased the association of d-TC for its low-affi-
nity binding site (Osaka et al., 1999). The transitions
to the desensitized state and the subsequent conversion
to the high affinity state is probably the main cause
that account for the difference between the two studies.
Thus, these findings support the conclusion that the
conserved Asp in this region is not very important in
small agonist/competitive antagonist-AChR inter-
actions but it may affect gating, desensitization, and a-
neurotoxin binding.

From photolabeling experiments with the K*°-p-azi-
dobenzoyl derivative of neurotoxin II from N. naja
oxiana, a fragment starting on 8F'*® was found to be
labeled (Utkin et al., 1994a). More precisely, the azido-
salicylamidoethyl derivative of neurotoxin II labeled
A% (Machold et al., 1995a). Taking into consider-
ation the position of this residue and the AChR
dimensions, the center of the a-neurotoxin binding site
is located at ~40 A from the receptor top surface (or
~20 A from the lipid membrane surface), close to the
channel axis (Machold et al.,, 1995a; reviewed in
Hucho et al., 1996). The scheme of Fig. 8(A) shows
such localization.

The neurotoxin II derivative with the activatable
group at position K'° crosslinked both o and B chains
(Machold et al., 1995b) (Table 4). In addition, the a-
toxin from N. naja nigricollis with the activatable
group at K°! labeled both & and B subunits (Chatrenet
et al., 1990) (Table 4). However, these residues, which
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Fig. 8. Schematic model for the location of the FElapidae o-neuro-
toxin binding sites on the muscle-type AChR (modified from Hucho
et al., 1996). (A) Transverse representation of the muscle-type AChR
showing two a-neurotoxin molecules (grey oval), each one located at
the oy and the a0 subunit interface. It is noteworthy that the bottom
part of the a-neurotoxin molecule reaches the ion channel’s mouth
that is negatively-charged. (B) Top view of the quaternary structure
of the muscle-type AChR showing the localization of either a-neuro-
toxin molecule at the respective subunit interface. Taking into
account the quaternary structure of the a-neurotoxin molecule, it
becames evident that the second (II) loop (see Fig. 7) is oriented to
the ion channel.

are located at the convex side of loop I and loop III,
respectively (see Fig. 7), have been considered by
mutational experiments to be unimportant for neuro-
toxin binding (Trémeau et al., 1995).

Interestingly, several o-neurotoxin derivatives with
the photoactivatable group at K*° (N. naja oxiana)
(Kreienkamp et al., 1992) or at the homologue residue
K (N. naja siamensis) (Utkin et al., 1998) reacted
with both y and & subunits in a d-TC-sensitive fashion
(Table 4). In addition, the crosslinking on y and B sub-
units was affected by low d-TC concentration more
strongly than on o and & chains (Hamilton et al.,
1985). Thus, these data indicate the existence of none-
quivalence between the two a-neurotoxin binding sites.
Fig. 8(B) shows the most probable location for the a-
neurotoxin sites: the high-affinity locus coincides with
the d-TC low-affinity and the ACh high-affinity bind-
ing site («d interface), and vice versa.

From these studies a structural model to explain
how the a-neurotoxins bind to the AChR is proposed.
Fig. 8 shows the basic tenets of this model. (1) The
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concave sides of loops II and III (see Fig. 7) form the
main region by which the neurotoxin contacts the
AChR. (2) The concave side of the central loop II (e.g.
through residue K?’) makes contact with the ol subu-
nit (e.g. through residue sequence V'#-D?%) at the 3
(high-affinity) or the ay (low-affinity) subunit inter-
faces. The portion of loop II proximal to loop III has
been suggested to be closer to the y subunit where the
residue E'’® is found (Osaka et al., 1999). (3) Ad-
ditional contacts between a-neurotoxin-R** and -R*®
(and perhaps also loop III) and receptor residues
oY, aV!®, and yE'"® may stabilize the neurotoxin
complex.

A distance of ~0.8 nm was suggested to exist
between carbon B from residues WIS7 yi88 pl89 y190
and P'"* forming the putative negative subsite on the
ol AChR subunit and the large net positive charge
(+4) observed on the a-BTx molecule on the basis of
the size of the MTSET modification (Spura et al.,
1999). The experimental data showing that spatially
separated loops of the toxin (e.g. loop II which carries
K?’" and loop III containing K*'; sequence number
from N. mossambica mossambica; see Fig. 7) interact
with different AChR subunits or different chain
domains (Table 4) support the idea of multipoint con-
tact on a rather extended area of the AChR-toxin
complex.

The venom of the Southeast Asian snake Trimere-
surus wagleri presents four peptides (22-24 residues)
with just one Cys bridge and high Pro content (Sellin
et al., 1996). These toxins, namely waglerins, also inhi-
bit the postsynaptic AChR at the neuromuscular junc-
tion (Aiken et al., 1992). Either the single substitution
H10Y, or mutations C9S or/and CI13S, which are
involved in disulfide bonds, significantly reduces tox-
icity. The observed specificity of waglerin-1 to inhibit
mature AChRs (but not to inhibit neonatal AChRs;
~2000-fold preference) was found to be mediated by
the € chain (McArdle et al., 1999) by binding at the ae
subunit interface (Taylor et al., 1998).

The observed strong correlation between labeling
and site-directed mutation studies indicates that at
least residues V'®, Y (see loop C), P'7, and D*®
from the ol subunit and amino acid yE'’® (close to
loop G) are leading the binding of snake a-neurotoxins
through the interaction with (at least) residues K?*7,
R*, and R*.

4.2. Snake a-neurotoxin binding-polypeptides

Synthetic peptides have been useful to study the lo-
cation of the binding site for a-neurotoxins on the o
subunit. Peptides with different sequences can be com-
pared with each other by determining their ability to
bind «-BTx. Moreover, the role of binding site-deter-
mining individual residues can be resolved by substi-

tuting certain amino acids of the peptide. A
disadvantage of this approach is that the peptide binds
o-BTx with an affinity two to four orders of magnitude
lower than the native receptor. However, this affinity is
similar to that found in denatured or intact o subunits,
indicating that the polypeptides preserve the principal
determinant for toxin binding. By using this approach,
the region comprising the sequence segment 170-210
from both the AChR native al subunit and synthetic
polypeptides corresponding to homologous sequences
from several sources of AChR al subunits has been
demonstrated to be involved in the a-neurotoxin bind-
ing site (reviewed in Arias, 1997). In addition, o-BTx
binds to human AChR ol subunit peptide 185-199
but not to peptides 125-147 or 389-409 (Greismann et
al., 1990). However the 183-204 peptide from human
ol subunit binds o«-BTx with lower affinity than other
assorted animal species (Ohana and Gershoni, 1990).
The a-BTx Kgs (in the uM range) follow the sequence:
Torpedo californica (0.06) < chick (0.15) < Xenopus
(0.54) < Drosophila (1.7) < mouse (3.2) < calf (6.2) ~
human (6.5). In addition, the human sequence a185—
196 has virtually no toxin binding ability (Neumann et
al., 1986). Opposite to this, the native human AChR
binds toxin with affinities in the same order as Torpedo
AChR (K4 ~ 0.5 nM; Lukas et al., 1981). Based on
this experimental evidence and in particular on the
works of Neumann et al. (1986) and Lentz (19995) it
can be concluded that sequence 185-196 from the ol
subunit is the shortest required for o-BTx binding.
This is in agreement with studies using fluorescence
(Pearce and Hawrot, 1990) and NMR (Basus et al.,
1993) spectroscopy where it was found that the a-BTx
molecule undergoes a conformational change upon
binding to the synthetic dodecapeptide o185—196.

Similar segments containing the Cys pair, for
instance 181-200 from both o7 and o8 subunits
and 180-199 from o5, were recognized as important
for o-BTx binding (reviewed in Conti-Fine et al.,
1995). Whether the sequence 180-199 in fact con-
tributes in the cognate native neuronal oS-containing
AChR to a site able to bind o-BTx is unclear. Tak-
ing into account that oS5-containing receptors do
not bind o-BTx, the most reasonable feasibility is
that the binding of «-BTx to the native receptor is
impeded by surrounding structural elements. Ad-
ditional polypeptide studies indicated that two clus-
ters of amino acids positioned at V'88_y!¥_y1%0
and C'?-C'"-P"* are necessary for a-BTx binding
(reviewed in Conti-Fine et al., 1995; Conti-Tronconi et
al., 1994).

Several laboratories have suggested the importance
of aromatic residues at positions homologous to Y'*’
and Ylgo, in addition to C'"? and C'"3, for a-BTx
binding to different «o-BTx-sensitive AChRs (e.g.
muscle-type and o7 receptors) (Balass et al., 1997,
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Lentz, 1995; Scherf et al., 1997). This was corrobo-
rated by substituting Y'** and Y' for Phe and His,
and C'"*'% for Ser, His, or Val, which affected, at
different extents, the binding of «-BTx on the al181-
200 peptide (McLane et al., 1994). Structural changes
on the peptide «181-200 by substituting P'** or P’
with two adjacent Gly residues or by inserting Gly in
between of C'? and C'”* were incompatible with a-
BTx binding (McLane et al., 1994). The same was
observed by replacement of Y'® by either Ala or Gly
(Tzartos and Remoundos, 1990). Other substitutions
such as V1881 or VIS8T, and K'*° or D'° to residues
that maintain or change the charge distribution of the
peptide produced only minor effects on a-BTx binding
(McLane et al., 1994). On the contrary, different mu-
tations on AChR-V'®® greatly affected the binding of
the N. mossambica mossambica short ao-neurotoxin
(Ackerman and Taylor, 1997) (see Table 5). However,
these mutations did not strongly reduce o-BTx binding
(a long a-neurotoxin). In this regard, only long o-neu-
rotoxins have been found to bind with high affinity to
the neuronal-subtype a7 receptor (Servent et al., 1998).

A sequence other than «l185-196 has been also
suggested to be involved in a-neurotoxin binding.
Specifically, the residues within segment 55-74 of the
ol subunit were also identified by the binding of a-
BTx and by antibodies that specifically compete with
cholinergic ligand binding sites (Conti-Tronconi et al.,
1990; Wahlsten et al., 1993). It is interesting to denote
that this sequence also bears the main immunogenic
region 67-76 (reviewed in Conti-Tronconi et al., 1994).
In addition, residue sequence 122—138 of both human
and Torpedo AChRs possess the components for long
and short o-neurotoxin binding (Ruan et al., 1991).
For instance, His'** has been involved in the binding
of a-BTx to either Torpedo or human AChRs (Venera
et al., 1997).

The evidence by using snake a-neurotoxin binding-
polypeptides indicates that both long and short toxins
bind to overlapping but not identical areas on the
AChR.

4.3. Evidence from the mutagenesis approach

Substitutions of several residues on the ol subunit
from the whole receptor also demonstrated the import-
ance of several segments in o-neurotoxin binding
(Table 5). For instance, the F189N mutation in mouse
AChR expressed in fibroblasts caused a 100-fold loss
in o-BTx affinity, whereas the double mutation
WI187N/F189T caused a higher effect (Keller et al.,
1995; Kreienkamp et al., 1994). In particular, the latter
mutation diminished between 580 and 2900 times the
o-BTx affinity for the high-affinity binding site and
between 15 and 180 times for the low-affinity binding
site. In addition, several mutations on either V'®,

Y, P¥7 or D* decreased a-neurotoxin (N. mos-
sambica mossambica) binding affinity at the oy subunit
interface (low-affinity site) (Ackermann and Taylor,
1997). The fact that mutation a1 Y198F did not inhibit
o-BTx binding (Tomaselli et al., 1991) is consistent
with the possible role of this residue on agonist bind-
ing (see loop C in Fig. 3) but not on a-BTx binding.

Although Cys mutagenesis is well tolerated in region
183-197, BrACh or [2-(trimethylammonium)ethyl]-
methanetiosulfonate ~ (MTSET)  modification  of
WI187C, V188C, and F189C, decreased a-BTx binding
by 55-70% (Spura et al., 1999). Furthermore, studies
involving al/a3 chimeric receptors expressed in Xeno-
pus oocytes indicated that substitution of Torpedo ol
residues for their o3 homologous (i.e. W184Y, WI187E,
V1881, Y189K, and T191N) confers significant a-BTx
sensitivity to the intact chimeric receptor (Spura et al.,
1999 and references therein).

Regarding other subunits, each mutation L119C
from either y or € subunit or $L121C following metha-
nethiosulfonate treatment reduced in 50% the number
of o-BTx binding sites, suggesting that these residues
(one from each subunit) are involved in the o-BTx
binding site (Sine, 1997). In addition, the exchange of
vyL119 by Lys, which resembles the thioethylamine
moiety of MTSET, slowed the intrinsic rate of a-BTx
binding to the oy site. Recent results indicate that
both P'”° and E'"® have been considered to confer
high affinity (K4~ 0.1 nM) to the y subunit-containing
site in the fetal AChR, while their homologous resi-
dues T'” and A'7® impart relatively low affinity (K4 ~
100 nM) to the e subunit-containing site in the adult
AChR (Osaka et al., 1999).

Although other mutations such as HI86F and
P194S on the muscle-type AChR (Tomaselli et al.,
1991) as well as S94N, G82E, and W153F on the o-
BTx-sensitive neuronal-type o7 receptor (Galzi et al.,
1991a) also inhibited o-BTx binding, the nature of
these changes remains unclear.

These data support the concept that: (1) the o-neu-
rotoxin molecule interacts with the AChR at multi-
point attachments on a rather large area; and (2) the
residue sequence W'*-D?% which partially overlaps
with loop C (see Fig. 3), is forming the principal com-
ponent of the snake a-neurotoxin binding site.

4.4. Snake a-neurotoxin-resistant AChRs

Taking advantage of the observed naturally-occur-
ring mutations in AChRs from lizards, snakes, mon-
gooses, and hedgehog which are resistant to the action
of a-BTx, a short stretch of 11 residues (187-197) was
proposed to be important in a-BTx binding (Barchan
et al., 1992, 1995; Chaturvedi et al., 1992; Kachalsky
et al., 1995; Kreienkamp et al., 1994). In particular,
Y7 ¥ and P from Torpedo ol subunit were
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Residue mutations on the AChR affecting the binding properties of different a-neurotoxins

623

Mutation Source of AChR Times the pharmacological effect References

Inhibition of Reduction of

o-neurotoxin agonist-induced

binding® channel

activation®
al Subunit
C1928 Torpedo receptor expressed in Xenopus oocytes 60° (Mishina et al., 1985)
C193S 70°
F189N mouse receptor expressed in HEK-293 cells 105 (Kreienkamp et al., 1994)
WI187N/F189T 576 and 154
F189N/S191A no effect
P197H no effect
F189N mouse receptor expressed in HEK-293 cells 106 (Keller et al., 1995)
F189N/P194L 6875 and 225¢
WI187N/F189T 2875 and 181¢
DI111N/FI189N/ 15,625 and 625¢
P194L
WI187N/F189T/ 2188 and 381¢
P194L
P194L 166-211 o Torpedo/TrpE protein expressed in E. coli  high effect® (Chaturvedi et al., 1992
Y 189N high effect®
T191S/P194L high effect®
WIS7E/Y 189K/ high effect®
TI9N
Y190F mouse receptor expressed in HEK-293 cells 500" and 258 (Ackermann and Taylor, 1997)
Y190T 490" and 49¢
VISSK 390" and 202
P1971 69" and 3¢
D200Q 66 and 28
Y93S mouse receptor expressed in HEK-293 cells ohd (Sugiyama et al., 1998)
Y93F 1250
DIS2N 60
V188K 7
Y190T 32™P and 3™
Y198T 2480™° and 16"
o3 Subunit
K185Y a3B2 receptor expressed in Xenopus oocytes 3 (Harvey et al., 1997)
1188K 11
o7 Subunit
WS55R a7/5-HT3 homooligomeric chimera expressed in 3! (Quiram and Sine, 1998a)
HEK-293 cells

S59Q 3!
T77K 10
W55R/S59Q 9
W55R/T77K 19
S59Q/T77K 18!
W55R/S59Q)/ 48!
T77K
B2 Subunit
T59K a3B2 receptor expressed in Xenopus oocytes 4 (Harvey et al., 1997)
v Subunit
Y1116R113 oaPBy> Torpedo receptor expressed in Xenopus oocytes 13,0001 (Chiara et al., 1999)
L119K mouse receptor expressed in HEK-293 cells > gl (Sine, 1997)
P175€T176 a>Byd mouse receptor expressed in HEK-293 cells 36 (Osaka et al., 1999)
E176eA177 16"
E176K 660"
P175€T176/ 290"
E176K
€ Subunit

(continued on next page)
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Table 5 (continued)

Mutation Source of AChR Times the pharmacological effect References

Inhibition of Reduction of

o-neurotoxin agonist-induced

binding® channel

activation®

T176yP175/ a»ed mouse receptor expressed in HEK-293 cells 1180 (Osaka et al., 1999)
A177vyE176
& Subunit
R113yYI111 02B8, Torpedo receptor expressed in Xenopus oocytes  7508™" (Chiara et al., 1999)
S36K/I1178F o0, mouse receptor expressed in HEK-293 cells 1000 (Sine et al., 1995a)
Y113yS111 10

% Values determined by a-neurotoxin equilibrium binding.

® Mutation effect elicited at the low-affinity (ory) binding site of a-CoTx MI on mammalian AChRs.
¢ In these mutations the reduction of a-BTx binding is expressed in percentage.
9 Reduction of o-BTx affinity determined by association kinetics at the oy (low-affinity site) and & (high-affinity site) subunit interfaces, re-

spectively.
¢ High effect means that o-BTx binding is abolished.

f Reduction of a-neurotoxin binding at the low-affinity site (ay or ae subunit interface).
€ Reduction of a-neurotoxin binding at the ad subunit interface (high-affinity site).

" In these cases an enhancement of a-CoTx MI binding is observed.

! These values were obtained by measuring the inhibition of the initial rate of a-BTx binding elicited by the used 0-CoTx.

) In this case an enhancement of
a-neurotoxin N. mossambica mossambica binding is observed.

found to be substituted in snake and mongoose
AChRs.

Binding experiments by using the fragment 122-205
expressed in Escherichia coli corresponding to the o
subunit of several species showed that: (a) the hedge-
hog fragment does not bind «-BTx; (b) the human
fragment is a partial binder; and (c) the shrew and the
cat fragment bind o-BTx (Barchan et al., 1995). Since
residues at positions 187 and 189 from both hedgehog
and human AChRs are not aromatic, it seems likely
that aromatic amino acids at these particular positions
are required for full o-BTx binding. In fact, a-BTx
binding is affected by mutations on the o subunit to
residues found in toxin-resistant animals. For instance,
the results by using a fusion protein consisting on resi-
dues 166211 of the Torpedo ol with the TrpE protein
which is further expressed in E. coli indicated that,
single mutations on the Torpedo ol P'* and Y'® to
the respective Leu and Asn residues found in snake
AChR abolished toxin binding (Chaturvedi et al.,
1992). The same result was found on the triple
exchange of Torpedo ol W', Y and T'"' to the
corresponding o3 amino acids Glu, Lys, and Asn.
Regarding P'*, which putatively induces a B-bend or
turn, its substitution might produce a major confor-
mational change on the «-BTx binding site.

Since these studies were performed in bacteria-
expressed peptides, the role of N-glycosylation has not
been determined. Thus, in order to resolve whether
glycosylation signals (i.e. N-X-S/T) influence or not
toxin binding, different mutations were produced on

fibroblast-expressing muscle-type AChRs (Keller et al.,
1995; Kreienkamp et al., 1994). The introduction of a
glycosylation signal (e.g. FI89N) on the ol subunit
resembling the cobra AChR subunit, expressed in the
presence of wild-type B1, y, and & subunits, showed a
100-fold decrease in a-BTx affinity (Kreienkamp et al.,
1994) (Table 5). However, the nonglycosylatable
FI89N/SI91A double mutation only decreased o-BTx
affinity in two times. In addition, the single substi-
tution W187N, which is present in the mongoose, only
produced a three times less affinity for a-BTx, whereas
the double mutation W187N/F189T, that introduces a
glycosylation signal, inhibited in 580 and 2900 times
the high-affinity binding site and between 15 and 180
times the low-affinity binding site for o-BTx (Table 5).
In conclusion, it has been proposed that glycosylation
signals at residues N'® (mongoose) and N'® (snakes)
is one of the principal causes of a-BTx resistance by
affecting the conformation and stability of AChR-
bound o-BTx (Keller et al., 1995). Indeed, the residue
N'¥7 on the mongoose ol subunit can be glycosylated
(Asher et al., 1998).

These results are in agreement with the fact that the
mutation of three Torpedo residues to snake amino
acids (i.e. WI184F, K185W, and W187S) had no effect
on toxin binding (Kreienkamp et al., 1994). Interest-
ingly, the P194L mutation did not produce an appreci-
able effect on «-BTx binding to mouse AChR-
expressing fibroblasts (Kreienkamp et al., 1994). How-
ever, double or triple mutations containing the glyco-
sylation signal provoked a high effect on both a-BTx
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binding sites (Keller et al., 1995). This latter datum is
in favor of a synergistic effect elicited by L'* on
toxin-resistance.  Finally, experimental evidence
suggests that other N-glycosylation conserved sites
such as alT!%, ySl43 and 8S'*, but not BIT143, con-
tribute to the formation of the «-BTx binding site
(Gehle et al., 1997).

Several animals have developed different degrees of
o-BTx resistance during evolution. Nature’s strategy
includes the introduction of a glycosylation site and
mutations on the o subunit at residues specific for o-
neurotoxin binding but not crucial for the pharmaco-
logical action of small ligands such as the neurotrans-
mitter ACh (e.g. exchange of aromatic residues by
different non-aromatic ones and mutation on Pro).

4.5. Spatial location of snake o-neurotoxin binding sites

The localization of the binding site for «-CTx on the
AChR was determined by means of FRET measure-
ments. By using a-CTx labeled at K** and K* with an
appropriate donor/acceptor pair (fluorescein/rhoda-
mine), an_intramolecular distance between toxins of
about 67 A in solubilized AChRs was found (Johnson
et al., 1984). Interestingly, a higher FRET efficiency
was observed in membrane-associated than in solubil-
ized AChRs, indicating that intermolecular energy
transfer also occurs. Additionally, by using the same
fluorescein-labeled K**-a-CTx as energy donor and the
membrane-partitioned C;g-rhodamine and Cj,-eosin
probes as acceptors, distances between 39 and 45 A
from the toxin binding sites and the membrane surface
were determined (Johnson et al., 1990). Taking into
account the AChR dimensions provided by electron
microscopy at 9 A resolution (Unwin, 1993), and the
size (20 x 30 x 40 A; Walkinshaw et al., 1980) and
orientation (Johnson et al., 1990) of the «-toxin, the a-
toxin molecules should be located close to the outer
perimeter of the AChR at a distance of ~42 A above
the membrane surface. Interestingly, this distance is
almost double than that proposed by Hucho’s labora-
tory (~20 A above the membrane surface; see
Fig. 8(A)) at the Freie Universitit Berlin (Berlin,
Germany) (Machold et al., 1995a; reviewed in Hucho
et al., 1996), and longer than the transverse distance
for the agonist binding sites (30-35 A) (Unwin, 1993,
1996) (see Fig. 5). The observed difference in the pos-
ition of the a-toxin binding site by using either the
FRET or the photolabeling approach may be due to
the fact that the fluorescein-labeled K** residue of N.
naja siamensis (a long a-neurotoxin) is located at a site
opposite from the one for the labeled residue at pos-
ition K*° of N. naja oxiana (a short o-neurotoxin)
(Betzel et al., 1991). It is also possible for the labeled
residue of the toxin to be located, according to the
Off-Axis FRET model (see Fig. 4), at a certain dis-

tance & from the major axis of symmetry of the AChR
(Yguerabide, 1994).

These data underline the importance of the position
of the probe (photoactivatable, fluorescent, etc.)
attached to the a-neurotoxin molecule to determine the
position of the ao-neurotoxin binding sites on the
AChR.

4.6. Structural components of the neuronal bungarotoxin
binding site

K-Neurotoxins comprising k-, k2- and k3-BTx from
B. multicinctus and x-flavitoxin (k-FTx) from B. flavi-
ceps are competitive antagonists of the AChR but pre-
sent a different receptor subtype specificity than that
for a-neurotoxins (reviewed in Chiappinelli et al.,
1996). The overall structure of x-neurotoxins is very
similar to that for a-neurotoxins. Nevertheless, k-neu-
rotoxins differ from o-neurotoxins in their native
aggregation state: while the a-neurotoxin molecule is
monomeric, the k-neurotoxins occur as homodimers
(Dewan et al., 1994). Interactions between F*’ and I*°
are essential for dimer formation (Grant et al., 1997).
The remotion of only one of the five disulfide bonds,
namely the C?’—C3! disulfide, reduces 47-fold the ac-
tivity of the toxin (Grant et al., 1998). Mutagenesis
studies indicated that R*, located near the tip of loop
I1, is the most critical residue for AChR binding and
for inhibition of neuronal transmission (Fiordalisi et
al., 1994; Pillet et al., 1993; reviewed in Chiappinelli et
al., 1996).

From the point of view of neuronal AChR sensi-
tivities to k-BTx, a3B2 is 10 times more sensitive (ICsq
< 0.1 pM) than o4P2 whereas o3B4 is insensitive
(reviewed in Conti-Tronconi et al., 1994). Taking into
account this difference, Luetje et al. (1993) co-
expressed distinct a3/a4 chimeras with the B2 subunit
to demonstrate which residues are related to the k-BTx
binding site. They showed that residue sequences 84—
121, 121-181 and 195-215, but not amino acids 1-84,
from the o3 subunit are involved in k-BTx binding.
Specifically, E'”® corresponding to the o3 subunit
(which is exchanged to P'*® in 02) is the residue form-
ing the k-BTx binding site. This residue has also been
found to be related to the nicotinic binding site in the
chicken o neuronal subunit (Hussy et al., 1994). How-
ever, in addition to the preceding evidence, peptides
51-70 and 1-18 from the o3 NH,-terminal sequence
were demonstrated to bind k-BTx with high affinity
and to inhibit the binding of x-BTx to neuronal-type
AChRs expressed in the rat pheochromocytoma cell
line PC12 (McLane et al., 1990). In addition, peptides
homologous to sequences that bind o-BTx (180—-199
and 183-201) also inhibited 50% of the x-BTx binding
to PCI12 cells. Interestingly, none of the peptides from
the o3 subunit bound o-BTx. The 51-70 peptide
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reduced four times the apparent rate of k-BTx associ-
ation to PCI12 cells. More particulary, several substi-
tutions (but not single substitutions) on two negatively
charged residues E*' and D®® and on several aliphatic
and aromatic amino acids comprising L°*, L*°, and
Y%, lowered the -BTx affinity for this peptide
(reviewed in Conti-Fine et al., 1995). The same basic
requirements have been demonstrated for the k-FTx.
However, the electrostatic interactions between the k-
flavotoxin and the AChR seem to be mediated by posi-
tively rather than negatively charged amino acids at
positions 57, 64, 66, and 68 (reviewed in Conti-Fine et
al., 1995). In this regard, the natural substitution of
residue E*® from the x-FTx molecule by Gln in k-BTx
which are located on loop II might produce a different
overall charge and differences in the spatial arrange-
ment of charged groups. The observed different spatial
arrangement between R from x-BTx and R>? from k-
FTx supports such conjecture.

In addition to the components on the o3 subunit,
the amino terminal half portion (residues 1-121) of the
nicotinic 3 subunit also regulates the kinetics of inhi-
bition of x-BTx (Papke et al., 1993). In this regard,
changing T> to Asp on the P2 subunit, and thus intro-
ducing a negative charge, an increase in k-BTx sensi-
tivity was found (Harvey and Luetje, 1996). On the
contrary, the same mutation does not affect a-cono-
toxin MII binding indicating that p2T° is not shared
by both peptidic antagonists (Harvey et al., 1997).

Taking into account these results together with the
data described in previous sections, we suggest the
existence of homologous but different components for
each a- or k-neurotoxin binding site.

4.7. Conus toxins

The family of small neuropeptides called a-conotox-
ins («-CoTxs) has become one of the most powerful
tools to support the observed nonequivalence between
both agonist/competitive antagonist binding sites on
the AChR. Conotoxins are a mixture of different neu-
roactive compounds found in the venom of several
Conus marine snail mollusk species (for reviews see
Adams and Olivera, 1994; Myers et al., 1993; Olivera
et al., 1990). The principal structural features of o-
CoTxs are shown in Table 6. Most of them exhibit
four Cys residues in the following conservative
arrangements: CCX;CXsC  (the o35 subclass),
CCX4CX;5C (the ay/3 subclass), and CCX4CX5C (the
o4/7 subclass), where each alterned Cys pair forms a
disulfide loop (i.e. loops I and II, respectively)
(Table 6). The three-dimensional structures of a-CoTx
PnlA (Hu et al., 1996), MII (Shon et al., 1997), MI
(Gouda et al., 1997), CnlA and CnlIB (Favreau et al.,
1999), ImI (Maslennikov et al., 1999), and GI (Gehr-
mann et al., 1998; Guddat et al., 1996; Maslennikov et

al., 1998) were determined by using either X-ray crys-
tallography or NMR spectroscopy. These studies have
provided support for the idea that these small triangu-
lar polypeptides achieve their wedge-like structure and
conformational stability by means of disulfide bond-
ing. This and other conformational restraints have
been found to be necessary for effective a-CoTx inter-
actions with the AChR (Ashcom and Stiles, 1997).
Another conformational characteristic is the number
of non-Cys amino acids (X) between cysteines. There
are three and five residues (the o35 subclass), four and
three residues (the oy/; subclass), or alternatively four
and seven residues CCX4CX;C (the oy subclass)
forming the first and the second loop, respectively
(Table 6). The only representative of the o553 sub-
class, which has three Cys bonds, is a-CoTx SII. Ad-
ditionally, a conserved Pro residue is found between
the second and the third Cys on almost all studied a-
CoTxs. The exception is the tA—CoTx family (e.g. aA-
PIVA and oA-EIVA; see Table 6) which has a core
sequence very different to the other subtypes (Han et
al., 1997; Hopkins et al., 1995; Jacobsen et al., 1997).
Most of the characterized a-CoTxs inhibit muscle-
type AChRs (Table 6). Particularly, GI, MI, and STIA
subtypes actively bind to vertebrates including mam-
mals, whereas SI and SII subtypes are more specific
for Torpedo than for mammalian AChRs. For
instance, o-CoTx GI produces tetanic fade at the rat
neuromuscular junction (Blount et al., 1992) and o-
CoTx CnlA blocks the miniature endplate potentials
of a phrenic nerve hemidiaphragm preparation (Fav-
reau et al., 1999). a-Conotoxin-induced displacement
of ['*I]a-BTx binding to the Torpedo AChR presented
the same potency for subtypes SI, MI, and GI. Sub-
type SI appears to bind to a homogeneous population
of a-BTx sites on the Torpedo AChR (Hann et al.,
1994). However, whereas both GI and MI subtypes
bind with high affinity to the d-TC site (ory interface)
of the Torpedo receptor (Groebe et al., 1995; Hann et
al., 1994; Myers et al., 1991; Utkin et al., 1994b), a-
CoTx EI binds to the low-affinity d-TC site (ad inter-
face) (Martinez et al., 1995). Additionally, a-CoTxs of
the subtypes MI, EI, GI, SI, and SIA have high affi-
nity, albeit at different potencies, for the ad site of
BC5-HI cells containing the al,f1yd receptor (Groebe
et al., 1995; Kreienkamp et al., 1994; Martinez et al.,
1995; Sine et al., 1995b). On the other hand, a-CoTx
ImI (Broxton et al., 1999; Johnson et al., 1995; Mcln-
tosh et al., 1994; Pereira et al., 1996; Tavazoie et al.,
1996), both PnIA and PnIB (Fainzilber et al., 1994),
MII (Cartier et al., 1996; Harvey et al., 1997; Tavazoie
et al., 1996), Epl (Loughnan et al., 1998), and AulA-
C (Lester et al., 1998; Luo et al., 1998) block different
neuronal-type AChRs (see Table 6). In this regard, o-
CoTx Iml inhibits both nicotine-evoked mitogenic hor-
mones (e.g. 5-HT) release and human small cell lung
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(Ramilo et al., 1992; Groebe et al., 1995)

(Jacobsen et al., 1997)
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Aplysia: C1™ response; Na™

Eigenmannia (fish)
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BC;H-1
Torpedo
Torpedo
mouse
BC;H-1
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J

GCCGKYONAACHOCGCTVGROOYCDROSGG ¢

GCCCNPACGPNYGCGTSCS

GCCGPYONAACHOCGCKVGROOYCDROSGG ¢

SII (C. striatus)

o353 Subclass
aA-EIVA (C. ermineus)

oA Subclass
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carcinoma proliferation (Codignola et al., 1996), nic-
otinic synapses on B neurons in frog sympathetic
ganglia (Tavazoie et al., 1996), and the a-BTx-resistant
nicotinic response in bovine adrenal chromaffin cells
(Broxton et al., 1999). This toxin has been also found
to discriminate between either the desensitizing or the
sustained Cl'-dependent response in Aplysia neurons
(Kehoe and Mclntosh, 1998). The MII subtype blocks
nicotine-stimulated dopamine release in rat striatal
synaptosomes (Kaiser et al., 1998; Kulak et al., 1997),
nicotinic synapses on C neurons in frog sympathetic
ganglia (Tavazoie et al., 1996), and the slow com-
ponent of embryonic avian ciliary ganglion neurons
(Ullian et al., 1997). The AulB type is the only o-
CoTx from four related peptides tested that blocks nic-
otine-evoked norepinephrine release (Luo et al., 1998).
The ability of a-CoTxs to discriminate between diverse
AChR types may have potential significance for
designing drugs for clinical use.

In order to determine which subunits from the Tor-
pedo AChR are involved in the a-CoTx binding site,
the purified o-CoTx MI was crosslinked with the
AChR by using several bivalent succinimide reagents
(Myers et al., 1991). In addition, two azidosalicylate a-
CoTx GIA derivatives were used for photoaffinity
labeling of the AChR (Myers et al., 1991). These stu-
dies showed that depending on the a-CoTx derivative
used, the specifically labeled AChR subunits were By
or &y (Table 1). More precisely, the labeled sites on
the vy and B subunits were located between residues
121 and 183 and between residues 149 and 225, re-
spectively. In addition, the p-benzoylphenylalanyl de-
rivative of a-CoTx GI labeled the o subunit-containing
interfaces (Kasheverov et al., 1999).

In order to identify the determinants of a-CoTx MI
selectivity, Sine’s laboratory used different &/y chi-
meras and site-directed mutagenesis (Sine, 1997; Sine
et al., 1995b). From these studies it was found that the
elicited high affinity of subtype MI for the o3 subunit
interface of mammalian AChRs is determined by
amino acids S, Y''*, and 1I'”® from the & subunit,
while the elicited low affinity for the oy interface is
determined by residues K3, s LM and F'7? corre-
sponding to the y chain. Since 8Y''? and yS'"'' are
exchanged by Arg and Tyr in the Torpedo AChR,
these two natural mutations may account for the
observed site-specificity between both species. This
idea was corroborated by the fact that the mutation
OR113Y on o,f6, or the exchange YY111R on o,fy,
Torpedo AChRs resulted either in an enhancement or
a decrease in o-CoTx MI affinity, respectively (Chiara
et al., 1999) (Table 5).

By using the same approach, Prince and Sine (1996)
identified pairs yK**/58*¢ and yF'"?/31'”® (loops D and
G in Fig. 3) as primary determinants for CCh selectiv-
ity in mouse AChRs (see Table 3). This result co-

(Jacobsen et al., 1997)
(Hopkins et al., 1995)

1-10

Torpedo
Torpedo

]

]
GCCGSYONAACHOCSCKDROSYCG ¢
]

® g-Conotoxin subclasses o135, Oa/7, and o3 /7 are formed by two disulfide bonds, while aA-CoTx subclass and a-CoTx SII (03/5/3 subclass) have three disulfide bonds.

° These values were obtained by inhibition of ['**IJa-BTx binding except those determined *electrophysiologically or by **bioassays.

4 Amidated COOH-terminus. Instead, a-CoTx SII presents a free COOH-terminus.

% The sequence alignment of the different o-CoTxs is shown in the standard one-letter amino acid code. The letter O represents trans-4-hydroxyproline.
¢ Sulfated residue.

oA-EIVB (C. ermineus)
(C.purpurascens)

aA-PIVA
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incides with that for the a-CoTx MI selectivity. On the
contrary, neither mutation ySI111Y nor d&Y113S
affected CCh affinity, suggesting that agonists and at
least the a-CoTx MI subtype do not share all the same
selectivity determinants.

Since other residues from the o subunit have been
considered to be involved in the agonist/competitive
antagonist binding sites (see Table 2), Sugiyvama et al.
(1998) examined the contribution of some of these resi-
dues to the binding of a-CoTx MI. Mutations oY 190F
and aY189F do not affect a-CoTx MI affinity whereas
the removal of aromaticity by exchanging these resi-
dues for Thr has a marked influence on a-CoTx associ-
ation (Table 5). This suggests that aromaticity may be
required to stabilize the cationic peptide. The effect eli-
cited by mutations on residues Y* (loop A in Fig. 3)
and D'? (loop B in Fig. 3) (Table 5) indicates that
both peptidic and nonpeptidic ligands bind to the
same regional segments of sequence but not to identi-
cal residues.

In order to determine the existence of linkage re-
lationship between mutations from o and d/y subunits,
a mutant cycle analysis was used (Sugiyama et al.,
1998). From this study, a high coupling energy (2.9
kcal/mol) between S*° and I'”® from the & subunit is
demonstrated. On the contrary, a relatively low linkage
(<0.35 kcal/mol) between residues oY?/V'%® and
pairs yK*4/58¢, yS"1/5Y'"? and yF'7?/51'7® is evident.
Taking into account that the energetic contributions to
a-CoTx MI association of amino acids in the a chain
seem to be independent from the ones at the d/y subu-
nits, it is postulated that one of the surface of the neu-
rotoxin molecule interacts with the o subunit whereas
the other surface interacts with the & or the y chain. In
this regard, recent conformational studies by [H']-
NMR spectroscopy suggest that both faces of the o-
CoTx GI are involved in the orientation of the mol-
ecule within the ad subunit interface (Gehrmann et al.,
1998). The binding face of a-CoTx GI, a toxin closely
related to the MI subtype structure, interacts by means
of residues C2, N*, P°, A%, and C’ (from loop I) with
the ol subunit, whereas the selectivity face comprising
amino acids R® and H' (from loop II) is oriented
towards the 6 subunit (the subunit forming the high-
affinity a-CoTx GI locus in mammalian AChRs). Resi-
dues R? and H'® were found to be responsible for the
high differential selectivity and affinity between both
cholinergic ligand binding sites (Groebe et al., 1997;
Hann et al., 1997). More precisely, the mutation R9P
diminished by 330- and five-fold the elicited a-CoTx
GI inhibition of ['*I]a-BTx binding to either the high
(ory) or the low (ad) affinity site, respectively, on deter-
gent-solubilized Torpedo AChRs (Hann et al., 1997).
In addition, the mutation P9R (Hann et al., 1997) or
PI9K (Groebe et al., 1997) on the a-CoTx SI, a toxin
that does not discriminate between both Torpedo

ligand binding sites (see Table 6), restores the selectiv-
ity for the ay interface. The lack of effect of the mu-
tation PY to the neutral residue Ala on the o-CoTx SI
suggests that the cationic group of A’ on the a-CoTx
GI plays a major role in ay selectivity on the Torpedo
receptor. The critical difference between o-CoTx GI
and SI has been ascribed to position 9 (reviewed in
Guddat et al., 1996). For instance, the affinity and
selectivity of a-CoTx SI resembled to that of a-CoTx
GI when the single residue substitution P9K in a-
CoTx SI was performed. The mutation increased the
a-CoTx affinity for the mouse AChR by two orders of
magnitude. The importance of a cationic group con-
ducting high selectivity is remarked by the fact that
mutations on a-CoTx MI K'°, the homologous residue
of A’, produced loss of selectivity (Hann et al., 1997).

Taking into account that neuronal receptors con-
taining the subunit pattern o4p2, o2B2, or a3p4 are
more than 200-fold less sensitive to a-CoTx MII than
a3B2, the determinants of o-CoTx selectivity were
identified by using chimeric and mutant subunits (Har-
vey et al., 1997). Sequence segments 121-181 and 181—
195 from the a3 subunit and 1-54, 54-63, and 63-80
from the B2 subunit were found to be the most import-
ant ones for a-CoTx MII selectivity. More specifically,
residues P2T%, o3K'®, and o31'®® were identified as
determinants for a-CoTx MII sensitivity (see Table 5).
Amino acid a3K'®> may be electrostatically interacting
with E" from a-CoTx MII. An important difference is
that the B2T59D mutation does not affect a-CoTx MII
sensitivity as was determined on k-BTx (Harvey and
Luetje, 1996), indicating that the interaction of o-
CoTx with B2T° is not charge-dependent.

Regarding o-CoTx Iml specificity, pairs oa7W>/
alR>, 078%”/01Q%, and a7T”"/a1K’” have been con-
sidered as components conferring high affinity for o7/
5-HT3R over al/5-HT3R homooligomeric chimera
(Quiram and Sine, 1998a) (Table 5). The third pair has
not been previously described as a ligand component
and may represent a new loop or an allosterically
coupled loop. Experiments performed in parallel evi-
denced that two regions in the a-CoTx ImI molecule
are essential for binding to the «7/5-HT3R chimera
(Quiram and Sine, 1998b): a region comprising resi-
dues D°~P°-R” in the first loop and a second region in
loop II formed by W'°. Since P® is highly conserved
among o-CoTxs, it seems likely that this residue, in ad-
dition to the two disulfide bridges, contributes to struc-
tural rigidity. The charge and side chain length of both
D> and R’ residues as well as the aromatic property of
W!'? seem to be important for the interaction with the
a7 AChR. An important feature of a-CoTx Iml is that
the cationic residue R'! is not important for binding
as it is observed for MI and SI «-CoTx subtypes
which are specific for muscle-type AChRs (Groebe et
al., 1997; Hann et al., 1997; Sine et al., 1998).
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In addition to the above expounded evidence, cross-
linking the AChR with radiolabeled ®-CoTx GVIA,
which has been extensively used as a probe for N-type
neuronal presynaptic Ca’" channels (see review by
Adams and Olivera, 1994; Olivera et al., 1990), the
mainly labeled subunit was ol (Horne et al., 1991).
Since this crosslinking was reduced by Ca’" in the
millimolar concentration range but not by o- or k-
BTx, a-CoTx, or CCh, we would be in the presence of
a novel binding site for w-CoTxs on the AChR «l sub-
unit that is structurally related to the Ca®"* locus. A
specific site that recognizes Ca’" with a K4 of 1 mM
has been found on the AChR ol subunit (Ribsamen
et al., 1978). In accordance with the possibility that
AChR is in fact affected by this particular CoTx, the
nicotine-induced inward current in chromaffin cells
was partially blocked by 1 uM ®-CoTx GVIA (Fer-
nandez et al., 1995; Villarroya et al., 1997). In ad-
dition, other Ca’>" channel blockers such as ©-CoTx
MVIIA and MVIIC subtype, partially inhibited
4Ca’" entry-induced dimethylphenylpiperazinium in
chromaffin cells (Villarroya et al., 1997).

From these results it is evident that: (1) a-CoTxs are
peptides able to discriminate among distinct AChR
subtypes and thus, may be used in combination with
other selective cholinergic ligands to “‘fingerprint”
AChR subtypes in different cells and tissues; and (2)
specific residues in the cholinergic binding site are
energetically coupled with their corresponding pairs in
the toxin stabilizing the a-CoTx-AChR complex.

5. Arrangement of the nicotinic acetylcholine receptor
subunits

Depending on which non-o subunit is located
between both o subunits, the o subunit could be
framed by a combination of yB, dB, or yd pairs (for
models of subunit organization see review by Fair-
clough et al., 1993). One model where Y5 is inserted
between both o subunits was proposed on the basis of
crosslinking of subunits image reconstruction tech-
nique (Kistler et al., 1982), image analysis of tubular
crystals from 7. marmorata (Toyoshima and Unwin,
1990), and cholinergic agonist-dependent toxin cross-
linking to AChR subunits (Hamilton et al., 1985).
With the same basic approach, the high-affinity ACh
binding site was located at the «d pair and the low-affi-
nity site at the oy pair, in an arrangement where the 8
subunit is in between the two o subunits, and the high-
and low-affinity ACh binding site-containing o subu-
nits are in front of the y and & subunits, respectively
(Chatrenet et al., 1990). The localization of the § subu-
nit in between the o chains received support by the use
of electron microscopy and the antibody 247G which
is considered to be a possible marker of the d-TC

high-affinity binding site (i.e. the ay interface) (Fair-
clough et al., 1993). However, it is necessary to take
into consideration that specific antibodies against the
agonist high-affinity binding site provoke a great con-
formational change on the overall AChR structure and
particulary on the agonist low-affinity binding site
(Valenzuela et al., 1994b). Thus, we should be very
careful in generating models based on the interpret-
ation of experiments by using monoclonal or polyclo-
nal antibodies.

By using d-TC as a probe to label the competitive
antagonist binding sites on the AChR, either the & or
the y subunit were inferred to reside between both o
subunits (Pedersen and Cohen, 1990). By means of
other experimental evidence, Hucho’s group has pro-
posed that the y subunit is located between the two o
chains in an arrangement oyadB (Machold et al.,
1995c¢; reviewed in Arias, 1997; Hucho et al., 1996). In
Fig. 6, we show the most plausible arrangement of the
muscle-type AChR subunits.

For the case of neuronal-type AChRs where the
existent subunits are o and B (or non-a), one of the
most abundant receptors in the brain has the stoichi-
ometry a,B; (reviewed in Arias, 1997, 1999). In almost
all cases the AChR-forming o subunit subtype is the
same but eventually, two different o chains coexist in
the same receptor. In this context and by analogy with
the muscle-type AChR, we can assume that neuronal-
type AChRs possess a pseudo-five-fold symmetry with
one of the B subunits in between both o chains. This
picture is not valid for o7 and probably for a8 and o9
subunits since each one of them yielded functional
channels when they were expressed in Xenopus oocytes.
Nevertheless, in vivo they might be assembled with
unidentified subunits. In this regard, o7 and a8 subu-
nits have been found to coassemble to form hetero-
mers in chick retina (Keyser et al., 1993).

In conclusion, the most probable subunit arrange-
ment for the muscle-type AChR is ayadf in a clock-
wise manner.

6. Agonist binding sites—directed antibodies
6.1. Polyclonal and monoclonal antibodies

Since agonists bind to the o subunit and compete
with the binding of neurotoxins, both agonists and
neurotoxins are considered to bind at overlapping sites
(for a review see Conti-Tronconi et al., 1994). One
alternative approach to study this issue is the use of
polyclonal and monoclonal antibodies raised against
the AChR to characterize the binding site for agonists
and neurotoxins. Monoclonal antibodies have been of
fundamental importance in the elucidation of the fol-
lowing. (1) The synthesis, assembly, and transmem-
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brane topology of AChR subunits (e.g. Watters and
Maelicke, 1983; reviewed in Conti-Fine et al., 1996).
(2) The localization, structure, and pharmacological
properties of agonist binding sites (e.g. Fairclough et
al., 1993). (3) The differences between neuronal AChR
subtypes (for a review see Lindstrom, 1986); (4) AChR
ion channel activation (Bufler et al., 1996, 1998). (5)
The AChR conformational changes elicited by the
same antibodies (Tamamizu et al., 1996; Valenzuela et
al., 1994b). For example, monoclonal antibodies raised
against native Torpedo (Conti-Tronconi et al., 1990;
Watters and Maelicke, 1983) and mouse (Goldberg et
al., 1983; Mochly-Rosen and Fuchs, 1981) AChRs, as
well as polyclonal antibodies raised against native
human AChRs, are mutually exclusive with o-BTx and
cholinergic ligand binding. In addition, monoclonal
antibodies directed against Torpedo AChR, on both
solubilized and bound states, partially overlap with
agonist and competitive antagonist binding sites (Wat-
ters and Maelicke, 1983).

Interestingly, WF6, a monoclonal antibody directed
against the agonist binding sites, activates the AChR
ion channel in the nanomolar concentration range
(Bufler et al., 1996). Antibodies purified from myasthe-
nic patients blocked the peak ACh current amplitude
(Bufler et al., 1998). Functionally, rat antisera directed
against a synthetic peptide corresponding to «183-200
from Torpedo AChR, decreased the amplitude of min-
iature endplate potential in rat skeletal muscle. This is
in agreement with the fact that the monoclonal anti-
body 247 inhibits the opening of the AChR ion chan-
nel (Tamamizu et al, 1996). Opposite to this,
monoclonal antibodies, directed against a synthetic
peptide corresponding to the sequence 173—-204 of the
ol subunit from 7. californica, did not interfere with
o-BTx binding and vice versa (Preston-Hurlburt et al.,
1990). Probably, this divergence is due to the necessity
of an appropriate tertiary folding of the o chain for
the obtention of specific antibodies. The fact that the
affinity of o-BTx for denatured, proteolized, or syn-
thetic o segments is several orders of magnitude lower
than that for native AChR is in agreement with this
idea (Gershoni, 1987; Neumann et al., 1986).

It is known that the region flanking loop C'*'%? is
specifically involved in agonist binding. For example,
reduction of disulfide (Criado et al., 1986; Walker et
al., 1984) or mutation of C'? or C'”* (Mishina et al.,
1985) affected cholinergic binding but did not signifi-
cantly affect ['*°I]a-BTx binding (see Tables 2 and 5).
In addition, the labeling of AChR by high concen-
tration of BrACh for a long period after sodium boro-
hydride reduction was not affected by a-BTx treatment
(Dunn et al., 1993). Thus, in order to localize this im-
portant region, Fairclough et al. (1993) used the
monoclonal antibody 383C. This antibody presents a
stoichiometry of one binding site per AChR, comple-

tely inhibits «-BTx binding, blocks CCh binding to
only one site, does not produce significant changes on
d-TC affinity, and binds to peptide «187-199. The
results from X-ray diffraction analysis are in agreement
with the location of 383C at the top of the extracellu-
lar region of the AChR.

The regions bordering the pair contain the
major elements of the binding site for the monoclonal
antibody WF6 (Conti-Tronconi et al., 1991; reviewed
in Conti-Fine et al.,, 1996). In particular, residues
W7 Tl pl% D% and Y have been identified.
Interestingly, WF6 competes with agonist binding on
the AChR but not with the binding of small antagonist
molecules (Conti-Tronconi et al., 1990). The locus for
this antibody and for FK1, were recently found to be
neighbors on the o subunit of the Torpedo AChR
(Schroder et al., 1994). More precisely, the sequence
regions 118—145 and 181-200 are the epitopes for the
FK1 antibody. The synthetic polypeptide encoding
residues 118-137 displayed the highest FK1 binding
affinity. The attachment points for both FKI1 and
WF6 antibodies were considered to be distinct by
using analogues of the 181-200 sequence containing
one substituted residue.

Different interactions between the monoclonal anti-
body 5.5 and o-BTx on agonist binding to mouse and
mongoose o subunits were also demonstrated
(Kachalsky et al., 1993). This indicates that these two
polypeptides recognize different moieties within the
agonist binding site. This concept is in agreement with
the accelerated dissociation of toxin-AChR complexes
elicited by large concentrations of small cholinergic
ligands (Kang and Maelicke, 1980 and references
therein) and with the observed partial competence
between antibodies from the serum of myasthenic
patients and nicotinic ligands on chicken embryo myo-
genic cultures (Fulpius et al., 1980).

In conclusion, the use of antibodies directed to the
agonist/competitive antagonist binding sites has
allowed to elucidate the existence of either separate
loci for small cholinergic agents and toxins or ad-
ditional agonist sites (noncompetitive agonist) that
interact allosterically with the agonist binding sites.

192-193
C

6.2. Antibody-induced global conformational changes in
the AChR

Pharmacological and biochemical evidence indicate
that monoclonal antibodies would induce significant
structural changes in the AChR. For example, a
monoclonal antibody raised against the o subunit
blocked ligand interaction to the ACh binding sites
(Fels et al., 1986). In this regard, we have studied the
effect of two monoclonal antibodies, A6 and BI, that
specifically recognize the high- and the low-affinity
ACh binding site on the AChR, respectively (Valen-
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zuela et al., 1994b) (see Fig. 5). These antibodies were
used to direct the binding of dansyl-Cg-choline to the
unblocked ACh binding site. Then, FRET and
quenching techniques were used to assess the anti-
body-induced changes in the distance between AChR-
bound dansyl-Cg-choline and the membrane surface.
By using the Off-Axis FRET model (see Fig. 4), trans-
verse distances of 39 and 31 A were obtained between
the two dansyl-C4-choline binding sites (without anti-
bodies) and the respective membrane-partitioned lipid
probes Cig-rhodamine and Cj,-eosin (Valenzuela et
al., 1994a). In the presence of the antibody that recog-
nizes the high-affinity ACh binding site (A6), the deter-
mined transverse distance between the low-affinity
ACh binding site and the surface membrane was
nearly nil. On the contrary, in the presence of the anti-
body that specifically binds to the low-affinity ACh
binding site (B1), the distance between the high-affinity
ACh binding site and the surface membrane was prac-
tically the same as the one found without antibodies:
31 and 40 A by using C,g-rhodamine or C,,-eosin, re-
spectively. This dramatic difference suggests that the
A6 antibody induced the unblocked site move in close
proximity to the lipid membrane.

This effect was corroborated by using the relative
ability of 5-doxylstearate (5-SASL), a short-range lipo-
philic quencher, to reduce the emission of AChR-
bound dansyl-Cg¢-choline fluorescence (Valenzuela et
al., 1994b). In the absence of antibodies, 5-SASL
quenching effectiveness was 160-fold lesser for the
specifically bound dansyl-Cg-choline fluorescence than
for membrane-partitioned C;g-rhodamine fluorescence.
In the presence of A6, an increase of 45-fold in the
dansyl-C¢-choline quenching constant was found after
correction for the A6-induced adsorption of 5-SASL.
In addition, the increase in the dansyl-Cg-choline
quenching constant was seven times in the presence of
B1. However, whereas the magnitude of the 5-SASL
accessibility to AChR-bound dansyl-C4-choline in the
presence of A6 was within a factor of two of its acces-
sibility to the membrane-partitioned C;g-rhodamine
probe, the 5-SASL accessibility to AChR-bound dan-
syl-Cg-choline in the presence of Bl was still 27-fold
lower than that for the same lipid probe. Although the
results clearly showed that A6 induced proximity of
the antibody-free agonist binding site to the membrane
surface, the mechanism by which A6-induced struc-
tural changes on the AChR is unknown.

A possible model where there is either a (1) full or
(2) partial movement of the AChR is illustrated in
Fig. 9.

1. A full movement of the AChR would imply either
(a) a specific rotation of its major symmetry axis or
(b) a transverse motion of its extracellular domain
into the lipid membrane. Both possibilities would

(A) FULL CHANNEL MOVEMENT

7
(a) Specific Rotation (b) Transverse Movement

(B) PARTIAL CHANNEL MOVEMENT

Fig. 9. Schematic representation of the possible effect of the mono-
clonal antibody A6 on the AChR (modified from Valenzuela et al.,
1994b). (A) Two types of possible full movements of the AChR that
would result in the motion of the low-affinity ACh binding site (rep-
resented here with a filled rectangle) in close proximity to the lipid
membrane are despicted: (a) A specific rotation of the AChR about
its major symmetry axis that would make it appear tilted. (b) A
transverse movement of the AChR as if the protein had been pushed
into the lipid membrane. (B) Possible partial movement of the
AChR induced by A6. In this case, only a portion of the AChR,
which includes the low-affinity ACh binding site, folds back like a
flower petal into the lipid membrane.

shift extracellular and perhaps cytoplasmic domains
into the lipid membrane concomitantly with ex-
posure of AChR transmembrane domains to extra-
cellular and cytoplasmic space (Fig. 9(A)). In this
case, very large areas of normally hydrophilic sur-
faces would have to be converted into hydrophobic
surfaces, and vice versa.

2. A partial movement would involve a folding or
peeling back, like a flower petal, of a portion of the
AChR into the lipid membrane (Fig. 9(B)). Viewed
thermodynamically, case (1) would appear to be
energetically more expensive than case (2). Thus,
the more plausible physical interpretation of the
results is that the monoclonal antibody A6 induced
a partial motion of the AChR. An additional con-
clusion is the significant flexibility of the AChR pro-
tein or at least of the area of the receptor that
forms the low-affinity ACh binding site. This dis-
tinctive flexibility between both ACh binding sites
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might be, at least partially, responsible for the
observed differences in agonist affinities.

In agreement with the monoclonal antibody A6-
induced movement, both the monoclonal antibody 387
which inhibits 20% the AChR single-channel ampli-
tude, and the monoclonal antibody 247, which binds
to the oy subunit interface and blocks ion channel ac-
tivity, elicits the transition between the resting and
desensitized states as monitored by the extent of
decreased labeling by the photoreactive probe and
high-affinity NCI 3-(trifluoromethyl)-3-(m-['**IJiodo-
phenyl)diazirine (Tamamizu et al., 1996). These anti-
bodies would serve as valuable tools because they are
able to decouple agonist binding from channel open-
ing. Opposite to this, the monoclonal antibody 370,
which binds to both agonist sites, neither alters single-
channel behavior nor produces any AChR structural
transition.

These studies indicate that the binding of mono-
clonal antibodies to the agonist binding sites induces a
major conformational change in the AChR. Thus,
precaution in the use of monoclonal antibodies for
structural studies should be considered.

7. Noncompetitive agonists

7.1. Localization of the noncompetitive agonist binding
site

Experimental evidence by using pharmacological
and electrophysiological approaches indicated that
neuromuscular transmission is affected by AChE in-
hibitors. Definitive evidence supports a direct inter-
action of classical AChE inhibitors such as carbamates
and oximes with sites on the AChR (reviewed in Arias,
1997). At high concentrations (i.e. >100 uM), these
compounds affect the kinetics of the AChR by acting
as NCIs. The principal site of action of these drugs
on the AChR seems to be the ion channel and the
binding site would be located half-way across the
membrane. Other cholinergic properties elicited by
different AChEIs were also observed (reviewed in
Arias, 1997). For instance, ecothiopate, soman, sarin,
O-ethyl  S-[2-(diisopropylamino)ethyllmethyl  phos-
phoenolthiolate, edrophonium, and diisopropylfluoro-
phosphate seem to enhance the rate of AChR
desensitization in the micromolar concentration
range. Whereas paraoxon, phospholine, diisopropyl-
fluorophosphate, aminocarb, aldicarb, monocroto-
phos, dicrotophos, azinphos-methyl, and dichlorvos
compete for the agonist binding sites at higher
concentrations.

Despite the above description of the cholinergic
properties elicited by reversible and irreversible AChE

inhibitors on the AChR, a more complex picture was
observed for certain compounds that activate the
AChR by means of a weak agonist cholinergic activity
(reviewed in Alburquerque et al., 1997; Arias, 1997;
Maelicke et al., 1995a). For instance, the major alka-
loid of the calabar bean Physostigma venenosum Bal-
four, (—)-physostigmine (also named eserine; see
molecular structure in Fig. 2), in addition to its non-
competitive inhibitory property (Canti et al., 1998;
Clarke et al., 1994), has been reported to induce at
low concentrations (i.e. 0.1-10 uM) cation flux on
both muscle (Pascuzzo et al., 1984) and Torpedo
(Okonjo et al., 1991) receptors, and to enhance 4-[N-
[(acetoxyethyl]-N-methylamino]-7-nitrobenz-2-oxa-1,3-
diazole (NBD)-labeled AChR fluorescence (Dunn and
Raftery, 1993). Such effects were observed even in the
presence of saturating concentrations of ACh or com-
petitive antagonists such as d-TC, o-BTx, o-CTx,
DHBE, methyllycaconitine, and mecamylamine
(Alkondon and Alburquerque, 1991; Dunn and Raf-
tery, 1993; Kuhlmann et al., 1991; Okonjo et al.,
1991). Interestingly, the agonist-like features of these
molecules was inhibited by the monoclonal antibody
FK1 (Okonjo et al., 1991). The same basic results were
obtained on both Torpedo and neuronal receptors by
using electrophysiological techniques (Pereira et al.,
1993, 1994; Schrattenholz et al., 1993a,b; Shaw et al.,
1985; Sung et al., 1998; Van den Beukel et al., 1998).
This pharmacological property was found in several
AChR-containing tissues and cells (Schrattenholz et
al,, 1993a and references therein). In addition, the
same pharmacological characteristics as the ones of
eserine were found for the classical antagonist benzo-
quinonium on neuronal AChRs (Pereira et al., 1993;
Schrattenholz et al., 1993a), for the snowdrops plant
alkaloid galanthamine in the a4B2 subtype (Pereira et
al., 1994; Schrattenholz et al., 1993a), and for the mor-
phine derivative codeine which does not bind to the
AChE (Storch et al., 1995) (see molecular structures in
Fig. 2).

Other carbamates with tertiary amines such as pyri-
dostigmine and neostigmine, and the noncarbamate
edrophonium also have the capability of AChR acti-
vation but at higher concentration ranges than (—)-
physostigmine (Akaike et al., 1984; Alburquerque et
al., 1985). However, ecarlier evidence indicated that
these compounds blocked ACh binding to AChR (Sei-
fert and Eldefrawi, 1974). Interestingly, benzoquino-
nium enhanced the binding of the high-affinity NCI
histrionicotoxin to the AChR ion channel in the
absence of agonists, indicating that benzoquinonium
may activate and subsequently desensitize the receptor
(Pereira et al., 1993). The noncompetitive agonists
desensitize the AChR much weaker than classical ago-
nists (Pereira et al., 1993, 1994; Storch et al., 1995).
Moreover, (—)-physostigmine protects the AChR from
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the desensitizing properties of cholinergic agonists
(Maelicke et al., 1997).

The stoichiometry of the (—)-physostigmine binding
site was found to be two per receptor by photoaffinity
labeling and equilibrium binding experiments (Mae-
licke et al., 1995a,b; Schrattenholz et al., 1993a).
Regarding the specific localization of this novel non-
competitive agonist binding site, (—)-physostigmine
has been shown to label to residue K'?* from the
sequence 109—151 of the al subunit (Schrattenholz et
al., 1993a) (Table 1). The noncompetitive agonist site
overlaps, at least partially, with the binding site for the
monoclonal antibody FK1 (Pereira et al., 1994; Schrat-
tenholz et al., 1993b; Storch et al., 1995). This binding
site is located, by means of hydrophobicity profile, in
an amphipathic domain at the extracellular region of
the AChR which may form a B-pleated sheet domain
(Stroud et al., 1990). A similar secondary structure
using newer and better prediction methods was also
obtained (Le Novere et al., 1999). Taking into account
that these agonist noncompetitive molecules are rela-
tively hydrophobic, their binding sites are assumed to
be located at the bottom of a gorge in between of the
hydrophobic segments 118—124 and 130-137 of the al
subunit. In addition, a nitrogen that is charged at
physiological pH and that is located at an appropriate
distance from the phenolic hydroxyl seems to be a
structural requirement for these molecules (see Fig. 2).
It has been suggested that the binding sites for the
monoclonal antibodies FK1 and WF6, (—)-physostig-
mine, and ACh are located in neighboring domains
(Schroder et al., 1994). Interestingly, the residues
around K'?* are conserved in most o subunits but are
absent in non-o subunits (Pereira et al., 1993a,b).

The labeling results suggest that noncompetitive
agonist molecules interact with residue K'?* located on
the o1 AChR subunit.

7.2. Physiological function of noncompetitive agonists

The physiological role of the noncompetitive agonist
binding site is still unknown. An important question is
whether these compounds may activate macroscopic
currents as ACh or other cholinergic agonists do. In
this regard, (—)-physostigmine (or galanthamine or
codeine)-evoked macroscopic currents were found
neither in muscle nor in neuronal cells even when
applied at relatively high concentrations (Maelicke et
al., 1997; Storch et al., 1995). A reasonable expla-
nation is that the AChR activation mediated by (—)-
physostigmine is produced at concentrations such that
they also block ion channel flux. Additional evidence
suggests that the inability to produce sizable whole-cell
currents is due to both very short mean open times
(fractions of milliseconds) and very low frequencies of
channel openings.

Another question still remains: is there synergism
between classical agonists and noncompetitive agonists
to activate the AChR? Indeed, noncompetitive agonists
seem to increase both the frequency of single-channel
episodes and the amplitude of submaximal whole-cell
currents activated by classical cholinergic agonists
(Schrattenholz et al., 1996). In other words, the bind-
ing of noncompetitive agonists induces a confor-
mational change on the AChR that facilitates the
conversion from the resting to the open channel state
elicited by ACh. An attractive hypothesis is the exist-
ence of an endogenous molecule that modulates the
pharmacological action of ACh on AChRs upon bind-
ing to this unique site. Searching for such endogenous
noncompetitive agonist indicated 5-HT (see molecular
structure in Fig. 2), which has been recognized as an
endogenous NCI (reviewed in Arias, 1998a,b), as a
possible candidate. 5-Hydroxytryptamine was shown
not to be able to directly activate AChRs but to inhi-
bit the effect of (—)-physostigmine as well as to
potentiate the pharmacological effect of ACh (Mae-
licke et al., 1997; Schrattenholz et al., 1996). More-
over, the mutated M2T247L a7 receptor was found to
be activated by 5-HT in the submicromolar concen-
tration range without the presence of any other agonist
(Palma et al., 1996b, 1997). This pharmacological attri-
bute resembles to that found for the co-agonistic prop-
erty of both glycine on aspartate-activated N-methyl-
D-aspartate subtype of GluR (reviewed in McBain and
Mayer, 1994) and benzodiazepines on GABAARs
(reviewed in McDonald and Twyman, 1992). This evi-
dence supports the conjecture that certain neurotrans-
mitters specific for one receptor class may behave as
modulating ligands for another receptor category
(reviewed in Arias, 1998b). This could be a general
mode of control in the nervous system.

The suggested AChR activation by means of
another pathway distinct from those for the classical
agonist ACh has been presently considered to be unli-
kely. Nevertheless, the mode by which noncompetitive
agonists inhibit the AChR desensitization process
might have the putative function of regulating the
stability of desensitized AChRs thereby protecting the
synapse activity from pathological situations where a
long lasting pulse of high ACh concentration exists
and thus, the transmutation from the desensitized to
the resting state is very slow. The most convincing hy-
pothesis for the function of a putatively endogenous
noncompetitive agonist is to elicit an allosteric modu-
lation by means of the co-activating properties of this
molecule on agonist-stimulated AChRs.

An important consequence of the interaction of eser-
ine with neuronal AChRs is the observed enhancement
in memory in Alzheimer’s disecase (Thal et al., 1983)
and cognition (Starter, 1991). More recently, the
increase in the number of a4f2 receptors elicited by
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chronic treatment with 1,2,3,4-tetrahydro-9-amino-
acridine (tacrine), a reversible AChE inhibitor used to
improve cognitive function in Alzheimer patients, has
been considered to be achieved through interaction
with a binding site on the AChR different to that for
nicotine (Svensson and Nordberg, 1996). In addition,
tacrine has been also demonstrated to behave as a
NCI (Canti et al.,, 1998; Clarke et al., 1994). The
observed high efficacy of heptylphysostigmine and
phenserine, both (—)-physostigmine derivatives, to
enhance learning performance on aged animals (Ikari
et al., 1995 and references therein) might be mediated,
in addition to its inhibitory effect on AChE, by the in-
teraction of these drugs with the noncompetitive ago-
nist binding site. In this regard, the synthesis and
chemical characterization of new molecules acting at
this particular locus will be of therapeutic importance
for the treatment of neurodegenerative diseases such as
Parkinson’s paralysis, myasthenia gravis, several
myasthenic syndromes, and Alzheimer’s dementia
(reviewed in Maelicke and Alburquerque, 1996).

The above results suggest that 5-HT may act as co-
agonist of several AChRs to enhance the elicited phar-
macological action of cholinergic agonists.

8. Conclusions

The expounded information of this review supports
the concept that the AChR is an allosteric protein
with multiple overlapping ligand binding sites. Several
models for the localization and organization of differ-
ent binding sites were depicted. Since these model were
developed mostly from biochemical data, additional
quantitative structural studies such as X-ray crystallo-
graphy and NMR will be necessary to corroborate the
correctness of these models.

The agonist and competitive antagonist binding sites
are found at the interfaces of two AChR subunits. The
link between specific subunits by means of the binding
of ACh molecules might play a pivotal role in the rela-
tive shift among receptor subunits. This conformation-
al change would allow the opening of the intrinsic
receptor cation channel transducting the external
chemical signal elicited by the agonist into membrane
depolarization. In addition to this basic knowledge-
ment, the discernment of the specific structural com-
ponents that drive the binding of each cholinergic
ligand will be important for the development of new
and better drugs that help to alleviate several neuro-
logical disorders.
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