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Abstract. A three-dimensional model of the 5-HT;
receptor extarcellular domain has been derived on the
basis of the nicotinic acetylcholine receptor model
recently published by Tsigelny et al. Maximum comple-
mentarity between the position and characteristics of
mutated residues putatively involved in ligand interac-
tion and the pharmacophoric elements derived by the
indirect approach applied on several series of 5-HT;
ligands have been exploited to gain insights into the
ligand binding modalities and to speculate on the
mechanistic role of the structural components. The
analysis of the three-dimensional model allows one
to distinguish among amino acids that exert key roles
in ligand interactions, subunit architecture, receptor
assembly and receptor dynamics. For some of these,
alternative roles with respect to the ones hypothesized by
experimentalists are assigned. Different binding modal-
ities for agonists and antagonists are highlighted, and
residues which probably play a role in the transduction
of binding into a change in conformational state of the
receptor are suggested.
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1 Introduction

The 5-HT; receptor (5-HT3R) is a member of the cysteine
(Cys)-loop family of ligand-gated ion channels (LGICs),
which includes the nicotinic acetylcholine recep-
tor(nAChR), the y-aminobutiric acid type A receptor
(GABAAR) and the glycine receptor (GlyR). These
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receptors play key roles in fast synaptic transmission
through the nervous system. Agonist binding and
channel gating occur at topographically distinct sites
within the receptor molecule; therefore, a signal triggered
by specific neurotransmitter molecules is converted into
the opening of a cation-selective ion channel (5-HT;R
and nAChR) or an anion-selective (GABAAR and GlyR)
ion channel, via propagated conformational changes [1].

Despite the absence of X-ray crystallographic data,
a three-dimensional image of the nAChR has emerged
from electron microscopy data [2] and further informa-
tion with respect to the agonist/antagonist binding sites,
the ion channel and its selectivity filter have been derived
by photoaffinity labelling and site-directed mutagenesis
studies [3].

The high degree of homology of the Cys-loop recep-
tors suggests that they might share common secondary,
tertiary and quaternary structures. Moreover, experi-
mental evidence for the same mechanism of coupling
agonist binding to channel opening have been provided
by a nAChR and a 5-HT;R chimera [4].

Evidence for a rapid equilibrium among several
functional states of the receptors (resting, active and de-
sensitized) affected by reversibly binding ligands has been
provided for the nAChR. In the resting state the receptor
has low affinity for agonists and the channel is closed.
Upon binding of agonists, the active state shows high
probability for the channel opening. Finally, the desen-
sitized state predominates after long agonist exposure;
the affinity for agonists is the highest but the channel is
closed. The resting and desensitized states are character-
ized by a different structure of the nAChR binding site [1].

The receptors are constituted by assemblies of five
heterosubunits or homosubunits surrounding a central
transbilayer pore. Each subunit has a large N-terminal
extracellular domain, four putative transmembrane
segments and an intracellular domain. Composite ligand
binding sites, conserved throughout the Cys-loop re-
ceptor superfamily, are located at the interface of two
subunits, formed by residues belonging to two compo-
nents [5]. The transition to an open, active state of the



nAChR seems to be favoured by the occupation of two
agonist binding sites, but a ligand-receptor complex
with a stoichiometry of 1:1 seems to be sufficient for the
homomeric [6] 5-HT3R function [7].

In parallel with the experimental approaches, efforts
have been made to predict the secondary structure of the
individual nAChR subunits with computational tech-
niques [8, 9]. However, three-dimensional models of the
extracellular domain have been derived, so far, only for
the nAChR [10] and for the glycine receptor [11].

We have been involved for several years in the design,
synthesis and pharmacological evaluation of 5-HT;R
ligands based on the arylpiperazine, quinuclidine and
tropane structures [12, 13, 14] Extensive quantitative
structure—affinity relationship studies carried out on the
isolated ligands (indirect approach) resulted in a four-
component pharmacophoric model shared by all the
classes of compounds studied, involving

1. A charge-assisted hydrogen bond or an ionic inter-
action between the positively charged head of the
ligand and a negatively charged carboxylic amino
acid residue in the receptor.

2. A hydrogen-bonding interaction between a ligand
acceptor atom (nitrogen or oxygen) and a hydrogen-
bond donor in the receptor.

3. A specific interaction between an aromatic ring and a
suitable amino acid residue in the receptor.

4. A zone in which short-range (e.g. van der Waals)
interactions take place.

Since the series of ligands studied are constituted by
both classical 5-HT;R antagonists which contain the
generally recognized pharmacophore (i.e. basic nitrogen,
carbonyl group and aromatic ring) and atypical 5-HT;R
antagonists (a heterocyclic nitrogen atom replaces the
carbonyl group) the interrelation between these different
classes in the interaction with the receptor is far from
obvious [12]. Moreover, peculiarities observed in the
structure—affinity/activity relationships obtained for
stereoselective ligands cannot be explained by an indirect
approach applied on isolated ligands, although the main
differences in their binding modes were somewhat taken
into account in the supermolecule approach used in a
recent study.

In fact, speculations on the details of the interaction
mechanisms of stereoselective ligands can only be made
on the receptor—ligand complexes (direct approach) ob-
tained by performing suitable docking experiments on a
working model of the central 5-HT;R.

In this study, we derive a three-dimensional model of
a 5-HT;R extracellular domain fitting all the experi-
mental information available to date on the nAChR
model, recently published by Tsigenly et al. [10], which
has been chosen as a template.

Maximum complementarity between the position
and characteristics of mutated residues putatively
involved in ligand interaction and the pharmacophoric
elements derived by the indirect approach applied on
several series of 5-HTj3 ligands have been exploited to
gain insight into the ligand binding modalities and
to speculate on the mechanistic role of the structural
components.
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2 Methods

2.1 Homology modelling

Sequences of the 5-HT3R, the nAChR, the GABAAR and GIyR
were extracted from the EMBL protein sequence database and
sequence alignment was achieved by means of the CLUSTALW
program [15]. The atomic coordinates of the nicotinic receptor
extracellular domain model, which we used as a template, were
supplied by Taylor [10]. Homology modelling was performed using
the program MODELLER [16]. The program deduces distance
and angle constraints from the template structure and combines
them with energetic terms for an adequate stereochemistry in an
objective function which is later optimized in the Cartesian space
with conjugate gradients and molecular dynamics (simulated
annealing) methods. Fifteen conformations of the 5-HT3R were
generated through randomization of the Cartesian coordinates,
with a deviation of =4 A. The models obtained show appreciable
differences only in the conformation of loop 130-140, which is the
only region where deletion occurred with respect to the template
structures.

2.2 Refinement and analysis of the three-dimensional structures

Energy minimization was performed for each of the fifteen models
using the program CHARMM [17]. The minimization procedure
consisted of 50 steps of steepest descent, followed by a conjugate
gradient minimization until the root-mean-square gradient of the
potential energy was less than 0.001 kcal/molA. The united atom
force-field parameters, a 12-A nonbonded cutoff and a dielectric
constant € = 4r were used.

The choice of the best model obtained, among the ones gener-
ated by randomization of the Cartesian coordinates, was guided by

1. Evaluation of the overall fold and sidechain packing of the
models provided by the Protein Health utility implemented
in QUANTA (Molecular Simulations, 200 Fifth Avenue,
Waltham, MA 02154, USA).

2. A quality factor furnished by the WHAT IF program [18],
which assesses how normal or abnormal each sidechain
environment is with respect to the average packing environment
for all the residues of the same type in highly resolved Protein
Data Bank structures.

3. Evaluation of the models against experimental structure/func-
tion data.

Results and discussion

The sequence alignment of the nAChR, GlyR, GABAAR
and 5-HT;R subunit extracellular portions obtained with
the CLUSTALW program [15] is shown in Fig. 1.

Comparative modelling efforts have been focused, up
to now, on the derivation of three-dimensional models
for the extracellular portion of the nAChR [10] and the
GlyR [11]. The model of the nAChR extracellular do-
main [10] was derived using the sequence homology of
the individual subunits with copper-binding protein of
known crystal structure (plastocyanin and pseudoazu-
rin), while the GlyR model [11] was based on a signifi-
cant match with the SH2 and SH3 domains of the biotin
repressor structure. For both models, conformance with
a large number and variety of experimental data, such as
site-specific mutagenesis, antibody mapping, and site-
directed labelling studies, was checked; however, the two
models proposed are indeed different.

The structural restraints imposed by the extracellular
portion of the «, f3, y, and d nAChR subunit models were
exploited in the present work for the generation of the
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r5HR ve 1DV IMYAILNVDEKNQVLTTY Iffiv[lcfwrtoerLawTPeDFoflviKLS IPTDS IWVPD | &0
h GiyR WSCHNIF I NFSGS | AETTMDYRVNTFLROOQWNDPRLAYNEYPDDSLOLDSMLDS -JllWKPDL 59
hGABA-ul VKTD | FYTSFGPYSDHDMEYT IDVFFROSWKDERLKFK-GPMTYLRLNNLMASKIRTPODT 59
hGABAGZ | HTDMYVNS IGPYNAINMEYTIDIFAQCMWYDRRLKFN-STIKVLRLNSHNMYGKIWIPDT &8

T
MNACKRS ¥ LENNNDGSFQISYACGN--VLVEDSGY VIIWLPEA I FRSSCP ISYTYFPFOWQNCSLKFSS 118
mAAChRw V LENNVDGVFEVALYCN- -vVLVEBPOGCHIMWLPPAIFRSECS I SYTYFPFDWONCSLIFQS 118
mMAACHRY VLLMNNNDGNFDVALDIN--VVVSFEGSVRWAQPPGLYRSSCS I QVTYFPFDWONCTMVFSS 118
mnaChR-a vV LEINN ADGDFAIVKFTK- -VLLDYTGHI TWTP A SYCE| IVTHFPFDEQicSMKLGT 118
r6HT;R L INEFVDVGBKSPSIPY VYVHHQGEVaNYKBELaoLVTAcsSLD I  YNFRFDVaflcsLTFTS 17
h GiR FF EBcAHEHE IBITDNKLLRISRNGHNVLYSIRITLTLACPWDLKNFPMDYVQTCIMAGLES 118
heABAcal FFRINGKKSVAHMMTMPNKLLRITEDGTLLY TMRLTVRAECPMHLEDFPMDAHACPLKFGS 118
hGABAGZ FFRMSKKADAHW I TTPNR[JLR IWNDGRVLYSLRLT IDAECQLOLHNFPMDEHSCPLEFSS 18
MAACARS LKY TAKEITLSLKQEEENNRSYP IEWI | IBIPEGFTENGEWE I VHRAAKLNVDPSYPMOSTNHQDY 183
mnnchl?-lfarnsTaElNLﬂLa'QED--.-GQn.tEWI.FID'PEP.FTENGWAIRHRP&KMLLDSVAPAEEAGHQKV1?9
mAACKR-} Y SYDSSEVSLKTBLDPE- --GEERQEVYIHEGTFIENGQWE | IHKPSRLIQLPGDORGGKEGHHE 180
miAChR-a [T YDGEVVA INPESDAP - « = =« - - - = = = - DLSNFMESGEWV I IKEARGWKHWY FEIsEEr T T PEL D 1 170
r5HTR LT oo i @l st ripP--- - - EEVR--8-DKsI|IFINGGEWELLGVFTKFaEFSIFrsusfaemrr 174
h GyR F TMNDOV-I|FEWQ-E----0GBAVE----ADGLT--LPQF-ILK-EEKDLREAHEIN -[IGKFTCMEA 170
herBaca A Y TRAEY - VYEWTREP - --ARSVV--V-AEDGS-RLNAQYDLLG-0TVODsSEivosseaEYVVMTT 177
hGABA-Z YGYPREEI - VYOQWKRS - - = - - - SVE--V-GDTREWRL FYG-LRNTTEVVKTTSGDYPRLVL 173

Fig. 1. Sequence alignment derived by CLUSTALW'® of mouse
nicotinic acetylcholine 9, y,  and « receptor subunits (n4ChR), rat
5-HT; receptor (5-HT3R), human glycine receptor (GlyR), and
human -aminobutiric acid type A «l and 92 receptor subunits
(GABAy). Helical secondary structure elements derived from the
template nAChR model [10] are underlined. Interesting residues are
highlighted as follow: red boxes correspond to glycosylation sites,

three-dimensional 5-HT3R subunit structure by the
program MODELLER [16]. The 5-HT;R was then as-
sembled on the pentameric arrangement of the template
structure. The nAChR model was chosen as a template
since it is the receptor most closely related to the 5-HT;R
in sequence (more than 30% similarity) and function
(cation-selective LGICs mediate excitatory neurotrans-
mission, whereas anion-selective LGICs are inhibitory).

3.1 Key residues for receptor structure and function

Compeatibility of the 5-HT3R model obtained with the
experimental structural information available to date
was checked. The most significant experimental results
obtained by site-directed mutagenesis studies are sum-
marized in Table 1. These provide intriguing, albeit not
always consistent, clues about the structure/function
of the member of the Cys-loop family of LGICs. The
structural location of the mutated residues, which is also
reported in Table 1, allows one to distinguish between
the probable candidates for ligand interactions, subunit
architecture and receptor assembly. Mutated residues,
listed in Table 1, are reported in bold in the text.

The sidechains of N44, N110 and N126 are putative
N-linked glycosylation sites. N110 is the only N-linked
glycosylation site conserved among the nAChR and 5-
HT3R subunits. Although its sidechain points towards
the protein core, it is judged to be sufficiently solvent-
accessible to support a surface oligosaccaride [10]. N126
is exposed to the solvent in the pentamer model, while

yellow boxes correspond to possible glycosylation sites upon
mutation to form a glycosylation consensus signal, reverse contrast
indicates residues putatively involved in ligand binding, violet boxes
indicate residues involved in receptor conformational equilibrium,
residues putatively involved in folding or receptor assembly are in
blue, and residues forming possible membrane contact surfaces are
reported in green

N44 is buried and, according to recent experimental
findings, it is not glycosilated [27]. A few charged resi-
dues (D14, K16, R27 and R137) are found to be com-
pletely buried in the model. D14 and E134 form salt
bridges with R27 and R137, respectively, while K16 is
neutralized by a charge-reinforced hydrogen bond with
Ser112 and a salt bridge with D14. R27 is located at the
subunit interface and its mutation to alanine causes
a detrimental effect on agonist binding [26]. According
to our model this seems to be ascribed to a structural
modification of the binding site.

Most of the totally or partially conserved residues in
the Cys-loop class of LGICs are found in the core of the
protein model, participating in the structural scaffold of
the subunits. W37 and W149 lie on the protein surface;
however, their importance in the determination of the
tertiary structure of the 5S-HT3R subunit is confirmed by
our three-dimensional model. In fact, W37 is found to
interact with the sidechain of E148, causing the stacking
of loop 3443 to the « helix formed by residues 142—-150.
Interestingly, mutation of residue E148, conserved in
most of the nAChR subunits and otherwise represented
by a glutamine residue, causes an effect on binding
which, in the light of these observations, might be in-
terpreted as a reflection of structural disturbance. W25,
W30, W56, P58, D59, V79, G83 1101, F104 and P105 are
in regions involved in intersubunit contacts and are ex-
pected to fulfil structural and assembly roles. Of these
residues, W25, W30 and W56 have been mutated and
good agreement is observed between the role postulated
on the basis of the experimental findings and their



Table 1. Structural location and experimental responses of mutated residues in ligand-gated ion channel receptors

Residue N (Fig. 1) Receptor Structural position Experimental findings Ref.
Ser36/Lys3 4 AChR-/y subunit interface (boundary) Charge dependent conformational changes 19, 20
Trp55/Trp5’ 25 AChR-y/d subunit interface (core) affects binding 19
Trp86 56 AChR-0/0 subunit interface (boundary) affects binding 19
Tyr93 63 AChR-o subunit surface affects binding 21
Ser111/Tyr’ 81 AChR-y/d subunit interface (core) conformational equilibrium 21
Ilel16 86 AChR-y subunit interface (core) conformational equilibrium 21
Tyrl17/Tyr’ 87 AChR-y/d subunit interface (boundary) conformational equilibrium 21
Argl17 87 AChR-03 subunit interface (boundary) key role for surface expression 22
Prol21 91 AChR subunit core crucial for rapid opening of the channels 23
Asnl41 111 AChR-« exposed glycosilation site 10
Ile145/Lys1 115 AChR-y/d subunit surface promotes subunit assembly 22
Trp149 119 AChR-o subunit surface affects binding 21,24
Thr150/Lys 120 AChR-y/d subunit surface promotes subunit assembly 22
Tyrl51 121 AChR-y subunit surface affects binding 22
Aspl52 122 AChR-o subunit surface counter charge/subunit assembly 20, 10
Ser161/Lys 131 AChR-y/d subunit surface conformational equilibrium/low affinity 21
Phel72 142 AChR-y subunit interface (boundary) conformational equilibrium 21
Aspl74/Asp 144/148 AChR-y/d subunit interface (boundary) conformational equilibrium 20
Trpl187 156 AChR-o subunit interface (boundary) upon mutation to N, glycosylation occurs 10
Glul89 157 AChR-o subunit interface (boundary) affects binding/subunit assembly 19
Phel89 158 AChR-o subunit interface (boundary) upon mutation to N, glycosylation occurs 10
Tyr190 159 AChR-o subunit interface (boundary) affects binding 21
Cys192 161 AChR-« subunit interface (boundary) affects binding 21
Cys193 162 AChR-o subunit interface (boundary) affects binding 21
Tyr198 167 AChR-o subunit interface (core) affects binding 21
Trp90 25 5-HT; subunit interface (core) affects binding 25
Arg92 27 5-HT; subunit core affects binding 26
Phe94 29 5-HT; subunit interface (core) affects binding 26
Trp95 30 5-HT; subunit interface (core/boundary)  subunits assembly/folding 25
Trp102 37 5-HT; subunit surface subunits assembly/folding 25
Asnl109 44 5-HT; buried not glycosilated 27
Trpl21 56 5-HT; subunit interface (boundary) subunits assembly/folding 25
Asnl75 110 5-HT; exposed glycosilation site 27
Trpl83 118 5-HT; subunit surface affects binding 25
Asnl91 126 5-HT; exposed glycosilation site 27
Trpl95 130 5-HT; subunit surface affects binding 25
Trp214 149 5-HT; subunit surface subunits assembly/folding 25
Glu206 164 5-HT; subunit interface (boundary) affects binding 28
Tyr234 169 5-HT; subunit interface (core) affects binding 28
Phe77 25 GABAA-2 subunit interface (core) affects binding 29
Trp69 30 GABA-al subunit interface (core/boundary)  subunit assembly 30
Trp94 56 GABA-al subunit interface (boundary) subunit assembly 30
His101 62 GABA-al subunit surface affects binding 31
Asnll0 71 GABA-al exposed glycosilation site 30
Met130 78 GABAA-y2  subunit surface affects binding 29
Ser142 90 GABAA-2 subunit core functional alteration 31
Tyr159 120 GABA-al subunit surface affects binding/functional alteration 29
Tyrl6l 122 GABA-al subunit surface functional alteration 31
Gly200 163 GABA-al subunit surface affects binding 31
Thr206 169 GABA-al subunit interface (boundary) affects binding/functional alteration 29
Tyr209 172 GABA-al subunit interface (core) functional alteration 31
11e93 54 GlyR subunit interface (boundary) affects binding 32
Trp9%4 55 GlyR subunit interface (boundary) subunit assembly 32
Alal01 62 GlyR subunit surface affects binding 32
Asnl02 63 GlyR subunit surface affects binding 32
Lys104 65 GlyR subunit surface affects binding 33
Phel08 69 GlyR subunit surface affects binding 33
Thrl12 73 GlyR subunit surface affects binding 33
Aspl48 109 GlyR subunit core affects folding/assembly 34
Gly160 121 GlyR subunt surface affects binding 35
Tyrl6l 122 GlyR subunit surface affects binding 35
Lys200 158 GlyR subunit interface (boundary) affects binding 35
Tyr202 160 GlyR subunit interface (boundary) affects binding and receptor assembly 36
Thr204 162 GlyR subunit interface (boundary) affects binding 36
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structural position in the model (Table 1). In fact, W30
and W56 are localized at the edge of the intersubunit
crevice and might mediate subunit interactions in re-
ceptor assembly. W25 lies in the core of the crevice and it
is likely to have a key role in ligand binding, probably
establishing a cation—= interaction with the protonated
nitrogen present in the 5-HT3R ligands [25]. It is worth
noting that W25 is conserved among the J/y nAChR and
5-HT;R subunits and it is represented as a positively
charged/polar residue in the o/ nAChR subunits, re-
spectively. This might be the molecular determinant for
the selectivity of the oy and 6 nAChR interfaces to form
high-affinity binding sites for agonists and competitive
antagonists.

In virtue of the three-dimensional model obtained, a
structural role might be assumed for several mutated
residues, which show impaired ligand binding in exper-
iments carried out on the different members of this re-
ceptor family. In particular, residues I1115/K115, T120/
K120 in the y and 6 nAChR chains and D122 in the «
nAChR chain are indeed indicated as subunit assembly
promoters by experimental evidence [10, 22]. Their po-
sition on the protein surface in close proximity to the
subunit interface suggests, at least for the J subunit, a
possible specific contribution to the electrostatic poten-
tial, which guides subunit assembly. Moreover, experi-
mental evidence pointed out that W118 is involved in
ligand binding in both the 5-HT3R [25] and the nAChR
[24]. According to our model, W118 is located on the
surface at the far boundary of the intersubunit crevice;
therefore, its direct involvement in ligand interaction has
to be excluded. However, the region of amino acids
between the 115-122 zone might be involved in inter-
molecular interactions with residues of the C-terminal
167—-175, maintaining the binding site architecture.

Point mutations in the zone corresponding to loop
63-70 of the 5-HT3R model were carried out on the
anion-selective LGIC receptors and suggest the in-
volvement of this stretch of amino acids in ligand
binding. This hypothesis is not supported by our model;
in fact it suggests that the amino acids in this region are
likely to come in close apposition to the extracellular
membrane face [10].

3.2 Key residues for receptor dynamics

Of particular interest is the P90 residue, conserved in the
cation-selective ion channels and shown to be involved
in the rapid opening of the channel [23]. It is located
at the end of a f§ strand that lies parallel to the o helix at
the subunit interfaces (residues 20-30). Other residues
participating at the same f§ strand (such as Y81 and T87
of the nAChR 6 subunit and S81, 186 and Y87 of the
nAChR 7y subunit) have been shown to influence the
conformational equilibrium of the receptor (Table 1).
According to our 5-HT3R model, H80 (corresponding to
Y81 in the nAChR ¢ subunit) and E84 are located at the
interface crevice and are possible candidate for ligand
interactions.

It is worth noting that G83, whose strict conservation
among the receptors of this family might suggest a

possible active role in the mechanism of channel open-
ing, lies in the same region,. Effects on the conforma-
tional equilibrium of the receptor have also been
hypothesized for residues S4, K131 and D148 of the
nAChR ¢ subunit and for residues K4, S131, F142 and
D144 of the nAChR y subunit [20, 21]. While the role of
residues K131 and S131, homologous to W130 in the 5-
HT;R, is not obvious from the three-dimensional model
obtained, an ionic intramolecular interaction that causes
the packing of the N-terminal portion of the subunit
chain with the remains of the protein is found in the
three-dimensional model of the § and y nAChR subunits
between residues S4/K4 and D144/D148, respectively.
An analogous interaction can be observed between
residue D4 and K140 of the 5-HT;R.

3.3 Docking of ligands

Two hypotheses useful to guide the docking of ligands
into the binding site were derived from a previous work,
where quantitive structure activity relationship (QSAR)
models were obtained for a wide series of newly
synthesized ligands, designed to map systematically the
receptor binding site. In fact, the results suggested that
structurally different ligands might share a common
binding domain and multiple modes of binding might be
assumed for streoselective ligands.

On these bases, structurally different 5-HT3;R antag-
onists (arylpiperazine, quinuclidine and tropane deriva-
tives) were superimposed and docked manually into
the intersubunit crevice. Different orientations of the
antagonists were tested and ligand-receptor interaction
energies were used to classify the models and select the
one shown in Fig. 2. Such a model suggests the antag-
onist binding site to be formed by residues 155, F104,
F158, Y169 and E171 of the first subunit (analogous to
subunit ol in the nAChR model) [10] and W25 in the
second subunit (analogous to subunit y in the nAChR
model). Therefore, correspondences with the pharma-
cophoric hypothesis previously derived can be summa-
rized as follows:

1. A charge-assisted hydrogen-bonding interaction can
occur between the positively charged head of the
antagonist and the negatively charged carboxylic tail
of E171; this interaction is enhanced by the spatial
proximity of W25.

2. A hydrogen-bonding interaction between the nitro-
gen ligand or the oxygen atom and Y169.

3. A specific interaction between the ligand aromatic
moiety and F104 and/or F158.

4. Short-range dispersion interactions can be accom-
plished between ligand substituents and I55.

Among the residues involved in the antagonist bind-
ing some were mutated in members of the LIGC family.
In particular, the residue corresponding to E171 (Y167
in the nAChR o subunit, Table 1, Fig. 1) has been
suggested to interact directly with ammonium in the
nAChR, Y169 has been reported to be a key residue for
ligand binding in the 5-HT;R, and for I55 a structural
role in the GlyR subunit assembly has been reported.



Fig. 2. Representation of the 5-HT;R extracellular domain model;
correspondence with the nAChR heterosubunits is indicated (fop
left). Tentative binding sites for agonists (zop right) and antagonists
(bottom right). The molecular structure of the ligands which
constitute the supermolecule chosen to illustrate the antagonist

Different binding modalities are hypothesized for the
quinuclidine derivative with potent agonist activity
(Fig. 2). Functional studies revealed a marked stereose-
lectivity of this ligand; in fact, the R enantiomer shows
strong agonist behaviour, while the S enantiomer is a
potent antagonist. It is worth stressing that also the
quinuclidine derivative docked in the antagonist binding
site proved to be an antagonist or a partial agonist
depending on its S or R enantiomeric form.

According to the model, the main interaction of the
agonist is achieved with E84. A negatively charged res-
idue in this position is a peculiarity of the 5-HT3R
(Fig. 1). The residue is located, together with H80, in a 8
strand constituted by amino acids that regulate the re-
ceptor conformational equilibrium and leading to P90,
the cardinal residue for receptor function. Also in this
case, the ionic interaction is accompanied by a n-charge
interaction with W25, The remains of the agonist bind-
ing site overlap with that of the antagonist, and the
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AGONIST BINDING SITE

\F

Was

binding site are shown. Only side chains of the residues implicated
in ligand binding are shown and are coloured white if mutations are
reported in one of the ligand-gated ion channel receptors or violet if
no experimental information is available

correspondences with the pharmacophoric model for
receptor binding are corroborated.

The hypothesis of two distinct but overlapping
binding sites is tempting since it constitutes a simple
answer to the key question of what is the characteristic
structural feature explaining the functional difference
between agonists and competitive antagonists. However,
it can only be substantiated by further experimental in-
vestigations. Alternative hypotheses are suggested by the
model obtained and have to be verified by a comparative
molecular dynamics analysis of a wide series of ligands,
with full range of intrinsic affinities. In particular, the
mutual positions of the two negatively charged residues
involved in electrostatic interactions with the agonists
and the antagonists and the topography of the interface
crevice suggest that, in a dynamic view, the cationic head
of the ligands might provide the origin for a sort of
transiently concomitant resonant interaction with the
two glutamate residues and that other molecular
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determinants might be responsible for the activation/
deactivation of the receptor.

4 Conclusions

The results of extensive checks on the consistency of the
5-HT3R extracellular domain model with the experimen-
tal information available to date were satisfactory.
Therefore, the choice of the recently published nAChR
model to be used as a template is corroborated, although a
few observed incongruities suggest that the modelling of a
very localized region of the receptor could be ameliorated.

The analysis of the three-dimensional model allows
one to distinguish among amino acids that exert key
roles in ligand interactions, subunit architecture, recep-
tor assembly and receptor dynamics. For some of these,
alternative roles with respect to the one hypothesized by
experimentalists are assigned. In this regard, it is worth
stressing that conclusions based on mutations and
functional assays alone might sometimes be ambiguous
and the insights derived by the structural model
obtained in this study can be exploited to suggest
directions for experimental investigations.

In particular, regulation of ligand binding by struc-
tural changes that affect the interface of the subunits
has been largely explored, from an experimental point
of view, but the exact roles of the various residues in
stabilizing the binding of agonists and in transmitting
conformational changes to the ion channel are none-
theless poorly defined.

Two distinct but overlapping binding sites for agon-
ists and competitive antagonists are proposed here on
the basis of the correspondences between the topography
of the amino acids putatively involved in ligand binding
and the pharmacophore hypothesis derived by previ-
ously obtained QSAR models. It is proposed that the
binding modalities of the agonists and anatgonists differ
mainly for the negatively charged amino acid chosen as
counterions. Competitive antagonists bind preferentially
to E171 in the first subunit (corresponding to subunit a1
in the nAChR model), while agonists interact with E84
in the second subunit (corresponding to subunit y in the
nAChR model). E84 is part of a chain of amino acids
that regulates the receptor conformational equilibrium
and culminates in P90, the crucial residue for rapid
opening of the channel. Alternative hypotheses can be
derived from the analysis of ligand-receptor dynamics;
however, the extent to which the conjectures made from
the model are consistent will become apparent only once
additional experimental data is available.
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