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Abstract 

Molecular modeling techniques were used to build a three-dimensional model of the rat SHT,, receptor, which was used to examine 
receptor interactions for protonated forms of serotonin, ketanserin and ritanserin. Molecular dynamics simulations which were started with 
the fluoro benzene moiety of ketanserin and ritanserin oriented towards the cytoplasmic side of the receptor model, produced the strongest 
antagonist-receptor interactions. The fluoro benzene ring(s) of the antagonists interacted strongly with aromatic residues in the receptor 
model, which predicts slightly different orientations and ligand-receptor interactions of ketanserin and ritanserin at a putative binding 
site. The model suggests that Asn”” (transmembrane helix 6) is involved in a hydrogen-bonding interaction with ketanserin. but not with 
ritanserin. The model also also suggests that the position corresponding to Cys”’ (transmembrane helix 7) may be an important 
determinant for specifying SHT,, receptor selectivity in ketanserin binding. 

Kegwords: Molecular modeling: Three-dimensional structure: 5-HTzc receptor: Receptor binding: Subtype selectivity 

1. Introduction 

The current classification of 5hydroxytryptamine (5 
HT) receptor subtypes (Peroutka, 1994; Boess and Martin, 
1994) is based on pharmacological and functional charac- 
teristics and on similarities in primary structure (Humphrey 
et al., 1993). With exception of the 5-HT, receptor sub- 
type, all cloned mammalian 5-HT receptor subtypes belong 
to the superfamily of G-protein-coupled receptors. Among 
these are the 5-HT2, (formerly 5-HT?), 5-HT,, (formerly 
5-HT,,) and 5-HT,, (formerly 5-HT,,) receptors. The 
5-HT2c receptor is expressed in brain and choroid plexus, 
while the 5-HT?, receptor is expressed in the brain and in 
the periphery. The 5-HT,, receptor is expressed in rat and 
mouse stomach fundus, in most peripheral organs in hu- 
mans and at low levels in the human brain tissues and 
blood cells (Schmuck et al., 1994). The rat 5-HT,,, 5-HTzrs 
and 5-HT?, receptors have 68-79% amino-acid identity in 
the transmembrane segments (Nelson, 1993). Agonist acti- 
vation of S-HT,,, _ 5-HT,, and 5-HTzc receptors activates 
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phospholipase C. which leads to increased inositolphos- 
phatidyl hydrolysis in the cell (Boess and Martin, 1994). 

The antagonist, ketanserin. has been one of the most 
frequently used radioligands in 5-HTzA receptor binding 
experiments. Ketanserin has a 26-fold higher affinity to rat 
5-HT?, receptors than to rat 5-HTzc receptors (Choudhary 
et al., 1992) very low affinity to rat 5-HT?, receptors 
(Boess and Martin. 1994) and high affinity to rat brain (Y, 
adrenergic receptors (Van Wijngaarden et al., 1990). Ke- 
tanserin decreases basal 5-HT,, receptor activation 
(agonist-independent stimulation of phosphatidyl hydroly- 
sis) by binding with higher affinity to the uncoupled form 
of the receptor, shifting receptor equilibtium away from 
the precoupled state (Westphal and Sanders-Bush, 1994; 
Barker et al., 1994). Two other antagonists, MDL 100, 907 
(( + )-cr-(2,3-dimethoxyphenyl) I-[2-(4-fluorophenyleth- 
yl)]-4-piperidinemethanol) (Dudley et al., 1990) and N- 
(4-phenylbutyl)-4-(4-fluorobenzoyl)piperidine (Herndon et 
al., 1992) are more selective for the 5-HT,, receptor than 
is ketanserin. N-(4-bromobenzyl)-substituted phenylalky- 
lamine and indolylalkylamine derivatives have been re- 
ported to bind to the 5-HT,, receptor as agonists with high 
affinity (K, < 1 nM) and with > IOO-fold selectivity 
(Glennon et al., 1994). However. no highly selective 5- 
HT,, receptor ligand has yet been reported (Nelson, 1993). 
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The 5-HT,, receptor antagonist, SB 200646 (N-(l-methyl- 
5-indolyl)-N’-(3-pyridyl)urea), also inhibits 5HT,, recep- 
tor mediated responses in the rat stomach fundus (Forbes 
et al., 1993). Another antagonist, ritanserin, has high 
affinities for human 5-HT,,, rat and mouse 5-HT,,, rat 
5-HT,, , rat 5-HT,, rat, mouse and human 5-HT, (Boess 
and Martin, 1994) and rat dopamine DZ receptors (Van 
Wijngaarden et al., 1990). 

The superfamily of G-protein-coupled receptors has 
been divided into five families (Kolakowski, 1994). Fam- 
ily A includes opsins, odorant receptors and receptors for 
various endogenous ligands, including biogenic amines, 
neuropeptides, glycoprotein hormones, platelet activating 
factor, thrombin, adenosine, nucleotides and eicosanoids. 
The transmembrane segments in the amino-acid sequences 
of G-protein-coupled receptors have been located by map- 
ping of extracellular and intracellular domains by peptide- 
specific antibodies (Wang et al., 1989), calculation of 
hydrophobic indices, combined analysis of hydrophobicity 
and distribution of charged residues, analysis of a-helix 
periodicity (hydrophobicity or conservation) and by analy- 
sis of occurrence of non-conserved Pro residues (Bal- 
lesteros and Weinstein, 1994). Many of the three-dimen- 
sional models of G-protein-coupled receptors, including 
several 5-HT,, receptor models, which have been pro- 
posed (Trumpp-Kallmeyer et al., 1992; Westkaemper and 
Glennon, 1993; Choudhary et al., 1995) have used a model 
of bacteriorhodopsin (Henderson et al., 1990) as a template 
for the seven transmembrane helices. This method has 
been questioned, due to the low sequence similarities 
between bacteriorhodopsin and G-protein-coupled recep- 
tors (Pardo et al., 1992). Models of G-protein-coupled 
receptors that use the bacteriorhodopsin as a rigid structure 
template are likely to ignore residues on transmembrane 
helix 7, especially those with small side-chains, since they 
are relatively distant from the other known ligand binding 
residues on transmembrane helices 3, 5 and 6 (Donnelly et 
al., 1994). 

In the present study, a three-dimensional model of the 
rat 5-HT,, receptor was constructed from its amino-acid 
sequence (Julius et al., 19901, by molecular modeling 
techniques. An arrangement of the seven transmembrane 
helices as suggested by the projection map of bovine 
rhodopsin (Schertler et al., 1993; Baldwin, 1993) was 
chosen rather than the bacteriorhodopsin model, due to the 
sequence similarity between rhodopsin and G-protein-cou- 
pled neurotransmitter receptors. The transmembrane he- 
lices were assembled in an anticlockwise arrangement, 
viewed from the extracellular side. Residues that were 
conserved in more than 50% out of 105 different G-pro- 
tein-coupled receptors (Baldwin, 1993), belonging to the A 
family, and residues involved in ligand binding to other 
family A G-protein-coupled receptors according to site-di- 
rected mutagenesis studies, were oriented towards a central 
core between the transmembrane helices. The receptor 
model was used to examine receptor interactions of sero- 
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Fig. I. Structure of protonated serotonin (5.HT), ketanserin (K) and 
ritanserin CR). Torsional angles: Tl, l-2-3-4; T2: 2-3-4-5; T3: 3-4- 
5-6; T4: 7-8-9-10; T5: 8-9-10-11. 

tonin, ketanserin and ritanserin (Fig. l>, to identify residues 
involved in the binding of each ligand and to simulate the 
molecular dynamics of receptor-ligand interactions. 

2. Materials and methods 

2.1. Computational procedures 

The united atom force field (Weiner et al., 1984) of the 
AMBER 4.0 programs (Pearlman et al., 1991) was used 
for molecular mechanics calculations and molecular dy- 
namics simulations. The calculations were done on Sun 
SPARCstation 1, Sun SPARCstation 2 and CRAY Y- 
MP4D/464 computers. The parameters used for energy 
minimization and molecular dynamics simulation are sum- 
marized in Table 1. United atom parameters and net 

Table I 
Parameters used in molecular mechanics energy minimization (EM) and 
molecular dynamics simulations (MD) 

EM MD 

Scale factor 1-4, van der Waals interactions 
Scale factor l-4. electrostatic interactions 
Cut-off radius, non-bonded interactions 
Steps between updating of non-bonded pair list 
Step length (initial in EM) 
Dielectric function 
Temperature 
Constraints 
Time between saving of coordinates 

8 8 
2 2 
1oA 1oA 
25 25 
0.005 0.001 ps 
E=T E=T 

310 K 
all bond lengths 
1 ps 



atomic charges for serotonin, ritansetin and ketanserin had 
been developed previously (Edvardsen et al., 1992; Kris- 
tiansen et al., 1993). Individual transmembrane helices 
were energy-minimized by 10 steps of steepest descent 
minimization and 90 steps of conjugate gradient minimiza- 
tion, which was repeated until convergence with an 0.02 
kcal mol- ’ root mean square energy gradient difference 
between successive steps (Table 1). Energy minimization 
of receptor models and of ligand-receptor complexes be- 
fore the simulations, were performed by 500 steps of 
steepest descent minimization followed by 2000 steps of 
conjugate gradient minimization. Energy minimization of 
ligand-receptor complexes after the simulations were per- 
formed by 500 steps of steepest descent minimization 
followed by conjugate gradient mi@mization until conver- 
gence with a 0.02 kcal mol- ’ A-’ root mean square 
energy gradient difference between successive minimiza- 
tion steps. The MidasPlus programs (Ferrin et al., 1988) 
were used for molecular graphics on a Silicon Graphics 
Indigo’ Extreme work station. The MIDAS programs 
(Ferrin et al., 1988) were used to calculate water-accessi- 
ble surfaces and molecular electrostatic potentials 1.4 i 
outside the surfaces, with a distance-dependent dielectric 
function and a 12-i cut-off radius for non-bonded interac- 
tions. 

2.2. Receptor modeling 

Sequence alignment and average hydropathy indices of 
14 biogenic amine neurotransmitter receptors were previ- 
ously used to localize the seven transmembrane segments 
in various G-protein-coupled receptors, including the rat 
5HT,, receptor (Dahl et al., 1991), assuming a 27 residue 
length of each transmembrane helix. These localizations of 
transmembrane helices were used in the present model. 
The start- and end-points of each transmembrane helix are 
indicated in Table 2. 

Computer graphics techniques were used to build mod- 
els of each of the seven transmembrane helices of the rat 
5HT,, receptor from the amino-acid sequence (Julius et 
al., 1990). Units up to pentapeptide size containing a 
proline residue were assigned backbone torsional angles 
(4, $ and w) using the Ala’20-Phe’2’-Cys’22-Val’~~-Pro’~~ 
segment of helix C in the L subunit of the crystal structure 
of the photosynthetic reaction center of Rhodopseu- 
domonas ciridis (Deisenhofer and Michel, 1989) as a 
template. This introduced kinks in the helical axis in 
stretches preceding prolines. All the other transmembrane 
residues were assigned 4 = - .57”, 4 = -47” and w = 
180” torsional angles, corresponding to an idealized CY- 
helix, in the initial models of each helix. Each of the 
transmembrane helices were energy-minimized, and 
water-accessible surfaces and molecular electrostatic po- 
tentials were calculated for each of the energy-minimized 
helices. 

Interactive computer graphics were used to assemble 

Table 2 
Localization of segments in the rat S-HTzc receptor model 

Domain 

N-terminal 
TMH” I 
Intracellular loop I 
TMH 2 
Extracellular loop I 
TMH 3 
Intracellular loop 2 
TMH 4 
Extracellular loop 2 
TMHS 
Intracellular loop 3 
TMH 6 
Extracellular loop 3 
TMH 7 
C-terminal 

Residues 

Met’-Val” 
Gln%erX” 
Met”-Thr’” 
Asn”“-Let!’ ” 
TYr”7_Leu’J’ 
Prol~‘_SerlF” 

Leu”‘-Thr”” 

Lys”‘-Asp’“’ 
Gl,,‘““.Asp”: 
pro” ?_&?” 
Tyr”“_Ser 1 I? 
Lys” J-Cys?7” 

GlY 
WI_Leu’J7 

Met 71X-Asn “’ 
Lys Ui_“al&” 

’ TMH, transmembrane helix. 

the seven cu-helices into an antiparallell alyangement. anti- 
clockwise when viewed from the extractllular side, ap- 
proximately corresponding to a projectiori map of bovine 
rhodopsin (Schertler et al.. 1993). Varibus single-point 
mutations of transmembrane residues in C&protein-coupled 
receptors have been reported to affect ligand binding 
affinities. The corresponding residues in: the rat S-HT?, 
receptor were identified from sequence ~alignments, and 
transmembrane helices 2-7 were oriented such that these 
residues were facing the central core between the trans- 
membrane helices. Helix 1 was rotated s+h that the most 
negative electrostatic potentials, which w$re around ThrhX 
and Asn”, faced the central core betweed the helices. All 
the helices were initially placed with thiir axis approxi- 
mately perpendicular to the membrane suiface. 

The loops between transmembrane helices, N- and C- 
terminals were built with secondary structjlres according to 
Gamier Robson predictions (Gamier et ai., 1978). The d 
and $ torsional angles in residues predjicted in random 
coil conformations were rotated in ordeli to position the 
ends of the loops and terminals near the edds of transmem- 
brane helices. 

Site-directed mutagenesis experiments with various G- 
protein-coupled receptors have suggested that a disulfide 
bond between a cysteine residue in the first extracellular 
loop or near the extracellular end of tranlfimembrane helix 
3 and a cysteine in the second extracelldlar loop may be 
conserved among many G-protein-coupled receptors (Bald- 
win, 1993). A disulfide bond between Cys”” and C~S”‘~ 
was, therefore, included in the 5HT,, receptor model. 

2.3. Refinement of receptor models 

The loops, N- and C-terminals, including the disulfide 
bridge between CyslZ8 and C~S’“~. were dnergy-minimized 
while the other parts of the transmembrane helices were 
kept in fixed positions. The whole receptor model was then 
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refined by energy minimization. Loops, N- and C-termi- 
nals and the cysteine bridge were further refined by a 
20-ps molecular dynamics simulation, where the trans- 
membrane helices not were allowed to move, followed by 
energy minimization of the whole receptor model. Trans- 
membrane helices 4 and 5 in this model were rotated 
around their axis by interactive computer graphics, such 
that 32 out of the 36 residues in transmembrane helices 
l-7 that were conserved in more than 50% of 10.5 differ- 
ent family A G-protein-coupled receptor sequences (Bald- 
win, 19931, were oriented towards the central core of the 
receptor model and the model was energy-minimized. The 
model was further refined by 20 ps of molecular dynamics 
simulation of loops and terminals, followed by energy 
minimization of the whole model. The water-accessible 
surface and molecular electrostatic potentials of the recep- 
tor model were then calculated. 

2.4. L&and-receptor interactions 

United atomic models of serotonin, ritanserin and ke- 
tanserin had previously been constructed (Edvardsen et al., 
1992; Kristiansen et al., 1993). The torsional angles defin- 
ing the ligand conformations are indicated in Fig. 1. 
Serotonin was initially docked into the receptor model. 
close to transmembrane helices 5 and 6. Ketanserin and 
ritanserin were docked into the model in two different 
orientations each, one with the fluoro group(s) directed 
towards the extracellular side and one with the fluoro 
group(s) towards the intracellular side, always with the 
protonated amine group close to the carboxylate group of 
Asp’“” in transmembrane helix 3. The initial ligand-recep- 
tor complexes were energy-minimized and used as start 
structures for 41 ps of molecular dynamics simulations, 
which seems to be sufficient to examine receptor-ligand 
interactions in such models (Edvardsen et al., 1992). The 
structures observed after 20 ps and the final structures 
from the simulations were energy-minimized and ligand 
interactions with individual amino-acid residues were cal- 
culated. One 41-ps simulation of the receptor model with- 
out any ligand was also performed. An alignment (Oliveira 
et al., 1993), which includes 730 receptor sequences, has 
been used in the present study in order to find out whether 
particular amino-acid residues are conserved among the 
whole family A of G-protein-coupled receptors, among 
biogenic amine receptors, among serotonin receptors or 
among S-HT, receptor subtypes. 

3. Results 

3. I. Receptor modeling 

The initial receptor model is shown in Fig. 2. The 
molecular electrostatic potentials were mainly positive in 
the cytoplasmic parts and negative in the extracellular 
parts of the receptor model, both before and after molecu- 
lar dynamics simulations, as shown in Fig. 2 for the initial 
model. Areas in the central core around Asp”” in trans- 
membrane helix 2 and Asp” in transmembrane helix 3 
had particularly low electrostatic potentials. There were 5 
positively charged residues (Lys, Arg) in the extracellular, 
6 in the transmembrane and 38 in the intracellular do- 
mains, and 7 negatively charged residues (Asp, Glu) in the 
extracellular, 4 in the transmembrane and 22 in the intra- 
cellular domains of the receptor model, as indicated in the 
upper right part of Fig. 2. 

Site-directed mutagenesis studies have identified 52 
different residues within the transmembrane helices of 
family A G-protein-coupled receptors that may be in- 
volved in ligand binding (Baldwin, 1993, 1994). Among 
the 52 corresponding residues in the rat 5-HT,, receptor 
(Table 3), 36 were located in the central core between 
transmembrane helices, as shown in the lower left part of 
Fig. 2. The other 16 residues, on the membrane facing 
side, were Leu”“, Leu”“, Val”’ and Leu” ’ in transmem- 
brane helix 2, Val’3h and Leu”’ in transmembrane helix 3, 
Ala”’ and Leu’“’ in transmembrane helix 4, Phe”’ in 
transmembrane helix 5, Be”“. Me?. Cys”‘. ProJZX and 
Ser33? m transmembrane helix 6, Valjh’ and Thr”’ in 
transmembrane helix 7. Mutations of such residues, which 
are on the membrane facing side of the helices. may 
change the local structure of the ligand binding site, and 
thereby ligand binding affinities and capacities. 

Among the 39 residues within the transmembrane do- 
mains (Table 3) that are conserved in more than 50% of 
105 different family A G-protein-coupled receptors (Bald- 
win, 1993), only 4 (Ser” in transmembrane helix 2. 
Pro328, MetjZs in transmembrane helix 6 and Ilejsx in 
transmembrane helix 7) were on the membrane facing side 
of the transmembrane helices in the present receptor model 
(Fig. 2, lower right part). Most of these conserved residues 
were located in the half of the transmembrane helices 
closest to the cytoplasmic membrane surface. Exceptions 
were Pro’Xy in transmembrane helix 4, Phe”” in trans- 
membrane helix 5. Pro”” and Phe3’” in transmembrane 

Fig. 2. Top: initial receptor model before simulations, viewed in the membrane plane. Left: water accessible molecular surface, color coded according to 
electrostatic potentials. Blue: e < -20.0 kcal mol-‘, white: - 20.0 5 e 5 20.0 kcal mol- ’ , red: 20.0 kcal mol-’ < e. Right: C, chain. Red: positively 
charged residues (Arg and Lys). Blue: negatively charged residues (Asp and Glu). Bottom: C, chains of transmembrane helices in the initial receptor 
model, viewed from the extracellular side. Left: Colored residues correspond to residues in other family A G-protein coupled receptors that may take part 
in ligand binding (Table 3). Right: Residues conserved in more than 50% of 105 different G-protein coupled receptors (Baldwin, 1993) (Table 3). Blue: 
Asp ‘“u in transmembrane helix 2 and Asp”” in transmembrane helix 3. Green: Val, Leu. Ala. Met, Ile, Trp. Phe, Pro and Gly (hydrophobic). Yellow: Asn. 
Ser. Tyr. Thr and Cys (polar). Red: Lys and Arg. 
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helix 6 and Ile358 in transmembrane helix 7, all of which 
were in the half of transmembrane helices closest to the 
extracellular membrane surface. The conserved residues 

Asp 15’, Arg”’ and Tyr ‘54 were situated in the second 
intracellular loop near transmembrane helix 3 outside the 
transmembrane helix domains. 

39.4 to 72.4 kcal mol-’ lower ligand-receptor interaction 
energies after 41 ps of simulation than before the simula- 
tion (Table 4). 

The initial energy-minimized receptor model had a 
hydrogen bond between the NH, group of Asn” in trans- 
membrane helix 1 and the carboxylate group of Asp”’ in 
transmembrane helix 2. In the final structure obtained after 
simulation and and energy minimization, the carboxylate 
group of Asp I”’ in transmembrane helix 2 was hydrogen 
bonded to the side-chains of Asn” in transmembrane helix 
1, Asn366 and Tyr”’ m transmembrane helix 7, and the 
hydroxyl group of Ser I42 in transmembrane helix 3 was 
hydrogen-bonded to the NH, group of Asn366 in trans- 
membrane helix 7. The side-chains of these highly con- 
served residues formed a hydrophilic cavity between the 
transmembrane helices. 

3.2. Ligund-receptor interactions 

At the start of molecular dynamics simulations, the 
ligand-receptor models were heated from 0.1 to 310 K 
within 2 ps. In the energy-minimized serotonin-receptor 
complexes obtained during simulation 1, the root mean 
square difference of the backbone atom coordinates of the 
seven transmembrane helices was 3.57 between the 0- and 
20-ps structures and 1.41 between the 20- and 41-ps 
structures. This shows that the most substantial structural 
changes took place within the first 20 ps of the simula- 
tions, as was generally the case in the simulations. The 
energy-minimized ligand-receptor complexes had from 

The conformations of the ligand molecule (Table 41, 
ligand-residue interaction energies (Table 5), helix-helix 
interactions and the kinking of helices during the simula- 
tions were highly dependent on the initial position of the 
ligand. The final ligand conformations after 41 ps of 
molecular dynamics simulation of ligand-receptor com- 
plexes were in general very much dependent on the start- 
ing ligand conformations. Taken ketanserin as an example 
it was seen that the final conformation after 41 ps was 
hardly different from the starting structure as judged from 
Tl -T5 in Table 4. A 41-ps molecular simulation from an 
initial ketanserin-receptor complex, with ketanserin in a 
(Tl: -anti clinal, T2: anti periplanar, T3: + syn clinal. 
T4: -anti clinal) conformation and with the fluoro group 
closest to the intracellular side. produced more substantial 
changes in the ketanserin conformation (data not shown). 
During this simulation, T3 changed from a + syn clinal to 
an anti periplanar conformation. Table 5 shows ligand 
interaction energies with individual residues after 41 ps of 
simulation and energy minimization. Asp13” in transmem- 
brane helix 3 interacted more strongly with the ligand than 
did any other residue, during all simulations. 

Table 6 identifies intramolecular hydrogen bonds in the 
receptor model after 41 ps of simulation and energy mini- 
mization. After 4 out of 6 simulations with a ligand, there 
were hydrogen bonds between the carboxylate group of 

Asp loo in transmembrane helix 2 and both Asn” in trans- 
membrane helix 1 and Asn36h in transmembrane helix 7. 
The residues that formed these intramolecular hydrogen 
bonds did not interact with serotonin. However. some of 

Table 4 
Potential energies of ligands (L) and receptor models (R), ligand-receptor interaction energies (1) and torsional angles (TI-T5) of ligands in 
energy-minimized ligand-receptor complexes 

Ligand Simulation Energy (kcal mol- ’ ) Torsional angle (“) 

L R I Tl T2 T3 T4 T5 

Serotonin 

Ketanserin 

Ritanserin 

0 ps 
20 ps 
41 ps 
0 ps 
20 ps 
41 ps 
0 ps 
20 ps 
41 ps 

0 Ps 
20 ps 
41 ps 

0 Ps 
20 ps 
41 ps 
0 ps 
20 ps 
41 ps 

- 6.3 
- 3.2 
-3.8 
-8.4 
-5.8 
- 1.1 
- 36.8 
- 34.0 
-36.1 
-35.4 
- 33.4 
-35.2 
- 19.2 
-1.2 
-9.8 
- 11.3 
- 10.5 
- 9.6 

-9510 
- 10053 
- 10156 
-9511 
- 10003 
- 10118 
- 9508 
- 9940 
- 10070 
-9517 
- 10062 
- 10177 
-9515 
- 10065 
- 10176 
- 9520 
- 9994 
- 10069 

- 63.7 333.7 77.3 
- 117.4 221.0 67.6 
- 121.2 238.6 62.9 
- 56.7 293.2 68.7 
-91.2 279.9 45.8 
- 101.1 280.3 282.0 
- 79.3 275.0 296.3 168.6 191.5 182.6 
- 126.7 289.5 305.9 113.6 207.8 172.1 
- 118.7 294.6 305.9 172.4 230.2 171.5 
- 74.0 289.4 286.4 148.3 236. I 182.2 
- 130.8 288.5 286.9 166.9 230.1 183.4 
- 129.3 280.7 298.0 171.2 275.3 196.4 
-47.6 244.5 283.6 156.5 
- 118.2 144.5 300.2 140.5 
- 120.0 130.8 290.8 146.0 
- 80.9 282.9 300.2 161.5 
- 118.5 276.4 300.9 170.1 
- 125.2 278.9 304.0 181.9 
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Table 5 
Ligand interaction energies with individual residues ( 2 2.0 kcal mol-’ 
or < - 2.0 kcal mol- ’ 1 after 41 ps of molecular dynamics simulation 
and energy minimization 

Residue TMH a Interaction energy fkcal mol- ‘) 

Serotonin Ketanserin Ritanserin 

Sim. 1 Sim. 2 Sim. 1 Sim. 2 Sim. 1 Sim. 2 

0.0 0.0 -0.1 0.0 0.0 -0.1 TMH 1, total I 
Asp”” 2 
TMH 2, total 
cys’?X 3 
Ttp”’ 
]]eW 

Ser’3’ 
Asp”’ 
Va]‘1(, 

Phe”’ 
Ser”” 
TMH 3, total 

Trp’*” 3 
SLY’s’ 
Va]‘X” 

Ser’s’ 
Val’sa 
Pro’X’ 
Ile’“’ 
Arg I’)6 
Asp’“’ 
TMH 4, total 
Ser’?” 5 
Ala?:? 
Phe’?? 
]]e??h 
Pro??7 

TMH 5, total 
Phe I?? 6 

Trp I” 
Phe.W 

Phe ‘s” 
Asn”’ 
TMH 6. total 
L&X 1 
Val’sJ 
PheJT5 
Val”h 
*,e’” 

Gly ?s’) 
Cys’h? 
Ser ihi 
TMH 7. total 

- 2.0 
0.0 0.1 - 2.0 -2.2 -0.1 -2.2 

- 2.8 
-3.9 - 7.9 

- 13.4 - IS.1 -6.1 - 4.1 -2.7 
- 2.8 -5.9 
-51.8 -38.0 -49.5 -54.0 -46.2 -43.0 

-2.1 
- 2.3 
-3.8 -3.7 

-71.1 -60.3 -63.7 -68.2 -63.5 -56.6 
- 2.6 -8.7 

- 2.0 -2.3 
-X.6 - 2.3 -2.8 

-2.x 
- 2.6 

_ 2.0 - 3.2 
-3.1 

2.0 2.8 
- 2.2 -2.1 -6.1 

- 13.9 -2.4 -7.3 - 10.0 - 16.2 -24.7 
-8.0 

-6.7 -4.8 - 2.5 
-2.0 -2.0 - 2.3 

-2.1 
- 3.4 

-11.2 -13.4 -4.2 -11.7 -11.7 -1.3 
- 3.5 -2.3 

-4.8 - 6.5 -4.0 -2.5 
-2.8 -2.1 -2.4 -8.1 

- 2.2 -6.1 
-7.8 -3.2 - 8.3 - 2.0 

-6.4 -8.9 - 18.9 -25.1 - 12.4 -20.7 
- 2.0 

-3.0 
- 14.5 -7.3 

- 2.5 
- 12.0 2.2 -3.0 -3.7 -3.0 
- 3.0 - 2.0 

-2.6 - 4.6 
-4.0 

- 18.7 - 16.8 -21.7 -12.1 -5.1 - 9.6 
AllTMHsh l-7 - 121.2 - 101.1 - 118.7 - 129.3 - 120.0 - 125.2 

li TMH. transmembrane helix; h TMHs, transmembrane helices 

these residues interacted with antagonists. Ketanserin inter- 
‘62 acted with Asp”” and Cys- after simulation 2, ritanserin 

interacted with Asp”‘, CYS’~~ and Ser’6” after simulation 
2. 

Table 6 
Intramolecular hydrogen bonds after 41 ps of simulation and energy 
minimization 

Ligand 

Serotonin 

Ketanserin 

Ritanserin 

- 
Simulation Intramolecular hydrogen bond 

I Asp”“‘(CO0 ] Asn”(NH, ) 
Asp”“‘(CO0~ ] Cys’%H] 
Asp”“‘(COO~ ] SerJh’(OH] 
Asp’““(CO0~ ) Asn’hh(NHl] 
Tyr3’“(OH] Ast?“(CO] 
A~p”~(C00- ) ‘I TrpqXh(NH] 

2 Asp’““(CO0 ) Asn7’(NHz) 
Asp’““(CO0 ) TyrYh”(OH] ’ 
Asp”“‘(CO0~ ) SerXh’(OH) 
Ser’“‘(OH] Asn”‘(NH2 ] 

Tyr ““(OH] Ser ’ “‘(OH] 
1 Asp “‘“(COON ) Asn”(NH? ] 

Asp”“‘(COO- ) SerJh’(OH] 
2 Asp”“‘(CO0 ) Asn”(NH,) 

Asp”x’(CO0 ] Se?“‘(OH) 
Asp”“‘(CO0~ ) Asn?NH ] 7 

1 Asp”“(CO0 ) Asn”(NH,j 
Asp’““(CO0~ ) Ser”‘(OH] 
Asp”“‘fCO0 ) Asn’““tNH ) 
Aw’~“(NH, ] Ser1”tOH]2 

2 Asp’““(CO0 ) Asn”(NH I ) 
Aap’““(CO0 ] Asn’?NH?) 
Asp’““(CO0 ) Tyr ““(OH] 

* Asp “s is conserved among biogenic amine receptors. 13 Tyr Y>O is 

conserved among serotonin receptors. 

3.3. Serotonin-receptor inteructions 

Serotonin had van der Waals contact with 15 different 
residues in transmembrane helices 3-7 after simulation 1. 
The OH group of serotonin interacted with the side-chain 
hydroxyl group of Ser’33 in transmembrane helix 3 and 
with the main-chain carbonyl group of VallX6 in trans- 
membrane helix 4, and the indole NH group interacted 
with the main-chain carbonyl group of Ala”j in trans- 
membrane helix 5. The protonated amine group of sero- 
tonin was in close proximity to the carboxylate group of 
Asp’j5 in transmembrane helix 3, the main-chain carbonyl 
groups of Ile”’ in transmembrane helix 3 and Ile’s8 in 
transmembrane helix 7 (Fig. 3). 

After simulation 2, serotonin had van der Waals contact 
with 11 different residues in transmembrane helices 3-7, 
and interactions with transmembrane heliaes 3 and 4 were 
22.3 kcal mall’ weaker than after simulation 1 (Table 5). 
The protonated amine group of serotonin was near the 
carboxylate group of Asp13’ in transmembrane helix 3 and 
the main-chain carbonyl groups of Phe”’ and Ile3’* in 
transmembrane helix 7. The indole NH group in serotonin 
interacted with the side-chain hydroxyl group of Ser’33 in 

Fig. 3. Stereo view of the C, chains of transmembrane helices, the ligand and all amino acid residues having ligand interaction energy I - 2.0 kcal mol- ’ 
in energy-minimized complexes after 41 ps molecular dynamics simulations, viewed from the extracellular side. 5.HT: Serotonin (simulation I]. K: 
Ketanserin (simulation 2); R: Ritanserin (simulation 2). 
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transmembrane helix 3. The OH group of serotonin was 
hydrogen-bonded to the side-chain OH group of Ser2” in 
transmembrane helix 5 and to the side-chain NH, group of 
Asn333 in transmembrane helix 6. 

3.4. Ketanserin-receptor interactions 

At the beginning of simulation 1, ketanserin was lo- 
cated between transmembrane helices 3, 6 and 7, with the 
p-fluoro-benzoyl towards the extracellular opening of the 
receptor model. In the energy-minimized ketanserin-recep 
tor complexes, the ligand had van der Waals contact with 
21 and 19 different residues in transmembrane helices 3-7 
after 20 and 41 ps of simulation, respectively. Ketanserin 
had 8.0 kcal mol-’ stronger receptor interaction energy 
after 20 ps than after 41 ps of simulation (Table 4). At the 
start of simulation 2, ketanserin was located between trans- 
membrane helices 3, 6 and 7, with the quinazolindione 
moiety closest to the extracellular opening in the receptor 

K 

model. After simulation and energy minimization, ke- 
tanserin had van der Waals contact with 22 different 
residues in transmembrane helices 3-7. There were strong 
aromatic-aromatic interactions between ketanserin and 
Phe138 (transmembrane helix 31, Trplgo in transmembrane 
helix 4, Phe3”, Trp3’” (transmembrane helix 6). The 
quinazolindione NH group was hydrogen-bonded to the 
side-chain carbonyl group of Asn333 in transmembrane 
helix 6 (Figs. 3 and 4). 

3.5. Ritanserin-receptor interactions 

At the beginning of simulation 1, ritanserin was located 
between transmembrane helices 3-7 with the fluoro-be- 
nzene moieties oriented towards the extracellular opening 
of the binding pocket. After the simulation, ritanserin had 
van der Waals contact with 23 different residues in trans- 
membrane helices (3-7) and with Leu2”, Va1209 and 

CYs ‘08 in the second extracellular loop. At the start of 

Fig. 4. Stereo view of the C, chains of transmembrane helices 3-7, the ligand and some amino acid residues in energy-minimized complexes after 41 ps 
molecular dynamics simulations, viewed in the plane of the membrane bilayer with the extracellular side at the top of the figure. K: Ketanserin (simulation 
2). R: Ritanserin (simulation 2). Amino acid residues displayed are those having ligand interaction energy _< -3.0 kcal mot-’ in one or both of the 
antagonist-receptor complexes shown in the figure. 
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simulation 2, ritanserin was located between transmem- 
brane helices 3-7, with the fused ring system oriented 
towards the extracellular side of the receptor model. After 
the simulation, ritanserin had van der Waals contact with 
26 different residues in transmembrane helices 3, 4, 6 and 
7. There were strong aromatic-aromatic interactions be- 
tween ritanserin and Trp”’ in transmembrane helix 4. 
Phe322 T 326 Phe329 

9 T 9 (transmembrane helix 6) (Fig. 3). 
One of the two fluoro-benzene rings in ritanserin was 
stacked with the aromatic ring of Trp’*‘, and the other 
fluoro-benzene ring was approximately perpendicular to 
the indole ring of Trplao (Figs. 3 and 4). 

4. Discussion 

4.1. Ligand binding site 

In the present study, interactions between the rat 5-HT,, 
receptor and three protonated ligands were examined using 
molecular dynamics simulations of ligand-receptor com- 
plexes. The simulations with the antagonists, ketanserin 
and ritanserin, oriented with the fluoro-benzene moiety 
towards the cytoplasmic opening of the central duct of the 
receptor model, produced the strongest ligand-receptor 
interactions (simulations 2 with antagonists). As seen from 
Table 4, both ketanserin and ritanserin stayed in (Tl : 
- syn clinal, T2: - syn clinal, T3: anti periplanar) confor- 
mations during these simulations. After simulation 2 with 
ketanserin, the distance from the protonated piperidine 
nitrogen atom to the centroid of the benzoyl ring in 
ketanserin owas 6.6 A. This is close to the corresponding 
6.4 + 0.4 A distance reported in a pharmacophore model 
derived from series of 5-HT,, receptor antagonists 
(Andersen et al., 1994). 

Results with rat 5-HT,,,,, chimeric receptors suggest 
that structurally diverse 5-HT, receptor antagonists utilize 
different regions of the 5-HT2, receptor for high-affinity 
binding (Choudhary et al., 1992). Similar results were 
obtained in the present simulations of ligand-5-HT,, re- 
ceptor complexes, suggesting that distinct domains may be 
involved in binding of serotonin, ketanserin and ritanserin. 
Among the transmembrane helices, transmembrane helix 3 
interacted most strongly with the ligand molecule after all 
simulations (range: - 56.6 kcal mol-’ to - 71.1 kcal 
mol- ’ ). After simulation 1 with serotonin, transmembrane 
helix 7 interacted very strongly with serotonin ( - 18.7 kcal 
mol-‘). After simulations 2 with antagonists, transmem- 
brane helix 6 interacted very strongly with ketanserin 
(-25.1 kcal mol-‘) and ritanserin (-20.7 kcal mol-‘), 
whereas transmembrane helix 4 interacted very strongly 
(- 24.7 kcal mol- ‘> with ritanserin (Table 5). 

Several site-directed mutagenesis experiments with var- 
ious G-protein-coupled receptors for biogenic amines sug- 
gest that the conserved aspartic acid residue in transmem- 
brane helix 3 (Asp135 in the rat 5-HT,, receptor) is the 

primary counterion for the protonated amine group in 
antagonists and agonists (Wang et al., 1993). The single- 
point mutants Asp12’Asn (transmembrane helix 2) and 
Asp’55Asn (transmembrane helix 3) in the rat 5-HT2, 
receptor showed lo- and 75-fold decreases in ketanserin 
binding affinity, and 7- and 37-fold decreases in serotonin 
binding affinity, respectively, compared to the wild-type 
receptor (Wang et al., 1993). The present simulations of 
ligand-receptor complexes are in perfect iagreement with 
these results, and suggest a particularly strong interaction 
between the ligand and Asp135 in the 5-HTi, receptor. The 
varying functional effects of mutations at the conserved 
Asp residue in transmembrane helix 2 in different G-pro- 
tein-coupled receptors suggest that this resbdue is involved 
in receptor rearrangement among different conformational 
states (Sealfon et al., 1995). 

The present simulations do not, however, rule out the 
possibilities that other conformations of serotonin, ke- 
tanserin and ritanserin may bind to the 51-HT,, receptor, 
and to other sites on the receptor. 

4.2. Antagonist binding selectivity 

The radiolabeled 5-HT,, receptor has a pharmacologi- 
cal profile similar to that of the radiolabeled 5-HT,, 
receptor, with certain important exceptions (Nelson, 1993; 
Peroutka, 1994). Due to the 79% amino-acid identities in 
the transmembrane segments of these two receptor se- 
quences (Nelson, 1993), it is very likely ~ that compounds 
with high affinities at both subtypes share similar modes of 
receptor interaction at both subtypes. Whereas highly se- 
lective antagonists (Dudley et al., 1990;~ Herndon et al., 
1992) and agonists (Glennon et al., 1994) for the 5-HT2, 
receptor have been developed, highly selective ligands for 
the 5-HT?, receptor remain to be discovered (Forbes et al., 
1993; Nelson, 1993). The relatively high number of differ- 
ent types of chemical structures that have1 similar affinities 
for both these subtypes, and the high similarity in their 
amino-acid sequences, suggest that development of sub- 
type selective compounds within the 5-HT, receptor sub- 
family will continue to be a challenge (Nelson, 1993). 
Three-dimensional models of complexes I between ligands 
and 5-HT2 receptors may provide Novell insight into lig- 
and-receptor interactions and suggest specific subtype and 
species differences in ligand binding affinities, which may 
be further examined by molecular biologjcal techniques. 

As shown in Figs. 3 and 4, Cys362 in transmembrane 
helix 7 had van der Waals contact with the antagonist after 
simulation 2 with ketanserin and after simulation 2 with 
ritanserin. The majority of family A receptor sequences 
(69% of 730 sequences) (Oliveira et al., 1993) has an Asn 
residue in the position corresponding to CYSTS* in the 
5-HT,, receptor, while the 5-HT,, and 5-HT,, receptors 
have a Ser residue in the corresponding position (Oliveira 
et al., 1993). We suggest, therefore, that ‘the unique ligand 
binding profiles of 5-HT, receptors may depend on the 
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presence of a small polar residue at the position corre- 
sponding to Cys362 in the 5-HT,, receptor. The 5-HT,,, 
5-HT,, and 5-HT,, receptors have an asparagine residue 
corresponding to Asn333 ransmembrane helix 6) in the rat 
5-HT 2c receptor (Ohvel(:a et al 

. 
., 19931, which suggests 

that the ligand binding profile of 5-HT, receptors also may 
depend on this residue. The present models of antagonist- 
receptor complexes suggest that Asn333 may form a hydro- 
gen-bonding interaction, whereas Ala2’3 may form a strong 
van der Waals interaction with the fused ring system in 
ketanserin, but not in ritanserin (Fig. 4). This is in accor- 
dance with results from ligand binding studies, suggesting 
that the nature of the piperidine nitrogen-substituent in 
ketanserin-related analogues may affect (1) the particular 
mode of 5-HT,, receptor binding for such compounds 
(Ismaiel et al., 1995) and (2) 5-HT,, vs. 5-HT,, receptor 
binding selectivity (Herndon et al., 1992). 

A common structural feature among several antagonists 
showing selective binding to 5-HT,, vs. 5-HT,, receptors, 
is a reactive oxygen atom corresponding to the benzoyl 
oxygen atom in ketanserin (Pierce et al., 1992). According 
to the present model, the benzoyl carbonyl group in ke- 
tanserin may be in close proximity to Ser’39 (transmem- 
brane helix 3), which is conserved among mammalian 
5-I-IT,, , 5-HT2,, 5-HT,, receptors, and CYSTS’ (trans- 
membrane helix 71, which is not conserved (Fig. 4). A 
different hypothesis suggests that the ketanserin molecule 
is localized with its p-fluoro benzoyl moiety near the 
extracellular ends of the transmembrane helices (Pierce et 
al., 1992). According to this hypothesis, the benzoyl car- 
bony1 group (or another reactive oxygen-containing group) 
in ketanserin-type compounds may interact with one or 
both of the non-conserved residues, Ser336 or LYS”~‘, near 
the extracellular ends of transmembrane helices 6 and 7 of 
the rat 5-HT,, receptor. The 5-HT,, receptor has Ala 
residues, whereas the 5-HT,, receptor subtype has a Leu 
and a Thr/Met corresponding to these Ser and Lys residues 
in the 5-HT,, receptor (Oliveira et al., 1993). As a conse- 
quence of these interactions, the protonated piperidine NH 
group and the benzoyl moiety in such compounds may 
interact more weakly with residues in the 5-HT,, receptor 
than with residues in the 5-HT,, receptor. Others have 
proposed that the benzoyl carbonyl group in ketanserin-type 
compounds form a hydrogen bond with a residue in the 
5-HT,, receptor (Andersen et al., 1994). We suggest that 
this hydrogen- bonding interaction may involve the serine 
residue in the 5-HT,, receptor, corresponding to CYSTS’ in 
the rat 5-HT,, receptor, and that this Cys/Ser difference 
may contribute to subtype differences in ligand binding 
affinities between the 5-HT,, and 5-HT,, receptor sub- 
types. The present hypothesis and the hypothesis proposed 
by Pierce et al. (1992) are both in agreement with results 
from experiments with chimeric rat 5-HT,,,,, receptors, 
suggesting that important determinants for the selective 
binding of ketanserin to the 5-HT,, receptor are located in 
transmembrane helix 3 and in the C-terminal domains, 

including transmembrane helices 6 and 7 (Choudhary et 
al., 1992). 

Molecular modeling of transmembrane helix bundles of 
5-HT,, > 5-HT,, and 5-HT,, receptors have identified 8 
residues with various functional properties in the different 
5-HT, receptor subtypes, which are located in the central 
cavity (Westkaemper and Glennon, 1993). Only 3 out of 
these 8 residues, corresponding to Ser”’ (transmembrane 
helix 4), Met348 and G1u349 (transmembrane helix 7) in the 
rat 5-HT,, receptor, were predicted to be localized near or 
at the putative ligand binding site in these receptor models 
(Westkaemper and Glennon, 1993). Arg’96 (Leonhardt et 

Q’ al., 1993), Ser33h, Lys. (Pierce et al., 1992), located near 
the extracellular ends of the transmembrane helices 4, 6 
and 7 in the rat 5-HT,, receptor, are other non-conserved 
residues with differing functional groups, that have been 
proposed to be key residues determining subtype selectiv- 
ity in ligand binding to 5-HT, receptor subtypes. Accord- 
ing to the present simulations, three non-conserved residues 
with different functional groups, Cys362 (transmembrane 
helix 7), Ser’33 (transmembrane helix 3), Ser’s7 (trans- 
membrane helix 4), may take part in ligand binding to the 
rat 5-HT,, receptor. 

4.3. Agonist binding selectivity 

Serotonin has significantly higher affinity for the ago- 
nist low-affinity state of the 5-HT,, receptor than for the 
corresponding state of the 5-HT,, receptor, while the 
difference was less pronounced for the agonist high-affin- 
ity states (Boess and Martin, 1994). Experiments with the 
single-point mutant Arg 19”Gln in the human 5-HT,, recep- 
tor have suggested that this Arg residue contributes to the 
higher affinity and potency of serotonin at the 5-HT,, 
receptor than at the 5-HT,, receptor (Leonhardt et al., 
1993). In the present rat 5-HT,, receptor model, the 
corresponding Arg’96 residue was involved in a network of 
salt bridges involving Arglz5, Asp19’ and Asp”’ near the 
extracellular ends of transmembrane helices 3-5, respec- 
tively. Different residues with various functional properties 
are located at these positions in the different 5-HT, recep- 
tor subtypes. The 5-HT,, receptor has a Gln and the 
5-HT,, receptor has a Glu residue, corresponding to Arg’96 
in the rat 5-HT,, receptor (Oliveira et al., 1993). Accord- 
ing to the present model, the Arg”‘Gln substitution may 
change helix-helix interactions between transmembrane 
helices 3, 4 and 5 and thereby also the geometry of the 
ligand binding site. In the present models, direct interac- 
tions between ligands and the side-chains of Arg19(’ and 
Asp19’, at the extracellular opening in the duct formed by 
the seven transmembrane helices, were not observed. 

4.4. The role of proline residues 

Site-directed mutagenesis studies of the highly con- 
served proline residues in transmembrane helices 4-7 (Fig. 
2) of the rat m3 muscarinic receptor have suggested that 



these are important for receptor expression, ligand binding 
and signal transduction (Wess et al., 1993). All G-protein- 
coupled serotonin receptors have prolines at positions cor- 
responding to those of Pro”‘, Pro”‘, Pro367, and proline 
corresponding to one or both of Pro”’ and Ile190 in the rat 
5-HT,, receptor (Oliveira et al., 1993). Serotonin inter- 
acted with Prolx9 in transmembrane helix 4 after simula- 
tion 1, ritanserin interacted with Pro18” and Pro2” after 
simulation 1. whereas ketanserin did not interact with any 
of these two proline residues (Table 5). Pro”’ and ProIZ7 
also exposed the carbonyl groups of Val’*” in transmem- 
brane helix 4 and Ala”’ in transmembrane helix 5 into the 
putative ligand binding pocket. As shown in Fig. 3, Val”” 
and Ala”” were hydrogen-bonded to serotonin after simu- 
lation 1. Pro”X was on the membrane-facing side of 
transmembrane helix 6 in the receptor model (Fig. 2). 

4.5. The role of uromatic re.ridues 

In addition to the prolines, 7 aromatic residues in the 
transmembrane domains of the S-HT,, receptor (Trp’XO in 
transmembrane helix 4, PheZZJ and Tyr’35 in transmem- 
brane helix 5, Phe”“, Trp3’h and Phe3” in transmembrane 

“’ helix 6 and Tyr- in transmembrane helix 7) are con- 
served in all G-protein-coupled serotonin receptors 
(Oliveira et al., 1993), and in more than 50% of 105 
different family A G-protein-coupled receptors that have 
been cloned (Baldwin. 1993) (Fig. 2). 3 other aromatic 
residues in the transmembrane domains of the 5-HT, 
receptor, Phej3” in transmembrane helix 6, Trpj5’ and 
Tyr X60 in transmembrane helix 7, are conserved in all 
G-protein-coupled serotonin receptors that have been 
cloned (Oliveira et al., 1993). It was interesting to note, 
therefore, that ProlX9, Pro”’ in transmembrane helix 5, 
and a cluster of 3 aromatic residues (Phe*‘” in transmem- 
brane helix 5. Trp”h and Phe”‘” in transmembrane helix 
6) had van der Waals contact and formed a hydrophobic 
pocket around the indole ring of serotonin after simulation 
1 (Fig. 3). The distance from the centroid of the benzene 
ring to the positively charged nitrogen atom in serotonin 
was 5.0 A after simulation 1. According to a previous 
pharmacophore model derived from a series of 5-HTZ,\ 
receptor agonists and structurally related antagonists, this 
distance should be approximately 5.1 (5.0-5.5) ,& (Glen- 
non et al., 1991). 

The present simulations of serotonin-5-HT,, receptor 
complexes are in agreement with site-directed mutagenesis 
experiments suggesting that agonist binding and signal 
transduction in the 5-HT,, receptor require Phe”‘” in 
transmembrane helix 6 but not Phe339 in transmembrane 
helix 6 (corresponding to Phe”O and Phe”’ in the rat 
5-HT?, receptor), and that the opposite is the case for 
ketanserin binding (Choudhary et al., 1993; Choudhary et 
al.. 1995). Different orientations of the ligand at the rat 
5-HT,, receptor. at least with respect to Phe’4”, have been 
proposed within closely related structure series of ergoline 

derivatives (Choudhary et al., 1995). Based on present 
findings, we propose that structural differences between 
ketanserin and ritanserin may give rise to different (over- 
lapping) modes of binding of these two antagonists at the 
rat 5-HT?, receptor (Fig. 4). After simulation 2 with 
ketanserin, the aromatic Phe13’ (transmembrane helix 3), 
Trp”” (transmembrane helix 4), Phe3”, Trp3’h (transmem- 
brane helix 6) surrounded the fluoro-benrene moiety in 
ketanserin, whereas Trp”” (transmembtane helix 41, 
Phej”, TrpjZh, Phe”’ (transmembrane helilx 6) surrounded 
the fluoro benzene moiety in ritanserin after simulation 2 
with ritanserin. The piperidine ring interacted with aro- 
matic residues, Trp3’6 and Phe’” (transmembrane helix 6) 
after simulation 2 with ketanserin, and with Phe”’ after 
simulation 2 with ritanserin. These results are in agreement 
with results from ligand binding studies, which have sug- 
gested that the benzoyl portion of ketankerin-type com- 
pounds is important for high-affinity binping to 5-HT?, 
and 5-HT,, receptors (Herndon et al.. 1992). and that the 
benzoyl carbonyl group in ketanserin-type compounds may 
have a prominent role in anchoring or orientating these 
compounds at the 5-HTzA receptor (Ismalel et al., 1995). 
The present study suggests that ketanserih, an antagonist 
containing a benzoyl carbonyl group and ritanserin which 
do not contain such a group may differ in the manner in 
which they interact with the rat 5-HT,, receptor. Ligand 
binding studies have suggested multiple binding modes of 
ketanserin analogues at the rat 5-HT,, receptor. and that 
the benzoyl substituent is the most significant determinant 
of the manner in which these ligands bind to the 5-HT?, 
receptor (Ismaiel et al., 1995). These results do not support 
the hypothesis that structurally diverse antagonists interact 
in a similar orientation at the 5-HT,, receptor, as assumed 
in a pharmacophore model derived from $eries of 5-HT,, 
receptor antagonists (Andersen et al.. 1994). 

4.6. Receptor structure at the l&and bindkng site 

The present simulations of the 5-HTqc receptor with 
ligands produced specific intramolecular hydrogen bonds 
in the cavity between the transmembranb helices, which 
may be essential for maintainance of the neceptor structure 
and signal transduction (Table 6). Asp”* was hydrogen- 
bonded to Asn “’ in transmembrane helix 7 after 4 out of 6 
simulations of ligand-receptor complexes;, and to Asn” in 
transmembrane helix 1 after all 6 simulations. These find- 
ings are in agreement with site-directed mutagenesis exper- 
iments with the human 5-HT,, receptor, which suggest 
that the hydrogen bond between Asp”” in transmembrane 
helix 2 and Asn37h in transmembrane helix 7 (correspond- 
ing to Asp’“” and Asn3”h in the rat 5-$T2, receptor) is 
important for signal transduction (Sealfon et al., 1995). 

4.7. Structural changes induced by l&and binding 

Based on the present calculations, we propose that 
ligand binding may lead to specific reanangement of one 
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or more hydrogen bonds between the highly conserved 
residues in the central cavity of the 5-HT,, receptor. Some 
of the rearrangements (e.g. formation of the A~p’~~-Cys~~’ 
and Tyr 370-Asn 366 hydrogen bonds) that occurred during 
simulation 1 with serotonin, did not occur in any of the 
other simulations. A hydrogen bond between Asp”’ 
(transmembrane helix 2) and Ser363 (transmembrane helix 
7) was formed in all simulations except simulation 2 with 
ritanserin (Table 6). Such rearrangement of hydrogen bonds 
may affect interhelical interactions, which in turn may 
affect the conformation of intracellular loops that are 
involved in G-protein-coupling. Biological experiments 
have demonstrated that the binding of 13 different antago- 
nists (often called ‘inverse agonists’), including ketanserin, 
may lead to conformational changes in the intracellular 
loops of the rat 5-HT,, receptor, whereas binding of two 
other antagonists ( + )2-bromolysergic acid diethylamide 
and methysergide (often called ‘neutral antagonists’) may 
lead to no such effects (Westphal and Sanders-Bush, 1994; 
Barker et al., 1994). By comparing models of ligand-re- 
ceptor complexes for both these kinds of antagonists, it 
may be possible to identify differences in the manner 
which these compounds interact with the 5-HT,, receptor. 

4.8. Comparision with l&and-5-HT,, receptor models 

In a previous model of the rat 5-HT,, receptor, the 
transmembrane helices were packed in a circular arrange- 
ment (Edvardsen et al., 1992). Molecular dynamics simula- 
tions of receptor-ligand complexes, with serotonin, ri- 
tanserin (Edvardsen et al., 1992) and ketanserin (Kristian- 
sen et al., 1993) positioned into this model, produced oval 
arrangements of the seven transmembrane helices, which 
did not closely resemble the helix arrangement suggested 
by (Baldwin, 1993), from the projection map of bovine 
rhodopsin (Schertler et al., 1993). 

The seven transmembrane helices have been organized 
in an anticlockwise arrangement viewed from the synaptic 
side, in the order 1, 3, 4, 5, 6, 7, 2 in one rat 5-HT,, 
receptor model (Zhang and Weinstein, 1993) and in the 
order 1, 2, 3, 4, 5, 6, 7 in the majority of other rat 5-HT,, 
receptor models and in the present rat 5-HT,, receptor 
model. The transmembrane helices were packed according 
to the projection map of bovine rhodopsin (Schertler et al., 
1993; Baldwin, 1993) both in the present model of the rat 
5-HT,, receptor and in other recent models of G-protein- 
coupled receptors (Zhang and Weinstein, 1993; Zhou et 
al., 1994; Donnelly et al., 1994). In contrast to most other 
receptor models, the present model includes the loops 
between transmembrane helices, N- and C-terminals and a 
disulfide bridge between CYS’*~ (transmembrane helix 3) 
and Cys208 in the second extracellular loop. 

Several different models of the serotonin-rat 5-HT,, 
receptor complex have been reported. The primary counte- 
rion for the protonated amine group in serotonin was the 
Asp in transmembrane helix 3, conserved among biogenic 

amine receptors, both in the present 5-HT,, receptor model 
(Asp135 in transmembrane helix 3 of the rat 5-HT,, recep- 
tor) and in other rat 5-HT,, receptor models (Asp155 in 
transmembrane helix 3 of the rat 5-HT,, receptor) (Zhang 
and Weinstein, 1993; Westkaemper and Glennon, 1993; 
Trumpp-Kallmeyer et al., 1992; Donnelly et al., 1994). 
This assumption is supported by results from site-directed 
mutagenesis experiments with the rat 5-HT,, receptor 
(Wang et al., 1993). The OH group of serotonin may be 
hydrogen-bonded to either Ser239 in transmembrane helix 
5 (Westkaemper and Glennon, 1993; Trumpp-Kallmeyer et 
al., 1992; Donnelly et al., 1994) or Ser3” in transmem- 
brane helix 7 (Zhang and Weinstein, 1993) (corresponding 
to SerzzO and CYSTS* in the rat 5-HT,, receptor). All 
cloned serotonin receptors have either a Thr or a Ser 
residue in the position corresponding to Ser*” (transmem- 
brane helix 5) in the rat 5-HT,, receptor (Oliveira et al., 
1993). Therefore, a hydrogen bond interaction between 
this residue and the OH group of serotonin seems likely. 
The indole NH group in serotonin may form a hydrogen 
bond with either Ser’59 in transmembrane helix 3 (Don- 
nelly et al., 1994), Ser ‘03 (Trumpp-Kallmeyer et al., 1992), 
or Ser*” in transmembrane helix 4 (Westkaemper and 
Glennon, 1993) in the rat 5-HT,, receptor (corresponding 
to Ser’39, Serlx3 and Ser18’ in the rat 5-HT,, receptor). 
Ser’39 and Ser’83 are conserved among all 5-HT, receptor 
subtypes, whereas Ser”’ not is conserved among 5-HT, 
receptor subtypes (Ser in the 5-HTzA and 5-HT,, recep- 
tors, Ala in the 5-HT,, receptor) (Oliveira et al., 1993). 
After simulation 1 with serotonin, Ser’33 in transmem- 
brane helix 3 and the main-chain carbonyl groups of Val”’ 
in transmembrane helix 4 and Ala223 in transmembrane 
helix 5 in the rat 5-HT,, receptor were hydrogen-bonded 
to the polar indol groups in serotonin. As observed in the 
present rat 5-HT2, receptor model, Phe243 in transmem- 
brane helix 5 and Phe340 in transmembrane helix 6, in the 
rat 5-HT,, receptor (corresponding to Phe224, Phe330 in 
the rat 5-HT,, receptor) have been proposed to interact 
with the indole ring in serotonin (Trumpp-Kallmeyer et al., 
1992; Westkaemper and Glennon, 1993; Donnelly et al., 
1994). 

A previous model of the 5-HT,, receptor with ri- 
tanserin showed preference for a ligand orientation, with 
the fluoro benzene moiety oriented towards the synaptic 
side (Edvardsen et al., 1992), which was different from the 
present ritanserin-5-HT,, receptor model. In the present 
model, the protonated piperdine NH group of ritanserin 
was oriented towards the side-chain carboxyl group of 
Asp . ‘35 The majority of residues interacting with ritanserin 
were in transmembrane helices 3, 4, 6, 7. In spite of the 
fact that ritanserin was differently orientated in the present 
5-HT,, receptor model and in the previous 5-HT,, recep- 
tor model, several residues interacted strongly with the 
antagonist in both models, e.g. Asp135 in transmembrane 
helix 3, Trp18’ in transmembrane helix 4 and Trp326, 
Phe3*” and Asn333 . in transmembrane helix 6 (rat 5-HT,, 
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receptor). However, C~S’~’ and Ser363 in transmembrane 
helix 7 also interacted particularly strongly with ritanserin 
in the present 5-HT,, receptor model, whereas interactions 
with the corresponding residues were not observed in the 
previous model of the ritanserin-5-HT,, receptor com- 
plex. Asp”” and Met 12’ in transmembrane helix 2 inter- 
acted particularly strongly with ritanserin in our previous 
5-HT,, receptor model, whereas interactions with the cor- 
responding Asp”’ and Met”’ residues were weak or 
absent in the present model of the ritanserin-5-HT,, re- 
ceptor complex. Trp336 and Phe3” (transmembrane helix 
6) were involved in aromatic-aromatic interactions with 
the fused ring system in ritanserin in our previous model. 
and in aromatic-aromatic interactions with the fluoro ben- 
zene rings in ritanserin in the present model. 

An orientation of ketanserin at the putative binding site 
of the rat 5-HT,, receptor model which was similar to that 
proposed in the present study, produced the lowest ke- 
tanserin-receptor interaction energy (Kristiansen et al., 
1993). The majority of residues interacting with ketanserin 
were in transmembrane helices 3-7 in the present model. 
Ketanserin interacted particularly strongly with Ala’” in 
transmembrane helix 5, Phe32’, Asn333 in transmembrane 
helix 6 and Ile358 m transmembrane helix 7 in the present 
model, whereas interactions with the corresponding 
residues were weak or absent in the previous model of the 
ketanserin-5-HT,, receptor complex. Ketanserin inter- 
acted particularly strongly with Asp”’ in transmembrane 
helix 2, Trp”’ in transmembrane helix 3, Phe240, PheZA3 in 
transmembrane helix 5 in the previous 5-HT,, receptor 
model (corresponding to Asp”‘, Trp”‘, Phe”‘, Phe”” in 
the rat 5-HT2, receptor), whereas interactions with the 
corresponding residues were weak or absent in the present 
model of the ritanserin-5-HT,, receptor complex. In our 
previous 5-HT,, receptor model, the phenyl ring of Phe2” 
was stacked with the fluoro benzene ring in ketanserin, 
whereas the corresponding Phe’24 interacted with the 
quinazolindione ring in the present model. 

Although models of G-protein-coupled receptors should 
be regarded as approximate three-dimensional structures, 
and conflicting structures have been proposed for the same 
receptors, these constructs have proven to be useful in 
structure-functional analysis of G-protein-coupled recep- 
tors (Luo et al ., 1994). 

5. Conclusions 

Strongest antagonist-receptor interactions were ob- 
tained after simulations with the p-fluoro benzene moiety 
of ketanserin and ritanserin oriented towards the cytoplas- 
mic side of the receptor model. Slightly different orienta- 
tions and receptor interactions of ketanserin and ritanserin 
were predicted. The following residues were proposed to 
be involved in aromatic-aromatic interactions with the 
fluoro benzene ring(s) in the antagonists: Phe’38 (trans- 

membrane helix 3), Trp’a’ (transmembrane helix 4), Phe”‘, 
Trp3’6 (transmembrane helix 6), Phe329 (transmembrane 
helix 6). The present antagonist-receptor complexes sug- 
gest that Asn’33 (t ransmembrane helix 6) may form a 
hydrogen-bonding interaction and AlaZZ3 (transmembrane 
helix 5) a strong van der Waals interaction with the fused 
ring system in ketanserin, but not in ritanserin. The indole 
ring in serotonin may interact with Phe”4, Pro”’ in 
transmembrane helix 5, Trp326 and Phe3”’ in transmem- 
brane helix 6. Asp loo in transmembrane helix 2 may form 
hydrogen bonds with Asn”, Asn”” and Tyr370 in the 

5-HT,, receptor. These hypotheses may be tested by 
site-directed mutagenesis and ligand binding experiments, 
which would lead to a more accurate receptor model, 
which may be used for structure based design of specific 
5-HTzc receptor ligands. 

Supplementary material auailable 

The AMBER parameters, atomic charges for serotonin, 
ketanserin and ritanserin and atomic coordinates for en- 
ergy-minimized ligand-receptor complexes after simula- 
tions are available from the authors upon request. 
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