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ABSTRACT

The relation between receptor structure and the mechanism by which ligands with
different pharmacological efficacy elicit a response is analyzed in a three-dimensional

w Ž .xmolecular model of the human 5-HT receptor Pardo et al., J. Biomed. Sci. 3, 98 1996 .1A

According to the model, the main interaction of the endogenous neurotransmitter
Ž . Ž .serotonin 5-HT to the human 5-HT receptor consists of i the ionic interaction1A

between the protonated side-chain amine of 5-HT and the conserved Asp-116, located in
Ž . Ž .transmembrane helix TMH 3; ii the hydrogen bond between the 5-OH group of 5-HT

Ž .and Thr-199, located in TMH 5; and iii the complex between the aromatic indole ring of
5-HT and His-192, located in TMH 5. Ab initio quantum chemical calculations were used
to position ligands in molecular models of the binding pocket of the 5-HT receptor1A

consisting of these interacting residues. The consequences of the interactions between the
ligands and the proposed recognition sites of the 5-HT receptor, reflected in the1A

electronic structure of the complexes, suggest a mechanism by which the receptor
activation is triggered by ligand binding. Results from the computations show a more

Žfavorable interaction of the aromatic ring of 5-HT or of the 5-HT selective agonist1A
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.8-OH DPAT with the protonated form of His-192 than with the neutral form. The change
in the reactivity of the imidazole ring then leads to the attraction of a proton from
another site in the receptor: Arg-175 in TMH 4. This proton transfer to His-192 that is
triggered by the interaction with ligand is facilitated by Asp-191 in TMH 5, as shown by
energetic considerations. The position of the ligand recognition pocket in the
transmembrane bundle of the 5-HT receptor suggests that the ligand-induced proton1A
transfer may cause a conformational change in the tertiary structure of the receptor that
could be transmitted toward the intracellular end to facilitate the transmission of the
signal. Q 1997 John Wiley & Sons, Inc.

Introduction

he process of signal transduction into the cell,T meditated by G-protein-coupled transmem-
Ž .brane receptors GPCRs , involves the formation of

the ligand]receptor complex. A significant and
spectacular advance in the study of the signal
transduction process was the discovery of mutant

w xreceptors that are constitutively active 1]3 , i.e.,
they are capable of transmitting a signal into the
cell in the absence of the extracellular ligand. These
findings suggested that the mutation allows the
GPCRs to adopt a conformation corresponding to
the activated state which is intrinsic to their molec-
ular structure and is stabilized either by ligand
binding or by mutation. Furthermore, it has been

Ž .determined for Rhodopsin RHO , one of the ex-
perimentally best characterized GPCR to date, that
upon visible light absorption the 11-cis retinal
bound to RHO undergoes rearrangement to the
intermediate states labeled bathorhodopsin, lu-
mirhodopsin, metarhodopsin I, and metarhodopsin

Ž w x .II see 4 for a review . The end state of these
molecular processes corresponds to an active state

Ž .of RHO the metarhodopsin II intermediate which
is able to couple with the G protein transducin to
form the ternary complex. The structural similarity
between RHO and other GPCRs suggests func-
tional similarities, so that multiple equilibria may
be a common feature in GPCRs. Thus, the avail-
able experimental data suggest that agonist]recep-
tor complexes undergo rearrangement to one or
several intermediates through a series of processes
that are transmitted to the cytoplasmatic domains
of the receptor, facilitating the binding of the ago-
nist-bound receptor to the G protein.

To understand the mechanisms of receptor acti-
vation involving such rearrangement in a struc-
tural context, molecular models of GPCRs have
been constructed by computer-aided model-build-

Ž w x .ing techniques see 5 for a review . The nature of
the mechanisms underlying ligand]receptor inter-
action and producing receptor activation can be

Ž w x.explored from such models e.g., 6, 7 . The pre-
cise molecular definition of properties commonly
determined by pharmacological techniques includ-
ing potency, intrinsic efficacy, and efficacy re-
quires an understanding of the set of molecular
processes that connect the ligand binding process

w xto the activation of the receptor 8, 9 .
We present here a study of the relation between

receptor structure and the mechanism of response
elicited with different efficacy by specific agonists,

Ž .using a three-dimensional 3-D model of the 5-
Ž .HT receptor 5-HT R . The 5-HT R model has1A 1A 1A

w xbeen reported previously 10 and comprises seven
Ž .transmembrane helices TMH . We describe here

the results of quantum mechanical and molecular
mechanics calculations applied to study the recog-
nition of ligands in this 5-HT R model. The find-1A
ings define a geometry for the consensus recogni-
tion pocket in the 3-D structure of the 5-HT R1A
and suggest mechanistic hypotheses regarding key
structural features of both the agonists and the
receptor that are responsible for the binding of the
ligand to the receptor and for triggering the signal
transduction mechanism.

Methods

A MODEL OF THE 5-HT RECEPTOR1A

Computational methods for modeling and test-
ing GPCR structure have been reviewed recently
w x5 . The specific 3-D model of the transmembrane

Ždomain of the 5-HT R used here see Fig. 3 in1A
w x.10 was constructed by computer-aided model

w xbuilding techniques as described elsewhere 10 .
The main criteria used for modeling this specific

Ž .GPCR included i the amino acid sequence
w x Ž .11]13 ; ii topological criteria guided by infer-

w x Ž .ences from sequence homologies 10, 14 ; iii the
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electron density projection map of bovine RHO
w x Ž .obtained from electron microscopy 15 ; iv pre-

wdictions of helix]helix interactions in GPCRs 16,
x Ž .17 ; v the relevance of the extracellular

disulfide-bonded cysteines in maintaining the ter-
w xtiary structure of the receptor 18 and in forming

w x Ž .the ligand binding site 19 ; and vi directional
constraints expressed in the various proposed hy-
drogen bonds between agonists and residues in
TMHs 3 and 5 and between antagonists and
residues in TMHs 3 and 7 constructed on the basis

w xof structure]activity relationships 8, 10, 20, 21
and experimental results from site-directed muta-

w xgenesis on the 5-HT R 22, 23 and other GPCRs1A
that bind protonated amine neurotransmitters
w x24]29 . Other models of 5-HT R have been pro-1A

Ž w x.posed e.g., see 30 .

A RECEPTOR MODEL
FOR AGONIST RECOGNITION

The mode of recognition in the receptor of ei-
ther 5-HT or the selective 5-HT ligand 8-1A

Ž . Žhydroxy-2- di-n-propylamino tetralin 8-OH
.DPAT was determined by energy minimization of

the ligands inside a model constructed from
Ž .propanoate representing Asp-116, SITE I, TMH 3 ,
Žisopropanol representing Thr-199, SITE II, TMH

. Ž5 , 5-ethylimidazole representing His-192, SITE
. ŽIII, TMH 5 , and two ethane groups representing,

respectively, Ile-113 in TMH 3 and Ile-196 in TMH
.5 . These molecular fragments were positioned at

the sites occupied by the C and the side chain ofa

each of the putative residues of the ligand binding
site. The Ile residues, with the isopropyl side chain
replaced by a methyl, were included in the calcu-
lation to define the size of the recognition pocket
Ž w x.see 10 .

A MODEL OF RECEPTOR ACTIVATION

The model system to study the proton-transfer
processes proposed as a trigger of receptor activa-

Žtion is composed of 5-ethylimidazole His-192, SITE
. ŽIII, TMH 5 , methylguanidinium Arg-175, SITE
. Ž †IV, TMH 5 , and propanoate Asp-191, SITE VI ,

.TMH 5 , together with either the indole or phenyl
ring of 5-HT or 8-OH DPAT. The C of Asp-191a

and His-192, and the indole or phenyl ring, were
kept fixed at the position previously obtained in

†Asp-191 is denoted SITE VI because SITE V is reserved to
Asn-385 in TMH 7, a binding site of antagonists at the 5-HT R1A
Ž w x.see 10 .

wthe optimization of the recognition mode see
xabove . A linear hydrogen bond between His-192

and Arg-175 at the internuclear N ? ? N distance of
˚3.0 A was also constrained. In the calculations of

the ligand-aided proton-transfer mechanism, Ereact
represents the energy of reaction of the proton

Ž . Žtransfer from Arg-175 SITE IV to His-192 SITE
.III and is defined as the difference in energy

between the initial guanidiniumrimidazole
Ž q .GNDN rIM and the final guanidinerim-

Ž q.idazolium GNDNrIM minima.

COMPUTATIONAL APPROACHES

Energy minimization of the macromolecular
system was performed by molecular mechanics
calculations with the CHARMM21 system of pro-

w xgrams using default parameters 31 . The
parametrization of 5-HT and 8-OH DPAT ligands
was taken from the default parameters, and the
charge distribution over atoms was calculated from

w xa natural population analysis 32 with the 6-31G
basis set. Quantum mechanical calculations were
performed with the GAUSSIAN system of pro-

w xgrams 33 . The structures of the isolated ligands
Ž .5-HT and 8-OH DPAT were obtained from total
geometry optimization with the semiempirical

w xAM1 Hamiltonian 34 . Semiempirical structural
optimizations of the complexes of 5-HT or 8-OH
DPAT with the model binding site were carried

w xout with the AM1 Hamiltonian 34 . The proton-
transfer process proposed as a trigger of receptor
activation was calculated ab initio with structural

Ž .optimizations at the Hartree]Fock HF level with
the standard 6-31G basis set. Electron correlation
energy was calculated with both the 6-31G and the
6-31GU basis set at the MP2 level.

The calculated energies of interaction, E , forint
the complexes of the indole moiety of serotonin
and the ionic and tautomeric forms of His-192,
were decomposed with the method of Morokuma
w x Ž ES . Ž POL .35 into electrostatic E , polarization E ,

Ž CT . Ž EX .charge transfer E , exchange repulsion E ,
Ž MIX .and residual energy E contributions. The

Morokuma decomposition of E was carried outint
w xwith the GAUSSIAN 80 UCSF program 36 .

Results and Discussion

STRUCTURE OF THE LIGANDS

5-HT comprises an indole ring, a hydroxyl
Žgroup, and a short ethylamine side chain see 1 in
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.Table I . The protonated form, at the amine moiety
of 5-HT, is predominant at physiological pH. The
dihedral angles t , t , and t for the ethylammo-1 2 3

nium side chain and t for the hydroxyl group of4
Ž .5-HT see legend of Table I for notation define the

conformational parameters of the ligand. Varia-
tions in t correspond to the different conforma-3

tions of the ammonium group. Structure]activity
wrelationships centered on congeners of 5-HT 10,

x21 revealed that the 5-OH hydroxyl group adopts
the cis conformation relative to the C —C bond5 6
Ž .t s 08, see Table I for notation in the interaction4

with the 5-HT R sites. Thus, only conformational1A

species in the proximity of t s 08 were calculated.4

The structure of 5-HT was obtained from total
geometry optimization with the semiempirical
AM1 Hamiltonian. Table I summarizes the dihe-

dral angles t to t of the different 5-HT conform-1 4
Žers. We were able to detect the gauche,trans t s1

. Ž73.4, t s 187.1 and gauche,gauche t s 81.6,2 1
.t s y53.0 conformations. There were no signifi-2

cant variations in t for these conformational4
Ž .species see Table I . The gauche,trans conforma-

tion was found to be energetically less stable than
was the gauche,gauche conformation by 3.8
kcalrmol.

8-OH DPAT comprises a phenyl ring, a hy-
Ž .droxyl group, and a di-n-propylamino tetralin

ring. The protonated form, at the amine moiety of
8-OH DPAT, is predominant at physiological pH.
The binding of 8-OH DPAT to the 5-HT R sites is1A
stereoselective. The R form of 8-OH DPAT is a

w xpotent and full agonist 37, 38 . Table I shows the
Žconformational parameters t to t see Table I0 4

.for nomenclature , with the semiempirical AM1

TABLE I
( ) ( )Dihedral angles degrees t ]t see below for notation of 5-HT and 8-OH DPAT in the receptor-binding0 4

( )conformation see Fig. 2 for the drug-receptor complexes as well as for the isolated ligand and optimized
˚( )intermolecular hydrogen bonds distances A between the protonated amine of the ligand and both

d d g g( ) ( ) ( )O N } O of Asp-116 SITE I; TMH 3 , and the hydroxyl group of the ligand and O O } O of
( )Thr-199 SITE II; TMH 5 .

a g d 1 d 2Ligand SITE III t t t t t O } O N } O N } O0 1 2 3 4

b c( )5-HT gauche,trans } 67.1 188.9 179.7 y2.8 } } }
b c( )5-HT gauche,gauche } 81.6 y53.0 171.7 y6.6 } } }

c5-HT HIS + } 66.9 162.3 163.4 14.0 3.29 2.63 2.65
d c5-HT HIS ]N H } 64.6 170.2 163.4 2.8 3.19 2.66 2.66
« c5-HT HIS ]N H } 65.0 170.2 164.7 y1.8 3.19 2.65 2.66

b8-OH DPAT 167.8 44.7 167.0 y43.2 y0.1 } } }
8-OH DPAT HIS + 167.7 44.7 167.0 y68.9 14.1 3.26 2.74 2.85

d8-OH DPAT HIS ]N H 167.8 44.7 167.1 y70.2 0.1 3.25 2.79 2.81

aHIS + : protonated His; HIS]NdH: tautomer NdH; and HIS]N«H: tautomer N«H.
bDihedral angles of isolated ligand.
cCalculated relative to the closest trans-hydrogen.

q NH 3

qt 3 NHb t 3 ta 2t t1 2
2

1 3HO
4 3 t45 8 1HO

8a26 t1t 9 4a8 074 N 57t 64

H
1 2

1: t s C —C —C —C ; t : C —C —C —N; t : C —C —N—H; t : H—O—C —C1 9 3 a b 2 3 a b 3 a b 4 5 6
2: t : C —C —C —C ; t : C —C —C —C ; t : C —C —C —N; t : C —C —N—H; t : H—O—C —C0 5 4a 4 3 1 4a 4 3 2 2 4 3 2 3 3 2 4 8 7
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ŽHamiltonian, of the R form of 8-OH DPAT the
.propyl groups were replaced by methyls , starting

from the low-energy conformation obtained by
w xArvidsson et al. 39 . The carbon atoms of the

cyclohexene ring lie in the plane formed by the
aromatic ring, with the exception of C and C2 3
which are puckered with dihedral angles t s0
167.88 and t s 44.78. It is important to note that1
the protonated amine and the hydroxyl groups of
5-HT and 8-OH DPAT are equivalent in the 3-D
space when the ethylammonium side chain of 5-HT
adopts the gauche,trans conformation. Conse-
quently, it is likely that 5-HT interacts with the
5-HT R at a side-chain conformation close to the1A
gauche,trans.

THE RECOGNITION OF SEROTONIN
IN THE 5-HT RECEPTOR MODEL1A

w xThe proposed recognition 10 of the endoge-
Žnous ligand 5-HT in the 5-HT R model see Fig.1A

. Ž .1 involves i the interaction between the proto-
nated amine moiety and the conserved negative

Ž .Asp-116, located in TMH 3; ii the hydrogen bond
between the 5-OH group and Thr-199, located in

Ž .TMH 5; and iii the interaction complex between
the aromatic ring portion of the ligand and the
neutral form of His-192, located in TMH 5. More-
over, two bulky residues Ile-113 and Ile-116, lo-
cated in TMHs 3 and 5, are oriented toward the
front and the back of the ligand and thus limit the

w xsize of the recognition cavity 10 . The nature of
the interaction with His-192 and its consequences

Žfor triggering the activation of the receptor see
.below depend on the ionic and tautomeric forms

w xof the imidazole side chain 8, 40 . To define the
state of His, the structures of the complex of 5-HT
and the receptor model were refined with quan-
tum mechanical calculations. For practical reasons,
given the size of the complex, the refinement was
carried out with the semiempirical AM-1 algo-
rithm. The 5-HT molecule was positioned in the

FIGURE 1. Molecular model of the agonist binding site of the 5-HT R composed of residues in TMHs 3]5. Key1A
residues of the receptor involved in ligand recognition and receptor activation are identified. The C traces are showna

( )only for part of the TMHs pointing toward the extracellular side bottom . As shown, the connectivity of the TMHs in the
receptor model is clockwise when viewed from the extracellular side. The recognition pocket of the human 5-HT R1A

( ) ( )consists of i the ionic interaction between the ligand and Asp-116; ii the hydrogen bond between the hydroxyl group
( )and Thr-199; and iii the complex between the aromatic ring of the ligand and the neutral form of His-192. The

( ) ( )activation pocket of the receptor includes i a proton-donor group Arg-175; ii a proton-acceptor group His-192; and
( )iii a negative group in the receptor Asp-191.
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recognition pocket composed of the side-chain
Žmodels of the residues in the receptor model see

.Figs. 1 and 2 and Methods . During the energy
optimization of the system, the C of the aminoa

acids were kept fixed at the positions determined
by the relative orientation of TMHs 3 and 5 where
these residues are located. The internal coordinates

Ž .optimized were i the relative orientation of 5-HT
Ž .inside the receptor model; ii the dihedral angles

x and x of Asp-116, His-192, and Thr-199; and1 2
Ž . Žiii the dihedral angles t to t of 5-HT see Table1 4

.I for nomenclature .

STRUCTURE OF THE SEROTONIN]RECEPTOR
COMPLEXES

The optimized ligandrreceptor complexes are
Ž . «depicted in Figure 2 a for the tautomer N —H of

Ž . d Ž .His, Figure 2 b for the N —H, and Figure 2 c for
protonated His. Table I shows the dihedral angles
t to t of 5-HT in the receptor-binding conforma-1 4
tion. From the present results, it appears that the
interaction of 5-HT with the recognition pocket of
the 5-HT R occurs with the ethylammonium side1A
chain close to the gauche,trans conformation, for
any ionic and tautomeric species of His-192, as

was predicted on the basis of structural compar-
Ž .isons between 5-HT and 8-OH DPAT see above .

Table I shows, for the different ionic and tau-
tomeric species of His-192, the optimized inter-
molecular distances between 5-HT and Asp-116
Ž . Ž .SITE I and Thr-199 SITE II . The optimized dis-
tances between the nitrogen of the protonated eth-
ylamine side chain of 5-HT and the oxygens of

Ž d .SITE I N—O are virtually identical for ionic and
tautomeric forms of SITE III. Furthermore, the best
alignment for the ionic interaction occurs when
two N—H groups are pointing to both oxygens of
Asp-116, as is reflected in Figure 2 and in the

Ženergy-optimized distances shown in Table I com-
d 1 d 2 .pare N—O with N—O . This type of interac-

tion is in good agreement with the lower affinity
measured for the 5-HT analog in which the side-
chain primary amine is substituted by N-propyl

w xgroups 21 . On the other hand, the systems con-
tain linear hydrogen bonds between the O atom of

Ž .5-HT see 1 in Table I and Thr-199, at the opti-
˚mized distances of 3.3, 3.2, and 3.2 A, respectively,

for protonated His, the tautomer Nd—H, and the
tautomer N«—H. Thus, no major differences in the
hydrogen-bond distances are observed for the op-
timized ligandrreceptor complexes. Superposition

FIGURE 2. The 5-HT molecule positioned in the computational model of the recognition pocket composed of a
( ) ( ) ( )propanoate residue SITE I , isopropanol SITE II , 5-ethylimidazole SITE III , and two ethane groups, representing,

( ) ( ) ( ) ( )respectively, the C and the side chains of Asp-116 TMH 3 , Thr-199 TMH 5 , His-192 TMH 5 , Ile-113 TMH 3 , anda

( ) «Ile-196 TMH 5 . Note the orientations of His relative to the indole ring when the imidazole is in the N } H tautomeric
( ) d ( ) ( )form a , the N } H form b , and in the protonated form c . Fragments used in the ab initio quantum mechanical

calculations are shown in black.
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of the optimized structures of the complexes de-
Ž . Ž .picted in Figures 2 a ] c indicates that the orien-

tation of 5-HT in the recognition pocket is analo-
gous for any ionic or tautomeric form of the His-192
residue, as indicated by selected geometrical pa-

Ž .rameters Table I .
Based on the optimized models shown in Figure

2, the properties of the interaction between 5-HT
Ž .and the side chain of His-192 SITE III were fur-

ther explored with ab initio calculations using the
6-31G basis set. During the optimization of the
system, the indole group was kept fixed at the
position determined in the previous optimization
of 5-HT inside the defined receptor cavity. The
results of the optimization are depicted in Figures
Ž . Ž .2 a ] c , in solid lines, together with with the rest

of the system. Table II shows u , the dihedral angle
between the planes of the aromatic rings of 5-HT
Ž . Žindole and His-192 either imidazole or imida-

.zolium , obtained during the semiempirical and ab
initio optimizations of the system. The semiempiri-
cal AM-1 calculation produces a situation in which
the most stable orientation of the aromatic ring of
His-192 strongly depends on its ionic and tau-
tomeric form. Thus, the imidazolium ring of proto-
nated His is near the perpendicular conformation
Ž . du s 69.98 , the imidazole ring of the N —H tau-
tomer is near the parallel stacked conformation
Ž . «u s 36.08 , and the imidazole ring of the N —H
tautomer is found midway between previous ori-

Ž .entations u s 51.18 . The situation is significantly

different when the ab initio HFr6-31G calculation
is considered. Table II and Figure 2 show that the
best orientation of His relative to the indole ring is
nearly perpendicular for all the ionic and tau-

Žtomeric forms u angles of 75.78, 72.38, and 52.38
for protonated His, Nd—H, and N«—H tautomers,

.respectively . In such a conformation, the two aro-
matic rings achieve closer proximity than in the
parallel stacked conformation. NMR and spectro-
scopic studies on oligopeptides containing both
Trp and His show this type of interaction between

w xthe two aromatic rings 41 , and this form of inter-
action is well known in the crystal structures of

Ž w x .proteins see 42, 43 and references therein .

ENERGETICS OF THE
SEROTONIN]RECEPTOR COMPLEXES

The calculated energies of interaction, E , forint
the complexes of the indole moiety of serotonin
and the ionic and tautomeric forms of His-192, at
different levels of theory, are presented in Table II.
It is clear that calculations with the semiempirical
AM-1 algorithm yield poor results when compared
with the results obtained at the HF level with the
6-31G basis set. For protonated His, E is under-int

Žestimated by as much as 5.2 kcalrmol y5.6
.kcalrmol vs. y10.8 kcalrmol . In the neutral sys-

Žtems, E is also not predicted correctly y1.3int
kcalrmol vs. y2.8 kcalrmol for the Nd—H tau-
tomer; and y1.1 kcalrmol vs. y2.7 kcalrmol for

TABLE II
( ) ( a)E , the energy of interaction kcal ///// mol between the indole ring of 5-HT and His-192 TMH5; SITE III and u,int

( )the dihedral angle degrees between the planes of the indole ring of 5-HT and either imidazole or
imidazolium ring of His-192.

SITE III
d «Method HIS + HIS]N H HIS]N H

AM-1 / / AM-1 u 69.9 36.0 51.1
E y5.6 y1.3 y1.1int

HF / 6-31G / / HF / 6-31G u 75.7 72.3 52.3
E y10.7 y2.8 y2.7int

ESMorokuma decomposition E y7.7 y2.5 y2.5
POLE y2.9 y0.3 y0.3
CTE y2.5 y0.9 y1.0
EXE 2.1 1.0 1.0
MIXE 0.3 0.0 0.0

MP2 / 6-31G / / HF / 6-31G E y13.0 y5.0int
UHF / 6-31G / / HF / 6-31G E y11.1 y3.0int

UMP2 / 6-31G / / HF / 6-31G E y14.4 y5.7int

aHIS + : protonated His; HIS]NdH: tautomer NdH; and HIS]N«H: tautomer N«H
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« .the N —H tautomer . E calculated with theint
semiempirical method is in all the systems half the
value of E obtained with the ab initio method.int

It is of interest to compare E of the indole ringint
of 5-HT with protonated and with neutral His. The
calculations, at the HFr6-31G level of theory, show

Žthat E of indole with protonated His y10.8int
. d «kcalrmol is stronger than for the N —H or N —H

Žtautomers of His y2.8 and y2.7 kcalrmol, re-
.spectively . The Morokuma decomposition of Eint

Ž .see Table II and Methods in protonated and neu-
tral systems provides an explanation for the differ-

ES Ž .ences. The magnitudes of E y7.7 kcalrmol ,
POL Ž . CT Ž .E y2.9 kcalrmol , and E y2.5 kcalrmol

in the complex with protonated His are larger than
d Ž ESin the complex with the N —H tautomer E s

y2.5 kcalrmol, EPOL s y0.3 kcalrmol, and ECT

. «s y0.9 kcalrmol and with the N —H tautomer
Ž ES POLE s y2.5 kcalrmol, E s y0.3 kcalrmol,

CT .andE s y1.0 kcalrmol . Note that the magni-
tude of EEX is similar in the three complexes
considered. However, the most important element
in the interaction of indole with either protonated
or neutral His corresponds to the electrostatic term
Ž ES .see E in Table II which prefers the protonated
His. According to the present results, the recogni-
tion complex between 5-HT and the 5-HT R oc-1A

d Žcurs with the N —H tautomer of His see Fig. 1
.and below . The molecular determinants in the

Ž .recognition of 5-HT by His-192 SITE III, TMH 5
of the 5-HT R are basically electrostatic with a1A

Žsmall component of charge transfer see
.Morokuma decomposition in Table II .

The energetic driving force for triggering the
activation of the receptor depends on the differ-
ence in E between protonated and the Nd—Hint

Ž .tautomer of His see below . Therefore, it is desir-
able to examine this difference from calculations
with larger basis sets and with the inclusion of
correlation energy. The absolute values of E ob-int
tained with single-point calculations at the MP2

Ž .level with the 6-31G basis set see Table II are
found to be larger than those at the HF level, by
approximately y2.3 kcalrmol, reaching y13.0 and
y5.0 kcalrmol for the protonated and Nd—H
forms of His, respectively. At the highest level of

Ž U .theory employed here MP2r6-31G , the value of
E is y14.4 for protonated His and y5.7 for theint
Nd—H tautomer. The significant magnitude of
E obtained in this type of interaction betweenint
the indole ring of 5-HT and both forms of His
clearly explains why aromatic]aromatic interac-

tions have been suggested for mechanisms of pro-
w xtein structure stabilization 44 .

A Trigger for Receptor Activation
Resulting from Ligand Binding

THE ACTIVATION TRIGGER HYPOTHESIS

A computational exploration of the molecular
properties of the recognition complex between
5-HT and the 5-HT R model identifies the nature1A
of the changes that can be produced by the pres-
ence of a ligand in the binding site. These changes
can be interpreted in terms of rearrangements in
the electronic structures and conformations of the
molecules involved in the recognition complex.
These rearrangements produced by the presence of
the ligand in the binding site suggests a mecha-
nism by which the receptor could be triggered for
activation. The mechanism suggested here in-
volves the same key His residue as an earlier
proposal made solely on the basis of structure]

w xactivity considerations for 5-HT ligands 8, 40 .1A
From the present results, it appears that the inter-
action of the monocationic side chain of 5-HT with

Ž .Asp-116 TMH 3; SITE I , and of the hydroxyl
Ž .group of 5-HT with Thr-199 TMH 5; SITE II

positions the indole ring of 5-HT near the Nd—H
Ž .tautomer of His-192 TMH 5; SITE III . Because the

interaction of the indole ring of 5-HT with the
protonated His is more favorable than with the

d Žneutral N —H tautomer y14.4 vs. y5.7
.kcalrmol, see above , it will provide an energetic

driving force that will induce the N« atom of the
Nd—H tautomer of His-192 to attract a proton

Ž .from a proton donor site on the receptor SITE IV .
The hypothesis for the activation trigger is thus
based on the proposal that a change in the reactiv-
ity properties of the His, produced by the presence
of the ligand in the recognition pocket, will be
satisfied by a proton transfer to N« from a neigh-
boring proton donor residue.

In our model of the 5-HT R, the lone pair of1A
the N« of His-192, located in TMH 5, is pointing
toward the helix bundle and more directly toward
TMH 4. The protonated residue Arg-175 in TMH 4
could be the proton donor group in the proton-

« Ž .transfer process toward N see Fig. 1 . The differ-
ences in the proton affinities of the two side chains
in aqueous solution, expressed by their pK val-a
ues, would not suggest such a direction for the
proton transfer, but ligand binding and the recep-
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tor environment could induce a change that would
modify the relative proton affinities of the two
participants in the H bonding to an extent appro-
priate for the transfer. Interestingly, the protonated
Arg-175 is estimated to be in the membrane span-
ning region near the extracellular site, as reported
in the original publications of the 5-HT sequence1A
w x45 . The primary structure of the 5-HT R does1A

Žnot suggest another putative proton donor e.g.,
.Lys, His in the proximal sequence stretches. The

calculations indicate that the proton transfer mod-
eled here would occur under the influence of lig-

Ž .and 5-HT binding and would change the proper-
ties of the region proximal to the ligand binding

Ž .site. In fact, neighboring residues e.g., Asp-191
have a significant role in this proposed proton
transfer, as described below.

MOLECULAR BASIS FOR THE SPECIFICITY
OF AGONISTS TOWARD THE 5-HT R1A

Figure 3 summarizes the alignments of the
TMHs 4 and 5, where Arg-175, Asp-191, and His-
192 are located, for the known sequences of the
5-HT receptor family. Sequence alignments of

w xGPCRs 46 superimpose the totally conserved Phe,
ŽPhe or Tyr, and Pro residues in TMH 5 see shaded

.area in Fig. 3 . Therefore, the homology proposed
in Figure 3 makes the amino acids Asp-191 and

Ž .His-192 of the 5-HT R see boxed area in Fig. 31A
nonconserved among the 5-HT receptor sequences,
if the segment actually adopts a helical structure.
The lack of conservation at this locus is consistent
with the proposed role of His-192 as a specific
recognition element of the 5-HT R.1A

A similar sequence analysis was carried out for

(FIGURE 3. Sequence alignments of portions of TMHs 4 and 5 in members of the 5-HT receptor family only selected
) [ ]portions of the sequences are shown . Optimal sequence alignments of GPCRs 46 superimpose the totally conserved

( )Trp residue in TMH 4, and Phe, Phe, or Tyr, and Pro residues in TMH 5 shaded area . Thus, residues Arg-175 in TMH
( )4 and Asp-191 and His-192 in TMH 5 boxed area , which are proposed as key participants in the activation trigger

mechanism of the 5-HT R, are not conserved among the family of 5-HT receptor subtypes. The full sequence span of1A
[ ] [ ]TMHs 4 and 5 used in 10 is similar to that in Scheme 1 of 30 .
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ŽTMH 4 of GPCRs. The conserved residue Trp see
.shaded area in Fig. 3 is normally superimposed in

w xsequence alignments of GPCRs 46 . Therefore, the
protonated residue Arg-175 in the sequence of the

Ž .5-HT R see boxed area in Fig. 3 is not conserved1A
among the 5-HT receptor family members. Simi-
larly to TMH 5, this nonconserved locus is consid-
ered to be part of the specific recognition pocket of
the 5-HT R.1A

ŽWe can conclude that residues Arg-175 TMH
. Ž . Ž .4 , Asp-191 TMH 5 , and His-192 TMH 5 , which

are proposed as key participants in the activation
Ž .trigger mechanism of the 5-HT R see below , are1A

not conserved among the family of 5-HT receptor
subtypes. These residues are specific for the 5-
HT R sequence. Consequently, the 5-HT R ago-1A 1A
nists may interact with these unique residues to
trigger the specific activation of the 5-HT R.1A

SIMULATION OF THE ACTIVATION TRIGGER
BY 5-HT

To evaluate computationally the feasibility of
the proposed proton transfer as a result of ligand
binding, a molecular model system was con-
structed for the interaction of the indole ring of
5-HT with 5-ethylimidazole, representing His-192
Ž .SITE III and methylguanidinium, representing

Ž .Arg-175 SITE IV . Figure 4 shows, in solid lines,

the systems optimized from ab initio calculations
with the 6-31G basis set. The initial state of the
proton-transfer reaction in which the proton is

Ž .bound to Arg-175 is shown in Figure 4 a , and the
end product of the reaction in which the proton is

Ž .bound to His-192 is in Figure 4 b . As for the other
energy optimizations described above, constraints
were applied to keep the system compatible with
the overall receptor model: The C of SITE III anda

the indole ring of 5-HT were kept fixed, and a
linear hydrogen bond between His-192 and Arg-
175 was constrained at the internuclear N ? ? N

˚distance of 3.0 A. The proton transfer induced by
5-HT is characterized by a double-well potential,

w xas observed earlier 40 . The calculated energies for
Ž q .the initial guanidiniumrimidazole GNDN rIM

and the final gu anid iner im id azoliu m
Ž q.GNDNrIM forms of the complex, in the ab-
sence and presence of the ligand, are given in
Table III. Note that in the absence of the 5-HT
ligand the initial system GNDNqrIM is more sta-
ble than the final state GNDNrIMq by 11.6
kcalrmol. The favorable interaction between the
aromatic rings of 5-HT and protonated His reduces
this difference by 3.8 kcalrmol by stabilizing the

q q Žproton of IM more than that of GNDN 11.6
.kcalrmol vs. 7.8 kcalrmol; see Table III . How-

ever, this interaction alone is not strong enough to
overcome the large difference in energy between

( ) ( )FIGURE 4. The system composed of the indole ring of 5-HT and models for Arg-175 TMH 4 , His-192 TMH 5 , and
( )Asp-191 TMH 5 used to explore the trigger for receptor activation resulting from ligand binding. The interaction of the

[ ( )] [ligand with His-192 generates an appreciable driving force for the proton to transfer from Arg-175 in a to His-192 in
( )]b as a trigger of receptor activation.
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TABLE III
a ( ) ( + )Total energies Hartrees of the initial guanidinium ///// imidazole GNDN ///// IM and final guanidine /////

+( )imidazolium GNDN ///// IM states of the activation process at the 5-HT receptor, in the absence and1A
( )presence of the 5-HT and 8-OH DPAT ligands and in the presence and absence of Asp-191 TMH 5; SITE V .

( [ ] ( )E kcal ///// mol is the energy of reaction for the movement of the proton from Arg-175 TMH 4; SITE IV toreact
[ ] )His-192 TMH 5; SITE III .

Total energy
a+ +Ligand SITE V GNDN / IM GNDN / IM Ereact

} } y546.25727 y546.23876 11.6
b} Asp-191 y812.46643 y812.46380 1.6

c5-HT } y946.61558 y946.60308 7.8
c b ( )5-HT Asp-191 y1212.82262 y1212.82494 y1.5 y1.2

d8-OH DPAT } y815.90892 y815.89508 8.7
d b ( )8-OH DPAT Asp-191 y1082.11678 y1082.11822 y0.9 y0.7

a U ( )Calculated at the levels of HF / 6-31G / / HF / 6-31G, and MP2 / 6-31G / / HF / 6-31G in bold .
b The anionic site, Asp-191, is represented by FRMy.
c ( )The ligand, 5-HT, is represented by its indole moiety see Fig. 4 .
d ( )The ligand, 8-OH DPAT, is represented by its benzene moiety see Fig. 5 .

the two states, and the proton transfer would not
be induced by ligand binding if the recognition
complex were isolated from the rest of the receptor
environment.

It was shown before that the presence of the
electrostatic field generated by the protein envi-
ronment may have an important effect on the

w xprotonation preference of His residues 47 . Inspec-
tion of the receptor sequence reveals the presence

Ž .of a negatively charged Asp-191 TMH 5, SITE VI
Žin the vicinity of His-192 see Figs. 1 and 3 for

.location of Asp-191 and His-192 . Such negative
charges have an important effect on the energy for
proton transfer in hydrogen-bonded complexes.
With this in mind, we added the C and the sidea

chain of Asp-191 to the receptor model, as shown
in Figure 4, to study the influence of the anion on
the energetics of the proton transfer. The C ofa

Asp-191 was kept fixed at the position determined
by the location of TMHs 3 and 5 in the construc-
tion of the model above. The orientation of the side
chain was determined by ab initio energy mini-

Ž .mization with the 6-31G basis set on a reduced
system containing Asp-191 and His-192. Clearly,
inclusion of Asp-191 affects the calculated energy
of reaction for the proton-transfer process. When
results obtained in the presence and in the absence
of Asp-191 are compared, E is found to changereact

Žfrom 7.8 kcalrmol to y1.5 kcalrmol see Table
.III . At the highest level of theory employed here

Ž U .MP2r6-31G , E changes somewhat to y1.2react
kcalrmol.

Thus, the calculations show that the proton-
transfer process from GNDNqrIM to GNDNrIMq

is energetically feasible in the presence of both the
ligand and Asp-191. Notably, the effect of Asp-191
alone is not sufficient to promote the proton trans-

Ž .fer E is 1.6 kcalrmol, see Table III ; ligandreact
binding in the recognition pocket is necessary to
trigger the process.

TRIGGERING OF 5-HT R ACTIVATION1A
BY 8-OH DPAT

The R enantiomer of 8-OH DPAT is one of the
most potent and selective compounds for the 5-

w xHT R 39, 48 . The protonated amines and the1A
OH substituents of 5-HT and 8-OH DPAT are
sterically and chemically equivalent in terms of

Ž .reactivity see 1 and 2 in Table I . Therefore, the
mode of recognition of 8-OH DPAT should follow
the same trends obtained for 5-HT: The protonated

Ž .site of the molecule anchors at Asp-116 SITE I ;
the hydroxyl group forms a hydrogen bond to

Ž .Thr-199 SITE II ; and the phenyl ring interacts
Ž .with His-192 SITE III . This proposed mode of

binding makes the indole moiety of 5-HT equiva-
lent to the phenyl moiety of 8-OH DPAT, in terms
of chemical reactivity. Thus, the guiding assump-
tion is that the phenyl ring of 8-OH DPAT inter-

Ž .acts with His-192 SITE III , providing the driving
force for the proposed proton transfer from Arg to
His as a trigger of receptor activation, in a similar
fashion as the indole ring of 5-HT. Comparison of
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FIGURE 5. The model of the 5-HT R recognition site1A
used in the computational simulation of the activation
trigger by 8-OH DPAT. See legend of Figure 4 for details.

the binding of 5-HT and 8-OH DPAT in our pro-
posed model offers an opportunity to probe the
model of the 5-HT R recognition pocket and to1A
test the mechanistic hypothesis for 5-HT R activa-1A
tion.

The R enantiomer of the 8-OH DPAT ligand, in
which the propyl groups were replaced by meth-
yls, was docked into the binding site in the same
manner as that used to position the 5-HT molecule
Ž .see above . The optimization inside the receptor
model composed by the side chains of Asp-116
Ž . Ž . Ž .SITE I , Thr-199 SITE II , His-192 SITE III , Ile-
113, and Ile-196 was also carried out in the same

Ž .way see above . The characterization of the rela-
tive position of the benzene moiety of 8-OH DPAT
in the receptor model was used to construct the
proton-transfer system comprising the side chains

Ž . Ž .of His-192 SITE III , Arg-175 SITE IV , Asp-191
Ž .SITE V , and the benzene moiety of 8-OH DPAT
Ž .see Fig. 5 . Table III shows the calculated energies

q Ž .for the initial GNDN rIM form Fig. 5 and
q Ž .the final GNDNrIM form not shown of the

proton-transfer process. Notably, a comparison of
ŽE obtained for 5-HT and 8-OH DPAT y1.2 vs.react

y0.7 kcalrmol at the MP2r6-31GU level of the-
.ory reveals that both ligands can provide the

energetic driving force that induces His-192 to
attract a proton from Arg-175 in the presence of
Asp-191, as a trigger of receptor activation. Clearly,
the aromatic rings of 5-HT and 8-OH DPAT serve
the same function in receptor activation, with simi-
lar efficacy. This finding is in good agreement with the
known pharmacological properties of the ligands and
provides a model for the manner in which new, struc-
turally active, selective agonists of the 5-HT R can be1 A

designed and tested computationally even before experi-
mentation with the authentic receptor systems.

Conclusions

Understanding the structural basis of ligand se-
lectivity, as well as of the relation between recep-
tor structure and the mechanism of response
elicited with different efficacy by the specific ago-
nists, requires a detailed 3-D structure of the re-
ceptor molecule. Use of such a model in computa-
tional simulations of the properties of agonist]
receptor complexes for the 5-HT R suggested a1A
trigger for the receptor activation mechanism re-
sulting from ligand binding. The interaction of
agonists with the partially conserved recognition
pocket of the 5-HT R positions the ligand near1A
the activation pocket of the receptor that includes
Ž .i a proton donor group Arg-175, located in TMH

Ž .4; ii a proton-acceptor group His-192, located in
Ž .TMH 5; and iii a negative group in the receptor

Asp-191, located in TMH 5, that influences the
energy for proton transfer in hydrogen-bonded
complexes. The activation mechanism of the recep-
tor resulting from ligand binding takes the form of

Ž .a proton transfer from TMH 4 Arg-175; SITE IV
Žto TMH 5 His-192 and Asp-191; SITEs IV and VI,
.respectively . In the absence of the ligand, the

process of proton transfer from Arg to His is ener-
getically prohibited, keeping Arg-175 protonated
and His-192 neutral. When the agonist approaches
the proton-transfer system, the interaction between
the aromatic rings of the ligand and His-192 gener-
ates an appreciable driving force for the proton to
transfer from Arg-175 to His-192 as a trigger of
receptor activation. The proton-transfer process ex-
plains the local changes induced by agonist in the
receptor binding site. The structural consequences
of these changes are likely to be involved in the
propagation of the extracellular signal, encoded in
the structure of the ligand, to the intracellular site.
such a conformational change assisted by the con-
served Pro residues in the middle of the TMHs has
been identified from computational simulations as
the molecular mechanism of signal transduction

w xby a 5-HT receptor 6, 7 . However, the present2
study has not identified the conformational
changes in the tertiary structure of the receptor
following agonist binding. Rather, it provides a
direct relation between the interactions of the lig-
and in the recognition pocket and the triggering of
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a significant change in the molecular properties of
the receptor. The probability of producing this
change by a given ligand through the triggering of
the proton transfer constitutes in this model the
expression of the pharmacological property of in-

Žw x .trinsic efficacy 49 and references therein . Ago-
nist intrinsic efficacy is defined in explicit receptor
models as the ability to produce the set of molecu-
lar processes that are induced by agonist binding
to the receptor and lead to the active form of the

w xreceptor 8, 9 . A discrete molecular understand-
ing of the classical pharmacological concepts of
agonism and partial agonism emerges from the
explicit description of this molecular process of
receptor activation. As shown here, the computa-
tional analysis of the process relates elements of
the structure to the trigger of the activation pro-
cess. This insight can be used to guide the design
of ligands with predetermined efficacies.
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