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Abstract 
A three-dimensional model of the 5-HTIA receptor in man was constructed by molecular-modelling techniques 
and used to study the molecular interactions of a series of buspirone analogues with the 5-HTIA receptor by 
molecular-mechanical-energy minimization and molecular-dynamics simulations. 

The receptor has seven trans-membrane a helices (TMHs) organized according to the electron-density- 
projection map of visual rhodopsin, and includes all loops between TMHs and the N- and C-terminal parts. The 
best fit between the buspirone analogues and the receptor model was obtained with the quinolinyl part of the 
ligand molecules interacting with amino acids in TMH6, the imide group interacting with amino acids in 
TMH2, TMH3 and TMH7, and the carbonyl groups hydrogen-bonded with Ser86 and Ser393. The ligand- 
binding rank order deduced from the experimentally determined inhibition constant was reproduced by 
calculation of receptor-binding energies of the buspirone analogues. 

The models suggest that steric hindrance and repulsive forces between the receptor and the imide group of 
the buspirone analogues are the most important determinants of ligand-binding affinity for discriminating 
between these ligands. 

By acting on specific cell-surface receptors, the neuro- 
transmitter 5-hydroxytryptamine (5-HT) is involved in various 
physiological and pathophysiological processes. The receptors 
activated by 5-HT have been divided into seven classes, and at 
least fifteen different 5-HT receptor-subtype genes have been 
characterized (Hoyer et a1 1994). Six 5-HT receptor subtypes 
are members of the 5-HT1 family; these are designated the 
S - ~ I A ,  S-HTIB, S-HTIDA, S-HTIDB. ~ - H T ~ E  and 5-HT1p 
receptors. Among these the 5-HTIA receptor is that which 
is best characterized, mainly because of the availability of a 
selective S - H T ~ A  receptor agonist, 8-hydroxy-2-(dipropyl- 
amino)tetralin. 

Except for the 5-HT3 receptor, the 5-HT receptors are 
members of the family of guanine nucleotide-binding reg- 
ulatory protein (G protein)-coupled receptors (Hoyer et al 
1994). G protein-coupled neurotransmitter receptors are inte- 
gral membrane proteins believed to consist of seven trans- 
membrane-spanning ct helices (TMHs), connected by three 
intracellular and three extracelluar loops (Schwartz 1994). All 
available information indicates that the TMHs form a central 
core, by analogy with rhodopsin, and that binding of small 
molecules to catecholamine receptors involves amino acids 
within the central core of the TMHs (Schwartz 1994). 

Clinical trials have shown that the partial 5-HTIA receptor 
agonist, buspirone, which is structurally unrelated to the ben- 
zodiazepines, has an anxiolytic effect similar to that of dia- 
zepam (Goa & Ward 1986; Traber & Glaser 1987). Buspirone 
had an advantage over the benzodiazepines in that it did not 
cause sedation and was not addictive and thus had no asso- 
ciated withdrawal syndrome (Goa & Ward 1986; Peroutka 
1995). It was later reported that buspirone and other 5-HTIA 

Correspondence: I. Sylte, Department of Pharmacology, Institute of 
Medical Biology, University of Troms0, N-9037 Tromse, Norway. 

receptor agonists also have anti-depressive properties (Wieland 
& Lucki 1990). 

These observations suggested that buspirone, and possibly 
also other structurally related 5-HTIA receptor ligands, might 
be useful agents for treatment of anxiety and depression, and 
several buspirone analogues have since been synthesized and 
tested for their 5-HTIA receptor ligand affinity. However, to 
design new 5-HTIA receptor ligands with high specificity and 
therapeutic potential in the treatment of anxiety or depression, 
more detailed knowledge about the three-dimensional structure 
of the 5-HTIA receptor and the molecular mechanisms of 
ligands interacting with the 5-HTIA receptor would be useful. 

In this study, we have constructed a three-dimensional model 
of the 5-HTIA receptor from its amino acid sequence, with the 
TMHs organized in an arrangement derived from the projection 
map of visual rhodopsin (Baldwin 1993; Schertler et a1 1993; 
Unger & Schertler 1995). The model was used to study the 
molecular interactions of a series of buspirone analogues with 
the 5 - f l 1 ~  receptor by molecular-dynamics simulations and 
molecular-mechanical-energy minimization, and to calculate 
receptor-binding energies of the buspirone analogues. 

Materials and Methods 

Molecular-mechanical-energy minimization and molecular- 
dynamics simulation were performed with the Amber 4.0 
programs. The Amber united atom force field (Weiner et a1 
1984) was used for the receptor model and the Amber all-atom 
force field (Weiner et a1 1986) was used for the buspirone 
analogues. A distance-dependent dielectric function ( E  = r; r is 
the inter-atomic distance), without explicit water molecules, 
was used in the calculations. The cut-off radius for non-bonded 
interactions was 12 in the energy minimization of the 
receptor model, buspirone analogues, and receptor-ligand 
complexes. The initial step-length in the minimization was 
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0.05, and the non-bonded pair list was updated after every 100 
steps. 

After an initial equilibrium period starting at 0.1 K, 
molecular-dynamics simulations with velocity scaling were 
performed at 310 K. The cut-off radius for non-bonded inter- 
actions was 8 A during the simulations, and all bonds were 
constrained using the Shake option. The non-bonded pair list 
was updated after every 10 steps during the simulations. The 
step-length in the simulations was 0,001 ps, and coordinates 
were saved to a disk file at 1 ps intervals. 

Modelling of ligands 
The crystal structure of 4,4-dimethyl-1-{ 4-[4-2-quinolinyl)-l- 
piperazinyl]butyl)-2,6-piperidinedione (1) (Chilmonczyk et a1 
1995) was used as the starting structure for the preparation of 
initial all-atom models of the buspirone analogues (Fig. 1). The 
nitrogen atom attached to the butyl fragment was protonated 
for all analogues. The analogues were energy-minimized until 
convergence with a 0.02 kcal mol-' A energy gradient dif- 
ference between successive steps. 

Molecular-mechanics parameters for the buspirone analo- 
gues were initially set equal to standard all-atom Amber 
parameters, and adjusted to ensure reproduction of the main 
features of the crystal structure of 1. 
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RG. 1. Chemical structures of buspirone and analogues. 
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Atomic point charges for 1 were calculated by splitting the 
crystal structure, energy-minimized without electrostatic 
interactions, into two overlapping fragments. Fragment 1 
consisted of the quinolinyl, piperazinyl and butyl groups. The 
butyl group was terminated in a hydrogen atom replacing the 
remaining part of 1. Similarly, fragment 2 was created 
including the imide, butyl and piperazine groups, and piper- 
azine was terminated with an extra hydrogen atom replacing 
the quinolinyl fragment. Each fragment was energy-mini- 
mized, and electrostatic-potential-based atomic point charges 
were calculated quantum mechanically with the Quest 1.0 
program (Singh & Kollman 1984) using an STO-3G basis set. 
The atomic point charges were adjusted in the overlapping 
regions of fragments 1 and 2, and the crystal structure of 1 was 
energy-minimized with the atomic charges included. The r.m.s. 
difference between the crystal :tructure and the final energy- 
minimized structure was 0.29 A. 

The buspirone analogues were divided into four residues: 
quinolinyl, piperazinyl, butyl and different types of imide 
group (Fig. 1). From the calculated atomic point charges of 1, 
standardized atomic point charges for the quinolinyl, piper- 
azinyl and butyl residues were defined. The conformation 
resulting from energy minimization, and the corresponding 
standardized atomic point charges of the crystal structure of 1 
were used for these residues in the other molecules in the 
series. 

Atomic point charges for the imide groups were calculated 
by adding a butyl fragment to the nitrogen atom of the imide 
fragment. The butyl chain had the same conformation as in the 
energy-minimized crystal structure of 1. Thus the only vari- 
ation of molecular properties in the series was the substitution 
pattern, conformation and atomic point charges in the imide 
part of the molecule. (Molecular-mechanical parameters and 
atomic point charges for the buspirone analogues are available 
from the authors on request.) 

Receptor modelling 
The TMHs were constructed from the 5-HTIA receptor 
sequence in man (Chanda et a1 1993) as a helices with 4 and JI 
angles of -57" and -47", respectively. Each TMH was 
refined by energy minimization and the helical bundle was 
organized according to the projection map of visual rhodopsin 
(Unger & Schertler 1995), using the arrangement of the Th4Hs 
in G protein-coupled receptors proposed by Baldwin (1993). 
The TMHs were organized such that amino acids in the 
5-HTIA sequence at positions demonstrated to be important for 
ligand binding in other G protein-coupled receptors (Schwartz 
1994; Baldwin 1994; van Rhee & Jacobson 1996) were facing 
the interior of the helical bundle. Few data are available about 
ligand binding to specific amino acids in TMHl of G protein- 
coupled receptors. However, a threonine corresponding to 
Val57 in the 5-HTIA receptor has been shown to be important 
for agonist binding to bovine rhodopsin (Min et a1 1993; 
Anukanth & Khorana 1994). Therefore, Va157, and As1154 
which are highly conserved among the G protein-coupled 
receptors (van Rhee & Jacobson 1996), were facing the interior 
of the helical bundle. In contrast with previous modelling of 
the 5 - H T I A  receptor (sylte et a1 1996), the water-accessible 
surface, electrostatic potentials and average hydrophobic 
moment of each TMH were not used in the packing of the 
helical bundle. Although both this and the previous model 
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were based on the projection map of visual rhodopsin, the 
significant difference in helix-packing strategy led to differ- 
ences in the structure of the TMHs. In this model TMH3 was 
slightly less exposed to the lipid membrane, and TMHS 
slightly more exposed, than in our previous model of the 5- 
HTIA receptor (Sylte et a1 1996). Seen from the extracellular 
side, the current model also differs from the previous model in 
that TMH6 was rotated 45" (clockwise) and TMH7 20" 
(clockwise), in order to take into account recent results from 
site-directed mutagenesis of G protein-coupled receptors 
(Baldwin 1994). 

Loops and terminals were constructed, energy-refined and 
connected to the TMHs as described in our previous mole- 
cular-modelling study of the 5-HTIA receptor interacting with 
various tetralin derivatives (Sylte et a1 1996). After adding 
loops and terminals, the receptor model was energy-refined by 
25 ps of molecular-dynamics simulation of the loops and 
terminals, while keeping the TMHs in a fixed position, then by 
energy minimization of the entire receptor model. 

Simulation of receptor-1 interactions 
Results from site-directed mutagenesis studies of the 5-HTIA 
receptor (Guan et a1 1992; Ho et al 1992; Chanda et a1 1993) 
were used as a guide to dock the energy-minimized crystal 
structure of 1 into the receptor model in two different posi- 
tions. In both positions, the protonated amino group (N3, Fig. 
1) interacted with Aspl 16 in TMH3. In position 1, the imide 
group in 1 was orientated against TMHI, TMH2 and TMH7, 
with the carboxyl groups hydrogen-bonded with Ser86 in 
TMH2 and Ser393 in TMH7. The quinolinyl part of 1 was 
orientated towards TMH5 and TMH6. In position 2, the imide 
group was orientated towards the intracellular side of the 
receptor model, with the carbonyl groups hydrogen-bonded 
with Ser123 in TMH3 and Tyr4OO in TMH7. The quinolinyl 
part interacted in an area between Ser86 in TMH2 and Ser393 
in TMH7 on one side, and Phel12 in TMH3 and Tyr390 in 
TMH7 on the other side. 

The two complexes of 1 and the receptor model were 
energy-minimized by 500 cycles of steepest-descent mini- 
mization then 2000 cycles of conjugate-gradient minimization. 
The complexes were further refined by 6 ps of molecular- 
dynamics simulation with the ligand and the amino acid side- 
chains free to move. The complexes obtained after 6 ps of 
simulation were used as start structures for 175 ps molecular- 
dynamics simulations without any constraints. The 25 coor- 
dinate sets saved between 150 and 175 ps were used to cal- 
culate average receptor-l complexes, which were energy- 
minimized. The molecular-interaction energy between amino 
acids in the receptor model and 1 were calculated for the 
energy-minimized average complexes. 

Buspirone analogue-receptor binding energies 
The three-dimensional structure of 1 in the energy-minimized 
average complexes was used as template for docking the 
buspirone analogues (Fig. 1) into the receptor model in two 
different positions relative to the receptor model. Each bus- 
pirone analogue was superimposed on to the structure of 1 in 
both complexes, and then 1 was removed from the complex. 
To obtain optimum matching between each ligand and 1, 
rotation of ligand torsional angles was necessary. The ligand- 
receptor complexes and the ligand and receptor structures in 

each complex were energy-minimized until convergente with 
an energy gradient smaller than 0.02 kcal mol-I A. The 
binding energies (Eb) of the ligand-receptor complexes were 
calculated by use of the equation (Ferenczy & Moms 1989): 

Eint is the total interaction energy between the ligand and the 
receptor in the energy-minimized complex. ELD is the distor- 
tion energy of the ligand, calculated as the difference between 
the potential energy of the ligand molecule in the energy- 
minimized complex and that of the separately energy-mini- 
mized ligand molecule. ERD is the distortion energy of the 
receptor, calculated as the difference between the potential 
energy of the receptor structure in the energy-minimized 
complex and that of the separately energy-minimized receptor 
structure. 

Results 

Three-dimensional structure of the receptor model 
The use of the projection map of rhodopsin (Unger & Schertler 
1995) and the proposed arrangement of the TMHs in G pro- 
tein-coupled receptors (Baldwin 1993) as a guide in the helical 
packing introduced a hydrogen-bond between Asp82 in TMH2 
and Asn396 in TMH7 (1.67 A). The hydrogen-bond was 
retained during the molecular-dynamics simulations with 1 in 
the central core of the receptor model. In the average receptor- 
ligand complex with 1 in position 1, Asp82 was also hydrogen- 
bonded with Ser123 (1.68 A) and Tyr4OO in TMH7 (1.65 A). 
In the average receptor-ligand complex with 1 in position 2, 
Asp82 was hydrogen-bonded to As11396 only. 

The main intention with the receptor-1 simulations was not 
to study time-dependent structural changes but to overcome 
unfavourable non-bonded interactions and obtain energetically 
stable receptor-1 complexes. Fig. 2 shows that energetically 
stable receptor-1 complexes were obtained. Although several 
hydrogen-bonds involving Asp82 were formed during the 
simulations with 1 in position 1, the overall architecture of the 
TMHs was retained (Fig. 3). In both average complexes, kinks 
were seen in the region of Pro91 in TMH2, Pro170 and Pro171 
in TMH4, Pro207 in TMH5, Pro360 in TMH6 and Pro397 in 
TMH7. 

Receptor model-1 interactions 
The molecular-interaction energies between 1 and specific 
amino acids in the receptor model are shown in Table 1. In the 
energy-minimized average complex with 1 in position 1, the 
carbonyl groups were still hydrogen-bonded with Ser86 in 
TMH2 and with Ser393 in TMH7. The remaining part of the 
imide group in 1 interacted with amino acids in TMH1, TMH2, 
TMH3 and TMH7. The quinolinyl group interacted in a pocket 
consisting of Ala365, Leu366, Cys371 and Glu372 in TMH6, 
and Ile385 in TMH7 (Fig. 4). The protonated nitrogen atom in 
the piperazine ring interacted strongly with Aspl 16 (Table 1) 
and the other nitrogen atom in the piperazine ring interacted 
close to the side chain of Phe362 in TMH6. The nitrogen atom 
in the het!rocyclic ring system (Fig. 1) was located approxi- 
mately 5 A from the side-chain of Aspll6. 

With 1 in position 2, the initial hydrogen-bonds between the 
carbonyl groups and Ser123 in TMH3 and Tyr400 in TMH7 
were not retained during the simulation. In the average com- 
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Ratio between potential and kinetic energy of the receptor- FIG. 2. 
ligand complexes during 175 ps of molecular-dynamics simulation. 

plex, one of the carbonyl groups formed a hydrogen-bond with 
Cysl20 in TMH3 and the other carbonyl group was involved in 
hydrogen-bonds with Trp358 in TMH6 and Asn396 in TMH7 
(Fig. 4). The remaining part of the imide group in 1 interacted 
with amino acids in TMH3, TMH6 and TMH7. The protonated 
nitrogen atom in the piperazine ring interacted strongly with 
Asp116 and the quinolinyl part interacted in a pocket con- 
sisting of Val89 in TMH2, Phel l2  in TMH3, Ile385, Asn386 
and Tyr390 in TMH7. 

Ligand-receptor binding energies 
The calculations of ligand-receptor binding energies suggested 
that the buspirone analogues in position 1 bind to the receptor 
in the ranking order: 1 > 3 > 4 >> 2 > 6 > 5 as shown in 
Table 2. Except for (6), the theoretically calculated binding 
energies are in relatively good agreement with the ranking 
order of the experimentally determined inhibition constants of 
the buspirone analogues (Table 2). Table 3 indicates that the 
bulky imide group of 5 and 6 introduced greater structural 
changes in the region Leu88-Asn100 in TMH2 and the region 
Gly382-Leu395 in TMH7 than did the other buspirone ana- 
logues. Amino acids having van der Waals contact with the 
imide group of the buspirone analogues in position 1 are shown 
in Table 4. 

The calculated ligand-receptor binding energies with the 
buspirone analogues in position 2 relative to the receptor 
model were not able to reproduce the ligand-binding ranking 

Initial model 

4 
4 6  

Position 1 

4 4 

Position 2 

5 

1 1 
FIG. 3. Stereo view of the energy-minimized initial receptor model 
and of the energy-minimized average receptor-1 complexes between 
150 and 175 ps of simulation. C,-atoms of the 7 TMHs are shown. 
Side-chains displayed: initial model; Asp82, Asp1 16, Ser199 and 
Ser393; position 1; Ser86, Asp116 and Ser393; position 2; Aspll6, 
Cysl20, Trp358 and Asn396. 

order from experimentally determined inhibition constants 
(Table 2), indicating that position 1 is the most realistic 
orientation of the buspirone analogues at the 5-HT1* receptor. 

Structure of the buspirone analogues at the 5-€€TlA receptor 
Central intramolecular distances and torsional angles describ- 
ing the receptor-bound conformation of the buspirone ana- 
logues in position l are shown in Table 5. In all buspirone 
analogue-receptor complexes, the piperazine ring (Fig. 1) had 
a chair conformation with the heterocyclic and butyl sub- 
stituents in equatorial positions (Fig. 1). The buspirone ana- 
logues interacted with the receptor model in a rather folded 
conformation of the butyl chain (Table 5) compared with the 
crystal structure of 1. 
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Table 1. Receptor-1 interaction energies (kcal mol- ’) after energy- 
minimization of the average structure (average of coordinate sets 
between 150 and 175 ps of molecular-dynamics simulation). Amino 
acids with van der Waals contact with 1, and other amino acids close to 
the ligand (contact after 20% increased van der Waals radii (*)) are 
included in the table. 
~ 

Residue Location Position 1 Position 2 

Leu43 
1147 
Leu83 
Ser86 
Val89 
Leu90 
Ala93 
Gln97 

Phell2 
Ile113 
Leu1 15 
Asp116 

Ser123 
Leu 127 
Pro207 
Ile355 
Trp358 
Phe361 
Phe362 
Ala365 
Leu366 

Glu372 
Ile385 
Asn386 
Gly389 
Tyr390 
Asn392 
Ser393 
Asn396 
Tyr400 

CyslO9 

Cysll9 
Cysl20 

cys371 

TMHl 
TMHl 
TMH2 
TMH2 
TMH2 
TMH2 
TMH2 
TMH2 
EC 1 
TMH3 
TMH3 
TMH3 
TMH3 
TMH3 
TMH3 
TMH3 
TMH3 
TMH5 
TMH6 
TMH6 
TMH6 
TMH6 
TMH6 
TMH6 
TMH6 
EC3 
TMH7 
TMH7 
TMH7 
TMH7 
TMH7 
TMH7 
TMH7 
TMH7 

- 1.4 
-0.9(*) 
- 1.6 
-4.9 
- 
- 
- 

- 2.3 
- 0.9 

-11.3 
- 3.8(*) 
- 2.8 

-37.9 
- 1.3(*) 
- 
- 
- 
- 
- 
- 

- 1.6 
-3.7 
- 2.3 
-3.5 
- 1.0 
- 4.8 
- 5.2 

-3.9 
-3.9 
-3.5 
- 2.7 

- 

- 
- 

- 
- 
- 

-4.9 
- 3.6 
- 2.1 (*) 
- 0.3 
- 
- 

- 2.7 
- 
- 

-48.4 

-4.9 
- 3.6 
- 1.2 
- 1.3 
- 2.4 
-4.7 
- 2.3 
-3.3 

1.9(*) 

- 
- 
- 
- 

-4.3(*) 
-5.7 
- 1.5 
-4.4 
- 1.3 

-4.6 
- 

- 0.2(*) 

Discussion 

Several models of monoamine G protein-coupled receptors 
have been constructed using the three-dimensional structure of 
bacteriorhodopsin (Henderson et a1 1990) as a template for 
packing the TMHs. The projection maps showing the config- 
uration of the TMHs of visual rhodopsin (Schertler et a1 1993; 

Ser393 

Ser86 5er86 
Asn386 Asn396 

FIG. 4. Stereo view of the energy-minimized average 1-receptor 
model complexes between 150 and 175 ps of simulation with 1 in 
position 1 (upper) and in position 2 (lower). The receptor is viewed 
from the extracellular side. The ligand and the most important amino 
acids for ligand binding are included in the figure. 

Table 3. R.M.S. difference between the energy-minimized receptor- 
ligand complex and the receptor energy-minimized alone, calculated 
for segments in TMH2 and TMH7. 

Ligand Segment 
Leu88-Asn100 in TMH2 Ala383-Leu395 in TMH7 

0.19 
0.14 
0.13 
0.24 
0.5 1 
0.48 

0.21 
0.17 
0.20 
0.20 
0.25 
0.30 

Unger & Schertler 1995) indicate that the structure of rho- 
dopsin is less elongated and slightly wider than the structure of 
bacteriorhodopsin, and that the TMHs are tilted differently. 
The projection maps of rhodopsin and the proposed arrange- 
ment of the TMHs in G protein-coupled receptors (Baldwin 
1993) also suggest that TMH7 in rhodopsin is closer to TMH3 
and TMHS than in bacteriorhodopsin. It has also been shown 
that the use of bacteriorhodopsin as a template for packing the 
TMHs might ignore the fact that amino acids in T M M  might 

Table 2. Calculated interaction, distortion, and binding energies and experimental inhibition constants. 

Position Ligand Total interaction Distortion energy Distortion energy Calculated ligand- Experimental 
energy between ligand of the receptor of the ligand receptor binding inhibition 

and receptor in the upon bindinlg upon bindinlg energies constant 
energy-minimized complex (kcal mol- ) (kcal mol- ) (kcal mol-’) (W 

1 1 
2 
3 

2 

4 
5 
6 

1 
2 
3 
4 
5 
6 

- 126.2 
- 128.7 
- 129.3 
- 129.5 
- 136.5 
- 138.9 

- 129.0 
- 131.0 
- 127.1 
- 129.2 
- 141.4 
- 140.5 

11.1 
13.7 
13.6 
14.4 
26.8 
24.5 

22.4 
30.7 
25.7 
26.7 
22.3 
29.6 

2.0 
4.1 
3.9 
4.3 
7.3 
6.3 

2.0 
1.9 
2.0 
3.4 
0.0 
4.4 

-113.1 11f2 
- 110.9 3 9 f 7  
-111.8 2 9 f 4  
- 110.8 3 2 f 7  
- 102.4 1 9 7 f 1 2  
- 108.0 1262f 129 

- 104.6 
- 98.4 
- 99.4 

11f2 
3 9 f 7  
2 9 f 4  

- 99.1 3 2 f 7  
-119.1 197f  12 
- 106.5 1262f 129 

Experimental inhibition constants are given as mean f s.e.m. (Chilmonczyk et al, unpublished work). 
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Table 4. Molecular-interaction energies (kcal mol- ') between the 
imide group of the buspirone analogues (Fig. 1) in position 1 and 
amino acids in the receptor model. 

Amino acid TMH Ligand 

1 2 3 4 5 6  

Leu43 
Leu83 
Ser86 
Ma93 
Gln97 
Phell2 
Leu1 15 
Am386 
Gly389 
Tyr390 
Asn392 
Ser393 

1 
2 
2 
2 
2 
3 
3 
7 
7 
7 
7 
7 

-1.3 -1.4 
-0.9 -0.9 
-4.9 -5.1 

- 1.5 
- 2.0 

-2.2 -2.1 
-2.0 -2.4 

-3.1 -3.4 
- 0.5 

-2.9 -2.9 

-1.7 -1.2 -1.6 
- 0.7 - 1.2 
-5.5 -5.3 -5.5 
- 0.9 -0.2 
-2.0 -2.0 -3.8 
-2.3 -2.2 
-2.4 -2.6 -2.7 

- 2.3 
- 2.0 

-3.7 -3.4 -4.8 

-2.8 -3.0 -2.9 

- 1.2 
- 1.1 
- 6.0 
- 0.8 
- 3.0 

-3.3 

- 2.6 
-4.6 

- 2.8 

Only amino acids having van der Waals contact with the imide 
group after energy minimization of the receptor-ligand complexes are 
included in the table. 

be involved in ligand binding (Donnelly et a1 1994). The 
validity of the final conclusions from such models regarding 
ligand binding and the quality of molecular-dynamics simu- 
lations of receptor-ligand interactions rely heavily on the 
initial model of the receptor. The structural differences 
between bacteriorhodopsin and rhodopsin, and the fact that in 
contrast with bacteriorhodopsin, rhodopsin is a G protein- 
coupled receptor, suggest that a model of an aminergic G 
protein-coupled receptor should be based on the electron- 
density projection map of rhodopsin rather than on the struc- 
ture of bacteriorhodopsin. 

Although our present and previous (Sylte et a1 1996) models 
of the 5-HTIA receptor are both based on the projection map of 
visual rhodopsin, the significant difference in helix-packing 
strategy led to differences in the structure of the TMHs of these 
models. However, the initial structure of the 7 TMHs in the 
current model (Fig. 3) was in better agreement with the pro- 
jection map of rhodopsin (Unger & Schertler 1995) and the 
proposed arrangement of the TMHs in G protein-coupled 
receptors (Baldwin 1993) than the 7 TMHs in our previous 
rhodopsin-based model of the 5-HTIA receptor (Sylte et a1 
1996). 

The strategy for packing of the TMHs introduced a hydro- 
gen-bond between Asp82 in TMH2 and Asn396 in TMH7. 
These amino acids are highly conserved among the G protein- 
coupled receptors, and site-directed mutagenesis studies have 
suggested that these amino acids are involved in a common 
hydrogen-bonding network underlying receptor activation by 

agonists both in the gonadotropin-releasing-hormone receptor 
(Zhou et a1 1994) and the 5-HT2A receptor (Sealfon et al 1995). 

In the energy-minimized average complex with 1 in position 
1, Asp82 and Asn396 were involved in a hydrogen-bonding 
network also consisting of Ser123 in TMH3, and Tyr400 in 
TMH7. The molecular-dynamics simulation of 1-receptor 
interactions introduced kinks in some of the TMHs (Fig. 3). 
The largest kinks were introduced in the region of highly 
conserved proline residues located at the same depth in TMH2, 
TMH4, TMH5, TMH6 and TMH7, where they appear to sur- 
round the ligand-binding pocket. It seems likely, therefore, that 
ligand-induced conformational changes in the TMHs and the 
formation or breaking of a hydrogen-bonding network con- 
sisting of Asp82, Asn396 and probably also Ser123 and 
Tyr400, are important for the activation of the receptor. This 
hypothesis is supported by site-directed mutagenesis studies of 
the highly conserved proline in TMH7 of the muscarinic m3 
receptor which resulted in a receptor still able to bind the 
agonist but with severely impaired ability to activate its second 
messenger pathway (Wess et a1 1993). 

The method for calculating the microscopic ligand-receptor 
binding energies in this study has certain limitations. In 
aqueous solution, one driving force for binding is the increase 
of entropy owing to disappearance of ordered water-ligand and 
water-receptor contacts; this is not taken into account in the 
present method. Another possible limitation is the structural 
accuracy of the receptor model. However, the calculated 
microscopic binding energies do take into account structural 
changes both in the receptor and the ligand during binding, and 
might therefore be expected to be better correlated to experi- 
mental binding data than the molecular-interaction energy 
(Eint) between the receptor and the ligand. The most widely 
accepted model for agonist binding to G protein-coupled 
monoamine receptors suggests that the protonated amino group 
of the ligand interacts with the highly conserved aspartic acid 
residue in TMH3, whereas other parts of the ligand interact 
with amino acids near to the synaptic end of TMHS, TMH6 
and TMH7 (Schwartz 1994). Such a binding model has also 
been suggested for the 5-HTIA receptor (Kuipers et a1 1995) 
and the buspirone analogues interacting with the receptor in 
position 1 are in accordance with that model (Fig. 4). An 
alternative model for ligand binding to the monoamine G 
protein-coupled receptors has also been suggested (Hutchins 
1994), wherein the ligand interacts deeply in a binding pocket 
between TMH2, TMH3 and TMH7. Position 2 of the buspir- 
one analogues interacting with the receptor are in accordance 
with that model (Fig. 4). 

The quantitative relationship between the binding affinity 
and the calculated binding energies for the buspirone analo- 

Table 5. Intramolecular distances (A) and torsional angles (") of the buspirone analogues after complexation with the 5-HT1A model. 

1 2 3 4 5 6 

Centre of heterocyclic ring . . . N3+ (d) 5.65 5.65 5.65 5.65 5.66 5.65 

Tnrsinnal angle: Nl-Cl-N2-C2 (T1) 5.4 4.1 5.8 3.8 4.4 5.5 
Deviation of N3+ from the heterocyclic ring plane (h) 0.39 0.26 0.20 0.12 0.19 0.12 

Torsional anile: C3-N3+-C4-C5 (Ti) 
Torsional angle: N3+-C4-C5-C6 (T3) 
Torsional angle: C4-C5-C6-C7 (T4) 

~~ 

166.1 164.3 161.3 159.1 167.6 162.2 
125.3 127.6 132.5 130.8 131.1 129.4 
261.9 266.6 268.7 265.6 259.5 2624 

Torsional an&: C5-C6-C7-N4 (T5) 145.2 143.7 135.0 135.2 131.2 135.6 
Torsional angle: C6-C7-N4-C8 (T6) 280.0 273.0 26 1.7 275.5 288.7 284.1 
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gues (Table 2) clearly supports orientation of the buspirone 
analogues similar to the most widely accepted model of ligand 
binding, with the buspirone analogues interacting at the 
extracelluar ends of the TMHs (Fig. 4). Asn386 has been found 
not to be important for binding of buspirone to the 5-HTIA 
receptor (Ho et a1 1992). In position 2 As11386 interacts 
with 1 (Table l), which further supports position 1 rather than 
position 2 as the most realistic position of the buspirone ana- 
logues in the receptor. With the buspirone analogues in posi- 
tion 1, the quinolinyl group interacted in a pocket consisting of 
Ala365, Leu366, Cys371 and Glu372 in TMH6, and Ile385 in 
TMH7 (Fig. 4). The piperazine ring interacted with Asp1 16 in 
TMH3, Phe362 in TMH6, Leu388, Gly389 and Asn392 in 
TMH7, while the imide group interacted mainly with Leu43 in 
TMHl, Leu83, Ser86 in TMH2, Phel12, Leu115 in TMH3, 
and Tyr390 and Ser393 in TMH7 (Table 4). 

A proposed general model for 5-HTIA receptor-kinding 
places a basic nitrogen atom at a distance of 5.2-5.S0A from 
the centroid of an aromatic ring, in the range of 0.9 A below 
the plane of the aromatic ring to 1.5 A above the plane (Bolis 
et a1 1995). These distances correspond to parameters d and h 
in Table 5. Furthermore, it has been suggested that the out-of- 
plane-deviation between the aromatic ring aad the basic 
nitrogen atom is 1.6 A for antagonists, and 0.2 A for agonists 
(Hibert et a1 1988, 1989). Table 5 indicates that the receptor- 
bound conformation of the buspirone analogues satisfies the 
postulated pharmacophore requirements for 5-HTl A-receptor 
agonists. Pharmacological studies have shown that buspirone is 
a partial agonist at the 5-HTlA receptor (Traber & Glaser 
1987). The structural similarities of the present analogues with 
buspirone, their affinity for the 5-HTIA receptor (Table 2) and 
their receptor-bound conformation which satisfies the proposed 
agonist pharmacophore (Table 5), suggest that 1, 2, 3 and 4 
might all have receptor-binding profiles similar to that of 
buspirone. 

The variation in the measured binding constants is well 
accounted for by the calculated receptor-binding energies of 
the buspirone analogues in position 1 (Table 2). In position 1, 
the changes in potential energy of the receptor upon formation 
of the ligand-receptor complex are mainly responsible for the 
differences in binding energy between the buspirone analogues 
(Table 2). This might suggest that steric hindrance and repul- 
sive forces between the receptor and the imide group, which is 
the structurally divergent part of these ligands (Fig. l), play the 
most important role for discriminating between the ligands. 
The bulky imide group of 5 and 6 (Fig. 1) introduced greater 
conformational changes in TMH2 and TMH7 than did the 
other buspirone analogues (Table 3). The more favourable 
interaction energies of 5 and 6 with Gln97 in TMH2, Leu1 15 
in TMH3, Asn386, Gly389 and Tyr390 in TMH7 than the 
other buspirone analogues (Table 4), were not able to over- 
come the increase in potential energy as a result of con- 
formational changes in this part of the receptor (Table 2). 
Thus, from a dynamic point of view, greater reorganization of 
the structural architecture of Leu83, Ser86, Ala93 and Gln97 in 
TMH2, Asn386, Gly389, and Tyr390 in TMH7 appear to be 
necessary for accommodating the binding of 5 and 6 to the 
receptor than for the binding of the other buspirone analogues. 

The current model of ligand-5-HTIA-receptor interactions 
might provide a useful approach for further experimental stu- 
dies of the 5-HTlA receptor by protein-engineering experi- 

ments. Furthermore, the relatively detailed picture of the 
buspirone analogue-receptor interactions emerging from the 
current study might be useful for designing new ligands with 
potential anxiolytic or anti-depressive effects. 
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