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Hydropathicity analysis of 39 G-protein-coupled receptors (GPCR) reveals seven hydrophobic stretches corresponding 
to membrane spanning a-helices. The alignment of the primary sequences shows a high degree of homology in the 
GPCR transmembrane regions. 3D models of 39 GPCRs were generated using the refined model of bacteriorhodopsin 
as a template. Five cationic neurotransmitter receptors (serotonergic 5-HT2, dopaminergic D2, muscarinic m2, adrenergic 
Ct2 and /32 receptors) were taken as prototypes and studied in detail. The 3D models of the cationic neurotransmitter 
receptors, together with their primary structure comparison, indicate that the agonist binding site is located near 
the extracellular face of the receptor and involves residues of the membrane-spanning helices 3, 4, 5, 6, and 7. The 
binding site consists of a negatively-charged Asp located at the middle of transmembrane helix 3 and a hydrophobic 
pocket containing conserved aromatic residues on helices 4, 5, 6, and 7. To define the precise receptor-ligand 
interactions, the natural neurotransmitters were docked into the binding sites. Residues responsible for the affinity, 
selectivity, and eventually stereospecificity of dopamine, adrenaline, noradrenaline, serotonin, and acetylcholine 
for their receptors were identified. The ligands are involved in electrostatic interactions as well as hydrogen bonds 
and specific hydrophobic aromatic interactions. AU the GPCRs possess invariant hinge residues, which might be 
responsible for a conformational change during agonist binding and therefore influence dissociation and association 
of G-proteins to the receptors. The role of hydrophobic interactions and hydrogen bonds in the conformational 
change of the receptors, modulating the coupling to the G-protein, is discussed with regard to these residues. The 
models are in agreement with published data obtained from mutagenesis and labeling studies and represent important 
working hypotheses to direct future mutagenesis studies. They also enable structure-activity relationship studies 
and more rational drug design. The 3D models of other G-protein-coupled receptors have been generated in a similar 
way. 

Introduction 
Hormonal receptors are of major importance in regula

tory physiological processes, and major efforts have been 
dedicated to their pharmacological characterization. The 
discovery of receptor classes was generally associated with 
the discovery of new endogenous ligands although major 
exceptions exist (e.g. benzodiazepines and opioid recep
tors).1 More recently, pharmacological, physiological, and 
structure-activity relationship studies have demonstrated 
the existence of receptor subtypes activated by the same 
neurotransmitter. In the particular case of 5-HT receptors, 
models of the recognition sites were proposed on the basis 
of ligand conformational analysis.2,3 These 3D models 
highlighted similarities and differences between receptor 
subtypes. Definitive evidence to resolve this controversial 
question for the existence of receptor subtypes has come 
from molecular biology since numerous receptor classes 
and subtypes have now been cloned, identified with human 
functional receptors, and found expressed in human tis
sues. 

Site-directed mutagenesis and the study of chimeric 
receptors have contributed considerably to the under
standing of the main functional characteristics of GPCRs; 
a number of residues and domains which are likely to be 
involved in the binding of agonists and antagonists, in the 
coupling with G-protein, and in the desensitization process 
have been identified.4 Despite this rapid and decisive 
progress, the major step of moving to a three-dimensional 
understanding of the mechanisms which control the po
tency and selectivity of the ligand binding and the efficacy 
of the signal transduction at the atomic level remained. 
Unfortunately, the nondegenerative purification of mem
brane receptors and their crystallization still remain dif
ficult problems. 

A number of observations suggests that all GPCRs 
evolved from a common ancestor. In earlier studies, it was 
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shown that the G-protein-coupled neurotransmitter and 
the mammalian opsin receptors share significant similar
ities in amino acids composition.5 All GPCRs contain two 
possible N-glycosylation sites near their amino-terminal 
region.6 The carboxy-terminal region contains several 
serine residues, which represent possible phosphorylation 
sites.7 Additionally, the neurotransmitter receptors, as 
well as the mammalian opsins, have similar hydropathicity 
profiles with seven hydrophobic stretches most probably 
corresponding to a-helical regions.8 From this similarity, 
it was proposed that adrenaline and retinal bind in a sim
ilar manner to the hydrophobic transmembrane helices of 
their receptors, although the specific binding modes are 
different: retinal forms a Schiff base with a conserved Lys 
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residue in the seventh transmembrane region, while the 
positively charged nitrogen of the natural neurotransmitter 
ligands seems to be involved in electrostatic interactions 
with the side chain of a negatively charged Asp on the 
second and/or third transmembrane region.9 Given this 
similarity in structure, Pappin and Findlay modeled bovine 
rhodopsin from a low-resolution electron density map of 
bacteriorhodopsin.10 

Recently, a high quality 3D model for bacteriorhodopsin 
was obtained based on cryomicroscopy experiments.11 The 
bacteriorhodopsin receptor consists of seven membrane-
spanning helices connected by hydrophilic loops. Despite 
the lack of sequence homology with GPCRs, the parallel 
between the overall three-dimensional structural patterns 
is striking. In addition, the retinal attachment Lys residue 
is located in approximately the same position on trans
membrane helix 7 (TM7) in bacteriorhodopsin as in the 
mammalian opsins. The generally accepted pattern of 
seven antiparallel transmembrane helices for the GPCRs 
thus begs for direct comparison with bacteriorhodopsin. 
Although they do not belong to the same functional class 
of receptors, it seems very likely that they belong to the 
same structural class. 

There is now enough evidence to generate reasonable 
3D models of GPCRs using molecular modeling techniques. 
The advent of a refined structural model and the availa
bility of a large number of different GPCR classes allow 
a more meaningful analysis of the regions directly re
sponsible for GPCR function. We report here in detail our 
investigation of GPCR primary sequence homology and 
alignment, the construction of three-dimensional models 
for all GPCRs, and a more detailed study of the muscarinic 
m2, serotonergic 5-HT2, adrenergic a2 and /S2, and dopa
minergic D2 receptors with their endogeneous ligands using 
bacteriorhodopsin as a template. (Note: Preliminary 
results were published as an accelerated communica
tion.)12 

Methods 
As a first step in the construction of the GPCR 3D 

models, exhaustive primary sequence comparison and 
hydropathicity analysis were required. 

The following GPCR sequences were analyzed: human 
5-HT1A;13 rat 5-HTiC

14 and rat 5-HT2;
15 canine 5-HT ID 
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cannabinol;36 canine adenosine 1 and 2;16 murine bombe
sin;37 bovine endothelin 1 and 2;38,39 canine Rdcl;22 mouse 
thyrotropin;40 human thromboxane A2 (Tx2);41 guinea pig 
platelet-activating factor binding receptor;42 human LSH;43 

human TSH;44 and the metabotropic glutamate45 receptors. 
The sequences of three bacteriorhodopsin genes were also 
included in this study.46 The alignment was performed 
with the method of Needleman and Wunsch using the 
Dayhoff similarity table for amino acids,47,48 as imple
mented in the GCG software.49 To obtain an optimal 
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alignment, the comparison was refined manually. 
For the identification of the hydrophobic helical regions, 

the parameter sets of Kyte-Doolittle50 and Goldman, 
Engelman, and Steitz51 were used. For the validation of 
the prediction, bacteriorhodopsin was included in this 
study. 

The refined model of bacteriorhodopsin was kindly 
provided by Richard Henderson.11 Modeling was achieved 
with the molecular modeling package SYBYL 5.32.52 The 
interactive modeling and display were performed on a 
Silicon Graphics 4D/280 computer. The receptors and 
their complexes were optimized in SYBYL using molecular 
mechanics calculations with the Kollman all atoms pa
rameter set53 in the following way. First, the single helices 
were minimized for 1000 steps using the conjugate gradient 
minimizer. The transmembrane part of the receptor 
models was constructed and again minimized for 2000 
steps. The respective ligands were docked into the active 
site, and the whole complex was minimized for another 
2 000 steps. A cutoff of 8 A was used. To account to some 
extent for the membrane environment, a dielectric con
stant of 5 was chosen. The geometries of serotonin, 
adrenaline, dopamine, and acetylcholine were taken from 
previous active analogue approach studies.23,54 

The charge distributions of the neurotransmitter 
structures were obtained with the semiempirical molecular 
orbital package MOPAC using the MNDO approach.56 

The seven helical stretches were generated using the 
BIOPOLYMER module of SYBYL, geometry optimized and 
fitted onto the corresponding backbone of bacterio
rhodopsin to obtain the best possible interactions between 
the helices. To remove bad steric interactions, the orien
tation of the side chains was refined by hand and again 
geometry optimized. 3D models for all 39 GPCRs were 
generated in this way. 

Five receptors (dopaminergic D2, adrenergic a2 and (S2, 
serotonergic 5-HT2, and muscarinic m2) were taken as 
prototypes and studied in detail. Additionally, the mam
malian opsins were included in the study, since they rep
resent a crucial link between bacteriorhodopsin and GPCR 
because they possess a number of common features. The 
mammalian opsins bind the same ligand (retinal) as bac
teriorhodopsin. Retinal forms a Schiff base with a con
served Lys located on the same helix (TM7) as the Lys in 
bacteriorhodopsin. They become activated through light, 
and additionally they are able to pump protons (Chabre, 
personal communication). The natural ligands were 
manually docked into their putative binding sites. The 
complexes were optimized by molecular mechanics calcu-

(49) Devereux, J.; Haeberli, P.; Smithies, O. A comprehensive set 
of sequence analysis programs for the Vax. Nucleic Acid Res. 
1984, 12, 387-395, as implemented in the GCG software at 
University of Wisconsin, Biotechnology Center, 1710 Univer
sity Ave., Madison, Wisconsin 53705. 
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cobio-Dyn. 1984, 7, 436-444. 
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Figure 1. Hydropathicity profiles of five representative GPCRs in comparison to bacteriorhodopsin (bacteriorhodopsin, m2 muscarinic 
acetylcholine receptor, a2- and /32-adrenergic receptor, D2-dopaminergic and 5HTlc-serotonergic receptor). The profiles are obtained 
using a window region of 7 and the Kyte-Doolittle parameters. The similarity in the hydropathicity profiles indicates seven transmembrane 
regions for the G-protein-coupled receptors as well as for bacteriorhodopsin. 

lations. The docking procedure was repeated several times 
with different initial orientations of the side chains and 
of the ligand in order to obtain the best possible interaction 
complexes. The interaction energies obtained cannot be 
used to calculate exact affinities between ligand-receptor 
since changes in entropy and solvation were not taken into 
account at this stage of the study. Nevertheless, energies 
obtained for different conformations of the same complex 
could be compared to each other in terms of more or less 
favorable states. 

Results and Discussion 
i. Sequence Similarity and Hydropathicity Anal

ysis. Primary structure alignment clearly defines seven 
highly conserved hydrophobic sequences corresponding to 
transmembrane regions connected by hydrophilic se
quences with only very low conservation. The hydro
pathicity analysis of the 42 primary sequences also indi
cates seven transmembrane regions (Figure 1). Never
theless, it is not possible to localize precisly the starting 
and ending amino acids of the transmembrane regions 
from these analyses. Furthermore, the helices cannot 
always be well-defined from the hydropathicity profiles. 
In particular, transmembrane regions 3 and 7 contain a 
high number of polar residues which induce a marked 
fluctuation in the hydropathicity plot. The seventh 
transmembrane region which is not clearly defined from 
the hydropathicity analysis displays the highest amino acid 
conservation among the GPCRs and thus can be consid
ered to correspond to a membrane-embedded region. 

The application of biophysical techniques such as cir
cular dichroism to transmembrane receptors and theo
retical analysis of protein structure have led to the proposal 
that the transmembrane regions are largely in an a-helical 
conformation, with the a-helices spanning the membrane. 
The loops connecting these transmembrane helices are 
exposed to a polar environment and are normally located 
at the surface of the phospholipid bilayer. The three-di
mensional structures of the photosynthetic reaction center, 
human annexin V, and bacteriorhodopsin, together with 
topographic data on the GPCRs, support these generali
zations.86'11'57 

The drawing of the sequences of the putative tran
smembrane regions of the GPCRs on helical wheels shows 
that they are all seven strongly amphiphilic with hydrogen 
bonding residues (such as Tyr, Ser, Thr, Asn, Cys, Asp) 
concentrated on one face. Additionally, all conserved 
residues and most aromatic residues are also located on 
this face. These arrangements correspond to a helical 
conformation for the GPCRs in which the conserved, 
charged, and hydrogen bonding amino acids could point 
to the inside of the membrane receptor. The face directed 

(56) Deisenberg, J. 0.; Miki, K.; Huber, R.; Michel, H. The struc
ture of the photosynthetic reaction center. Nature 1985,881, 
618-624. 

(57) Huber, R.; Romisch, J.; Paques, E. P. The crystal and molec
ular structure of human annexin V, an anticoagulant protein, 
that binds to calcium and membranes. EMBO J. 1990, 9, 
3867-3874. 
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SIMfI.ARITY 

I I I 
1 5hta VITSLLLGTLiTCAVLGMACVVA 

2 5htC HWPALSIVVIUHTICGWILVIM 

3 5htd ISLALLLSJlTHATALSHArVLT 

4 5ht2 (WSALLTTVVlILTIACWILVIM 

5 His2 ITVSVVLTVLILITIACJfVVVCL 

8 Dldr RITACrLSLLILSTLLGMTLVCA 

7 D2dr HYTATLLTLLIAVIVTCMVLVCH 

0 D3dr AlfYALSlfCALILAIirGWGLVCA 

B D4dr AAAtVCGVLLIGAVLAGHSLVCV 

10 D5dr V VTACL LTL L T I MTLL(WVLVC A 

11 Alar ISVGLVLGAPI LfA IVCWILVIL 

12 A2ar LTLVCLACLLMLLTVfGHVLVII 

13 Blar ACHGLLHALIVLLIVAGHVLVIV 

14 B2ar VGHCIVHSLIVLAIVPGHVLVIT 

15 B3ar ALAGALLALAVLATVGGHX.LVIV 

16 ACBl AFIGITTGLLSLATVTGHtLVLI 

17 Ac»2 vriVLVAGSLSLVTIIGHILVHV 

IB Ac* 3 v n AFLTGILALVT11GHILVIV 

19 Vr «4 VPIATVTGSLSLVTVVGHILVHL 

20 Acm5 ITIAVVTAVVSLITIVGNVLVMI 

21 Cann LAIAVLSLTLGTFTVLENtLVLC 

22 Ade1 AAlfIGIEVLIALVSVPGHVLVIH 

23 Ad«2 WVHTVELMAVLAItCHVLVCW 

24 NkIr VLWAAAYTVIVVTSVVCWVVVIW 

25 Nk2r ALWfAAYLALVLVAVHGHATVJW 

2« Nk3r ALHSLAYGLVVAVAVTGHLIVIW 

27 Bonb YVIPAVYGtliVIGLIGHITLIK 

28 End! If IWTVIScf IFI VGMVGHATtLB 

2B End2 rlNTIVSCLVFVLGIIGHSTLLR 

30 RdCt YTLSFIYIFIFVIGHJANSVVVW 

31 Trhr VVTILLVVIICGLGiyCNlHVVL 

32 Tx2r I ASPWrAAiFCVVG LASNL LALS* 

33 Pafr TLfPIVYSIIFyLCIIAHGYVLW 

34 Lshr Drj,HVtIWtINn;AIHGNHTVLF 

35 Tshr Kf^R I^VWPVs LLA LLCNVFVLL 

36 Fshr NILRVLIwflSILAITGHIIVLV 

37 Opsr HLTSVWHlfvVTASVTTNGLVLA 

38 Opsd SHLAAYHFtLIVLGFPIHFLTLY 

39 Bad WIWLALCTALMGLGTLYFLVKCM 
40 Bac2 SSSLWVNVALAGIAILVFVYHGR 

41 Bac3 ASSLYINIALAGtSILLFVFHTP 

42 MCIii lAIAFSn.CILVTI FVTI.IFVLY 

?00 !IO ?J0 

I I I 
GSLAVTDLHVSVLVLPHAALYQy 

HSLAIADKLVGLLVKPLSttAIL 

GSLAKTDLLVSILVKPISIAYTT 

H S U I AOMLLGr LVKPVS HLT11 

VSLAITDLLLCLLVLPrSArYQL 

ISLAVSDLLVAVLVHPWKAVAZl 
VSLAVKDLLVATLVHPWVVYtEV 

VSLAVADLLVATLVKPHV V Y LEV 

VSLAAADLLLALLVLPLFVYSEV 

VSLAVSDLFVALLVKPWKAVAEy 

VNLAIADLLtSFTyLPFSATLEy 

VSLASADILVATLV£PrSLANEV 

HSLASADLVHGtLVVPFGATIVV 

fSLACADLVHGLAVVPFGAAHIL 

TSLAAADLVHGLLVVPPAATLAL 

LSLACADLIIGTFSHNLYTTYLL 

FSLACADLIIGVFSHNLYTLYTV 

LSLACADLIICVISHNLFTTYII 

FSLACADLIIGArSHNLYTVY 11 

LSIACADLUGIFSKNLYTTY I L 

GSI.AV ADLLG SVJ FV YSFVDFHV 

VSLAVADVAVCALyJPtA ItINI 

VSLAAADIAVGVLAIPFAITIST 

VNIAFAEACHAAFNTVVNFTYAV 

VNLALADLCMAAFNAAFNFVYAS 

VNLAFSDASVAAFtJTLINF IYGL 

SSLALGDLLLLVTCAPVDASKYL 

ASLALGOLIYVVIDLPINVFKLL 

ASLAtCDLLH I UDl PINA YKLL 

LNLAIADLMWVTIPVWV VSL VQ 

VS LAVADLHVLVA AC LPNITDSI 

CGLVLTDFLGLtVTGTIVVSQHA 

VNLTVADLLPLITtPLWIVYYSN 

CNLSFADPCHGLYLLLIASVDSQ 

CNLAFADFCHGMYttLIASVDLY 

CNLAFADLCICIYLtLIASVDIH 

VNtAVADLAETVIASTISIVNQV 

LNLAVADLPMVtCCFTSTtYTSt 

KKFYAITTtVPAIAFTHYLSMLL 

RLIWGATLNIPtVSISSYLGLLS 

KLIAVSTILVPVVS i[AS YTGLAS 

UILAGIFI-GYVCPFTLIAKPTT 

I I I 
QVTCDLFIALDVLCCTSSILH 

RYLCPVHISLDVLFSTASIKH 

QILCDIHLSSDITCCTASILH 

5KLCAIRIYLDVLF5TASIMH 

KVPCHITTSLDVKLCTASILH 

CSPCNIHVArDIHCSTASILH 

RIHCDIFVTLDVHHCTASILN 

RICCDV rVTLOVHMCTASILH 

PRtCDALHAHDVKtCTASIPN 

GAFCDyirVArDIHCSTASILN 

RIFCDIWAAVDVLCCTASILS 

KTWCIITLALDVLFCTSSIVH 

SFFCELWTSVDVLCVTASIET 

NFWCEPHTSIDVLCVTASIET 

ATGCBLHTSVDVLCVTASIET 

TLACDLHLALDYyASNASVHN 

PVVCDLMLALDYVVSNASVHN 

NLACDUfLS I DYyASHASVHH 

AVVCDLMLALDYVVSHASVMN 

StACDLHl-ALDYyASNASVHN 

PNVFtrKLGGVTASFTASVGS 

FHTCLHVACPVU LTQSSILA 

CHNCtrrAcrvtytTQSsiFS 
LFYCTPHNFPTIAALFASIYS 
RAFCY PQNLPPITAMFVSIYS 
ANYCRPQNrPPITAVFASIYS 
RICCTLIPFICILTSVGVSVTT 
V FLCT LPP F LJJK S S VGITVLH 
AEHCTLVPFIfiKASVGITVLS 
ELTCKiTHtIFSINLFCSIFF 
YVGCLCITYLQYLGINASSCS 
DPGCRLCRFHGVVMIFFGLSP 
KFLCNLAGCLFFINTYCSVAF 
GSGCSTAGFPTVFASELSVYT 
GPGCNTAGFFTVFASEtSVYT 
GACCDAAGFPTVFASELSVYT 
HPHCVLECYTVSLCGITGLWS 
PTGCNLEGFFATLCGEIALWS 
WARYADMLFTTPLLLLDLAIi 
WGRYLTWALSTPH1I.LALGLL 
WGRYLTMALSTPHILLALGLL 
V LQRI.LVCt.SS AHrYR AI,VTK 

500 

LTWLIGFLISIPPILG 

IVHAISIGVSVPIPVI 

TVHVISICISIPPtFW 

AVHTISVGIJMPIPVF 

LIHVISITtSFLSIHL 

V AWTLSV U S F I P V Q L 

IVHVLSPTISCPLLPG 

AVHVLAFAVSCPLLFG 

ATHLLSAAVAAPVLCG 

LAHTLSILISFIPVQL 

SVWVUSTVISIGPLLG 

TCWVISA VIST P P U S 

TVWAISALVSFI.PILH 

MVWIVSGLTSFLPIQH 

LVWVVSAAVSFAPIMS 

LAWLVSFVLWAPAILF 

AAMVLSriLWAPAILF 

LAWVISPILWAPAILF 

AAWVLSPVLWAPMLF 

LAWLI5FILWAPAILC 

LMWTIAIVIAVLPLLG 

GCHILSFVVCLTPLFC 

VCWVLSFAIGLTPMLG 

VIMVLALLLAFPQGYY 

GIWLVA LA LA F PQC FY 

SIMItAFLtAFPQCtY 

UWIVSMLLAIPEAVF 

SIMILSFILAIPEAIG 

LIWVVSVVLAVPEAIG 

LVWLLAFCySLPDTYY 

FVWAFTSIYCHLWFFL 

LVWAAALALCLLPLLG 

VIWVAIVAAASYFLVM 

GGMLTSSLIAHLPLVG 

CGWVCCFLLALLPLVC 

MGWIFAFAAALFPIFG 

FSWIWSAVWTAPPIFG 

FTMVMALACAAPPLAG 

CTILAIVGADCIMJGT 

GSLFTVIAADICMCVT 

TKLFTAITFDIAMCVT 

SAHAQvTlAsiuSVQ 

I I 
TIYSTFGAFYIPLtLKLVLYG 

VLIGSryArriPLTIKVITYF 

TI YSTCGARTIPSVLLIILYC 
VLIGSRVAPFIPLTIHVITYF 
GLVDCLVTRTLPLLVHCITTY 
AISSSVISPTIPVAIMIVTVT 
VVYSSIVSPTVPPIVTLLVTI 
VIYSSyySPTVPPGVTVLVYA 

V V Y S S V C S P P L P C P L M L L L T W 

A I S S S U S PYIPVAIHIVTYT 

ALFCSLGSFYIPLA VU. VHYC 
VISSCIGSrrAPCLIHILVYV 

AIASSyySFYVPLCIHAFVYL 

AIASSIVSFYVPLyiHVFVYS 

VLLSSSVSPTLPLLVMLFVRA 
TPGTAHAAPTTPVTVMCTL YW 
TRGTAIAAPYLPVIIMTVLYW 
TRGTAIAAPYMPVTIMTILYW 
TPGTAIAARYLPVVIMTVLTI 
TFGTA?AAFY7PVSVMTILYC 

LIDETYLMFWIGVTSVTLLFI 
VYFNFFVWVLPPLLLMVUYL 
VYYNrPAFVLVPLtLMLGyYt 

HICVTVLITFLPLLVIGYAYT 

HLIVIALIYPLPLVVMFVAYS 

HIIVIILVTCPPLLIMGVTYT 

SHASFLVFTVIPLAIISVYTY 

DWWLFCFYPCHPLVCTAIFYT 

DWWLFSFYFCLPLMTAIFYT 

ELV S VVLGrAIPPCVIA VF YC 

YLMDFGVPTVVPHILATVtYG 

SWCFtTLGAESGDVAFGLLFS 

HICIVLGFri VT LLILFCNLV 

YILTILILNVVArFI ICACYI 

YIVFVLTLNIVArViyCCCHV 

YVMSLLVLNVLAryVICGCYI 

MlVLMVTCCIIPLAIIMLCYL 

VIYMFVVHrTIPNI HFFCYG 

WWAISTAAMLYILYVLFFGFT 

FYA ISCAFrV W L S ALVTDHA 

WYAISCACFtWLYIlLVtWA 

ICNTSNLGVVA PVGYNGLLIM 

TLGIIMGTrILCWLPFFIyALV 
V L G i v r Y v r L i H W C P r r i T N i x 
TLGIILCA>IVCWLPFFVASLV 
V LGI VTFLrWHHCPPF ITHIH 
TLAAVMGAriICHPPTFTyFyY 
TLSVIMGVPVCCHLPPFILNCI 
HLAIVLGVriICWLPPTITHIL 
HVVIVLGAPIVCHLPPFLTHVL 
VLPVWGAPtL CWTPPFVVHIT 
TLSVIHGVrVCCWLPPTILNCH 
TLCIWGHPILCWLPPFIALPL 
VLA WIGVPWCWFT PFFT YTL 
TLGIIHCVFTLCWLPPFLANVV 
TLGIIHGTFTLCWLPPFiyN£y 
TLGLIMCTPTLCWLPPFLANVL 
TLSAILLAPILTHTPTNiHVLV 
TI LAILLAPIITHAPTNVHVLI 
TLSAILLAPIITWTPTNIHVLV 
TIFAILLAPItTWTPTNVMVtV 
TLSAILLAFIITWTPYNIMVLV 

TLVLILVVLIICWCPLLAIMVY 
SLALILFLPALSWLPLHILNCI 
SLAIIVGtFALCWLPLHIINCF 
MHIVWCTPAICHLPPH VT F LL 
THVLVVVTrAICHLPTHLYFIL 
HHIIWVTPAICHLPTH VY FIL 
TyLVTVGLPATCHLPNHVIYLY 
TVTCLyVIPALCWPPLHLSRIL 
TVFCLVLVPALCWLPLHLSRIL 
IIFSYVVyPLVCWLPTHWVLL 
H LA W V I L P A L LWHPTR TL V VV 
QLLGIHVVASVCWLPLLVFIAQ 
MVCTVLAVrVICPyPHHHVQLP 
KKAILIFTDFTCMAPISFrAls 
RKAVLIFTDFICMAPISFYALS 
RHAHLIFTDPLCMAPISFFAIS 
HVVVNJ FATCVCWGPTTPPACF 
MVIIHVIAPtlCWyPTASVAFY 
TPKVLRHVTVVI WSATPWWLI 
I PDTLRVLTWLWLGYPIVWAy 
MFNTLK LLTWM WLG YPIVWAL 
TMYTTn IMLAFVP I YFGSNYK 

30 710 7ia 

I I I 
HH PTL LGA£1HWLG TSHSLLHPVI 
KLMEKLLNVPVWZGTVCSGJHPLV 
WLH P A LPDPFTHLOTLMLIHPi I 
H VI CA LUWFVWW l i s S A V M P t V 
AIN EA F U WLHLgTAPSALJIP IL 
CIDSNTrDVFVWPCHAJKa LHPII 
NI PPVLTSArTHWrVNBA VHP I I 
HVSPELTPATTHWTVHSALHPVI 
SVPPRLVSAVTHWTVHSALHPVI 
CVSETTWDPVIfIVHAHSSLHPVI 
KPPDAVrXWrHLCTPHSCLHPI I 
SVPRTLPKFFPHPCTCHSSLHPVI 
LVPDR LPVPrNWLCTARSAPHPII 
LIRKEVTILLNWjJlVHSCPHPLI 
LVPGPAPLAUHFLCTAHSAPHPLI 
CVPETLWELGTWLCTVHSTIHPMC 
cipNTVHTiGTHLCTlHSTIHPAC 
CIPK T Y HNLGTITWTIHSTVHPVC 
CIPDTyHSIGTHLCTVHSTIHPAC 
rVPVTLWHLGYHLCTVHSTVHPIC 

KLIKTVrAPCSHLCLLHSTyHPII 
flKPSILHYIAIPLTHGHSAMNPIV 
HAPLWLMYLTIVUHTHSWHPPI 
K FIQQ V TLASHHXJWSSTHYHPII 
KFIQQVrULPHlAHSSTKTHPII 
KYIQQVTLASPHLAMSSTHYHPII 
M LH F VT S I C ARLIAPTHSCVHPF A 
SF t LLHD TIGIHLAIISHKIHPIA 
SFLLVLDYICINHASLHSCIHPIA 
NrLFTALHVTQCliLVWCCYHPVL 
FQ EHWFLLPCHICI T U B A IHPVI 
R TTEK ELLIY LHVATWItJ ILD PWV 
QAINDAHQVTWLLSTHCVLDPVI 
I T V T N S K V U V L W P l H S C A H p r t 
ITVSNSKILLVLPYPLHSCAHPrt 
ITVSKAKILLVLPHPIRSCAHPPL 
AFHPLHAALPAmKSATITNPVI 
NFGPIFMTIPAPTAKSAAIYNPVI 
NrETLLrHVLDVSARyGrCLILLR 
GVTSWAISVtDVrAKYVFAPILLR 
GVTSWGTSrLDIVAKTIFArLLLN 
SLSVTVALGCMPTPKHYIIIAKPE 

TMI TM2 TM3 TM4 TM5 TM6 TM7 
Figure 2. Alignment of the seven selected regions putatively included in transmembrane domains (labeled TMl to TM7). The considered 
receptors are as follows: 1/ 5-HT1A; 2/ 5-HTlc; 3/ 5-HT1D; 4/ 5-HT2; 5/ His2; 6/ D1; 7/ D2; 8/ D3; 9/ D4; 10/ D5; 11/ U1; 12/ a2; 13/ 
(S1; 14/ /32; 15/ 03; 16/ ACm1; 17/ Acm2; 18/ Acm3; 19/ Acm4; 20/ Acm5; 21/ cannabinol; 22/ adenosin 1; 23/ adenosin 2; 24/ NKIr; 
25/ NK2r; 26/ NK3r; 27/ bombesin; 28/ endothelin A (1); 29/ endothelin B (2); 30/ Rdc 1; 31/ TRH; 32/ thromboxane A2 Tx2; 33/ 
PAF; 34/LSH; 35/ TSH; 36/FSH; 37/ opsin r; 38/ opsin d; 39/ bacteriorhodopsin from Halobacterium halobium (Bac 1); 40/ halorhodopsin 
from Halobacterium SP (Bac 2); 41/ halorhodopsin from Natronobacterium pharaonis (Bac 3); 42/ glutamate receptor. For convenience, 
the residues are numbered 101-102-etc. in helix TMl, 201-202-etc. in helix TM2, etc. Invariant residues in all GPCR or in subclasses 
are indicated in bold. The alignment of bacteriorhodopsin results from the a posteriori comparison of three-dimensional structures. 

toward the lipid bilayer consists mainly of nonaromatic 
hydrophobic residues. 

Figure 1 shows the hydropathicity plots of representative 
GPCRs in comparison to bacteriorhodopsin. The hydro
pathic patterns of GPCRs and bacteriorhodopsin are 
sufficiently similar to assume that one can reasonably 
extrapolate from a 2D to a 3D structure in a similar 
manner for all of them. 

ii. Comparison of Sequences. The nature and pu
tative function of some conserved residues have already 
been extensively analyzed and discussed, but usually 
within a given receptor class.58 We have extended this 
study to the 39 GPCRs mentioned above including the 
recently published GPCRs (Figure 2). 

Global Homology in the Transmembrane Regions 
of the Cationic Neurotransmitter Receptors. A de
tailed comparison of the transmembrane regions shows 
that the highest percentage of homology is found within 
the muscarinic receptor subtypes with 71-86% identity 
(Figure 3). The 5-HT2 and 5-HTlc receptors also display 
a 76% identity. The /3-adrenergic receptors show a similar 
high percentage identity to each other (70%). However, 
the homology within the a-adrenergic receptors is rather 
low (43%). Interestingly, but not surprisingly, the 5-HT1A 
and 5-HT1D receptors possess a very low percentage 
identity with the 5-HT2 or 5-HT lc receptor (35%), but 
share a higher identity with the dopaminergic and adre
nergic receptors (~45%). It is also clear that the neuro
kinin receptors, the mammalian opsins, the cannabinol 

receptor, and the other GPCRs mentioned above represent 
distinct subclasses of GPCRs. 

These data correlate very well with structure-activity 
relationships. Thus, medicinal chemists have failed until 
now to design highly selective muscarinic receptor ligands. 
This reflects the extremely high homology of the trans
membrane regions among the muscarinic receptor sub
types. Similarly, it appears difficult to design compounds 
which can differentiate between the 5-HTlc and the 5-HT2 
receptors. In contrast, many compounds can discriminate 
5-HT1A receptors from the other 5-HT receptor subtypes, 
but they usually also bind with a significant potency to 
adrenergic and dopaminergic receptors. Thus, for instance, 
closely related aminotetralin derivatives are very potent 
D2 or 5-HT1A ligands while compounds such as MDL 72832 
or WB4101 are potent at both 5-HT1A and ax receptors.59 

More generally, the sequence similarities observed between 
dopamine, adrenaline, and serotonin receptors account for 
the existence of many potent but nonselective compounds 
for any pair of the catechol and indolamine receptors. 

Conserved Residues. Despite substantial differences 
in the activation processes of the GPCR, we found residues 
conserved within almost all of them. In the mammalian 
opsins, retinal is covalently bound to a Lys residue in 
transmembrane helix 7 forming a Schiff base whereas in 
the cationic neurotransmitter receptors the ligands are 
involved only in weaker electrostatic interactions, pre
sumably with an aspartate on transmembrane region 3. 
Similarly, the cannabinol and peptide receptors can couple 

(58) Goldman, A.; Engelman, D. M.; Steitz, T. A. Identifying non 
polar transbilayer helices in amino acid sequences of mem
brane proteins. Anna. Rev. Biophys. Chem. 1986,15, 321-353. 

(59) Van Wijngaarden, I.; TuIp, M. T. M.; Soudijn, W. The concept 
of selectivity in 5-HT receptor research. Eur. J. Pharmacol. 
1990, 188, 301-312. 
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I l 2 3 4 5 « 7 8 9 10 11 13 13 14 15 16 17 18 19 20 21 22 23 34 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 43 

1 Ml 35 53 35 42 43 44 43 41 46 48 41 45 41 43 36 36 35 35 35 31 32 36 23 24 27 2( 27 23 25 38 16 19 30 19 31 36 34 14 9 11 8 

3 163 // 39 76 39 35 43 39 36 38 39 39 41 41 39 30 29 33 29 33 21 30 35 31 31 33 32 20 21 33 35 13 16 19 15 20 15 20 13 11 11 14 

3 175 64 // 39 39 43 45 43 36 41 46 43 43 38 38 33 33 35 33 35 33 35 37 23 31 33 35 33 33 33 35 17 31 17 17 18 31 21 11 11 13 15 

4 161 92 65 // 39 37 42 37 35 38 40 41 41 37 38 29 39 34 29 35 31 38 36 31 30 33 23 18 21 20 26 12 17 20 16 19 17 19 14 13 14 9 

5 169 71 66 71 // 41 43 39 40 42 47 39 43 39 43 33 33 34 33 39 34 36 37 35 37 35 37 35 35 23 27 16 23 18 21 20 19 19 11 12 11 9 

6 168 67 63 67 69 // 45 41 37 83 43 43 44 41 39 29 31 31 31 30 27 29 28 23 22 25 25 19 23 21 21 14 19 30 31 17 31 30 14 11 14 11 

7 167 73 65 73 69 65 // 76 S3 47 49 49 43 41 43 33 33 33 34 33 39 35 36 28 27 29 23 25 25 27 26 16 21 19 17 22 20 25 10 11 15 7 

8 165 67 65 (6 63 63 85 // 55 45 46 45 43 39 43 31 31 29 30 30 25 31 33 27 29 27 32 34 33 39 36 17 36 16 17 30 35 37 8 14 17 9 

9 160 66 59 65 63 60 73 74 // 41 41 45 41 34 43 35 33 30 32 31 25 31 31 25 25 23 24 24 23 24 24 18 19 18 15 21 22 27 11 11 11 10 

10 169 69 63 (9 71 93 67 64 61 // 43 47 47 42 42 33 31 33 32 33 38 37 39 35 33 35 37 19 31 31 33 IS 17 23 20 20 23 21 12 12 14 12 

11 172 65 69 64 71 67 68 66 61 70 // 43 48 42 47 30 31 29 33 32 28 29 34 28 31 29 30 24 26 27 26 IS 21 20 19 21 22 21 9 14 13 11 

12 169 67 67 67 65 67 74 67 66 70 73 // 47 39 43 30 29 29 28 29 27 31 32 24 23 25 21 18 23 31 33 14 31 31 31 18 35 33 11 7 11 7 

13 165 71 67 68 71 67 69 64 63 70 75 71 // 70 70 33 39 33 30 33 37 34 34 36 35 26 36 33 35 31 38 17 18 33 19 20 23 23 9 11 13 10 

14 169 65 73 63 70 69 67 64 61 69 72 70 85 // 62 33 29 34 33 31 22 39 31 26 38 29 29 21 24 19 24 15 18 23 23 24 22 21 11 15 12 9 

15 167 67 66 65 67 64 68 65 64 65 70 66 81 77 // 37 29 32 30 31 25 33 32 28 33 27 27 21 36 31 35 17 16 30 18 24 30 33 11 13 13 9 

16 162 63 61 62 61 58 57 57 57 59 (1 62 63 59 57 // 71 76 75 80 28 26 25 19 24 23 23 24 26 21 23 14 15 18 30 33 19 18 13 11 10 13 

17 164 61 63 60 61 57 57 56 S9 59 61 64 59 57 53 86 // 77 86 71 37 34 34 31 33 25 25 25 23 21 27 15 19 17 19 21 17 20 9 9 11 14 

18 163 64 64 63 63 60 58 55 55 61 63 64 63 63 57 93 88 // 75 79 31 35 37 30 31 33 25 24 23 23 37 13 18 18 19 31 19 19 9 10 11 14 

19 163 61 61 63 59 57 59 55 57 59 60 63 59 57 54 87 95 89 // 74 37 36 34 33 35 35 33 36 35 31 37 14 16 16 20 21 18 18 10 10 10 13 

20 164 61 62 63 63 58 57 56 57 61 64 65 63 60 57 91 88 93 89 // 29 24 27 22 22 22 23 25 24 25 24 13 17 17 19 21 18 18 10 13 10 14 

31 156 55 55 54 51 49 50 48 48 51 54 51 53 53 SO 53 56 55 55 56 // 22 24 21 22 21 19 21 22 18 20 23 18 17 17 16 23 21 S 7 10 K 

22 158 59 51 59 55 53 60 55 57 54 59 63 59 54 57 49 Sl Sl 52 49 53 // 60 22 24 25 23 25 25 20 27 17 17 17 19 20 22 19 7 13 14 8 

23 157 54 52 S3 S3 Sl 61 53 55 S3 60 60 55 51 55 47 50 50 49 51 54 79 // 35 25 25 38 25 27 23 31 15 25 22 22 23 21 21 9 IS 16 8 

24 148 50 49 50 49 47 51 50 43 49 51 48 51 52 51 49 46 49 49 49 47 SO 48 // 65 67 27 23 24 29 21 15 25 19 31 20 24 26 10 6 9 10 

25 153 51 51 49 49 45 49 52 45 46 53 49 48 49 51 44 4« 45 47 45 43 51 51 79 // 67 37 27 26 27 21 IS 21 21 21 23 23 24 11 12 13 7 

26 150 50 47 51 51 46 49 49 45 48 52 49 51 49 SO 49 49 48 49 47 43 51 47 85 84 // 27 27 27 25 21 17 21 21 22 21 24 23 8 7 11 7 

27 157 52 52 51 56 55 53 49 45 56 57 49 57 58 55 51 53 54 Sl 54 47 51 53 58 57 56 // 39 45 29 26 19 24 21 21 22 19 23 9 9 9 11 

28 158 52 53 51 50 49 52 50 46 49 55 49 50 49 47 48 53 51 51 51 46 53 53 52 55 54 66 // 73 27 21 18 19 19 17 22 31 31 10 7 8 12 

29 155 51 51 51 50 Sl 51 49 48 51 56 47 50 49 49 47 51 51 50 51 50 53 51 53 53 55 69 91 // 35 30 18 34 19 20 20 21 25 13 9 11 9 

30 153 55 51 53 53 50 55 56 47 Sl 58 50 51 52 47 50 51 55 51 54 47 49 49 55 55 57 59 55 57 // 20 18 29 15 16 19 21 23 11 11 11 10 

31 150 53 47 50 53 44 52 46 45 48 52 47 5( 53 53 49 50 53 48 S3 50 53 53 48 46 49 52 49 49 51 // 15 21 21 18 22 21 24 8 12 13 13 

32 147 48 47 47 46 41 43 42 38 45 47 45 49 44 46 37 43 43 41 40 47 45 45 43 43 43 45 45 43 47 47 // 17 IS 18 17 16 19 11 9 7 13 

33 148 49 46 47 48 47 49 50 44 46 53 47 45 46 41 45 44 48 45 45 43 45 53 49 50 45 51 45 46 58 45 39 // 20 25 19 18 25 11 13 10 9 

34 149 49 41 Sl 47 45 45 39 40 45 52 46 49 50 47 45 46 45 45 47 43 50 51 46 48 49 50 43 45 43 48 38 45 // 71 71 31 33 6 9 6 8 

35 149 49 44 51 47 45 45 40 43 45 52 48 51 52 49 47 48 47 48 49 44 49 49 47 50 49 49 43 44 44 46 40 47 89 // 67 23 22 7 10 9 7 

36 151 52 45 51 49 45 47 41 44 47 52 47 53 52 52 47 45 45 45 47 45 51 52 47 50 49 50 41 43 48 50 44 47 85 89 // 23 21 7 9 5 7 

37 153 49 46 47 45 49 49 48 49 49 49 49 46 48 45 43 45 45 41 41 45 52 48 48 53 52 45 43 45 43 47 36 40 44 47 47 // 39 9 7 9 10 

38 151 47 47 48 47 45 51 50 49 45 48 45 42 45 47 46 47 49 45 47 46 48 48 51 S3 52 51 46 49 49 49 44 47 47 46 51 61 // 13 10 9 11 

3» 135 40 31 43 35 33 41 35 39 35 36 39 35 35 33 33 37 35 37 35 32 35 39 35 37 32 31 33 32 35 35 31 30 27 27 28 32 38 // 38 35 7 

40 135 38 33 39 31 31 36 35 36 31 40 37 37 35 35 31 34 34 33 33 35 37 40 28 35 31 32 35 33 36 35 31 35 28 30 30 28 31 65 // 69 11 

41 137 39 37 39 35 37 41 37 39 38 41 42 39 37 37 34 37 37 36 36 38 40 39 31 39 35 36 37 37 38 37 34 31 27 29 28 32 34 59 86 // 11 

42 129 37 30 33 37 34 31 33 29 37 36 30 35 33 28 29 35 32 33 33 37 31 32 27 26 27 31 33 33 31 30 33 29 29 29 27 28 29 30 37 35 // 
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Figure 3. Percentage identity and similarity between the transmembrane regions of different G-protein-coupled receptors. Identity 
values are given above the diagonal. 

to a G-protein but their agonists do not possess a cationic 
group. Given these different binding modes, our basic 
assumption was that amino acids invariant within all 
GPCRs play an important role in the overall folding and 
function of the receptors whereas amino acids conserved 
only in specific classes of receptors should be responsible 
for the binding of the corresponding ligands and for some 
of their specific triggering mechanisms. 

Conserved Pro and GIy Residues. Among the amino 
acids conserved throughout the GPCRs, it is striking to 
find highly invariant Pro and GIy residues in transmem
brane regions (TM) 1,4,5,6, and 7. As already postulated, 
such amino acids could be involved in conformational 
changes during ligand binding. Furthermore, TMl and 
TM7 possess homologous Gly116-Asnu7 (or Thr116-Asn117 
in mammalian opsins) and ASn72I-PrO722 sequences. 
(Figure 2: the numbering of the sequences is taken from 
our alignment and does not correspond to the numbering 
of the individual receptor sequences. The first digit cor
responds to the helical transmembrane domain, the next 
two digits indicate the position of the residue in the helix). 
GIy and Pro residues occur rarely in a-helices since they 

induce bends and kinks in the helical backbone, although 
some are found.60 Interestingly, the presence of a Pro 
residue in a transmembrane a-helix has been studied ex
perimentally and has been shown to have a hinge function, 
inducing oscillations of the two helical arms.61 Asn res
idues could stabilize the o-helical conformation around Pro 
residues by involving its side chain in a hydrogen bond to 
the peptide backbone. Therefore an Asn next to a Pro or 
a GIy might play a role in the proper folding of the protein 
as well as in stabilizing different conformations of the 
receptor. 

Conserved Aspartic Acid Residues. All cationic 
neurotransmitter receptors possess three invariant acidic 

(60) Finkelstein, A. V.; Ptitsyn, O. B. Statistical analyses of the 
correlation among amino acid residues in helical, /3-structured 
and non-regular regions of globular proteins. J. MoI. Biol. 
1971, 62, 613-624. 

(61) Riegler, R. "Molecular recognition, allosteric receptors and 
drug design". Molecular structure, dynamics and interactions 
in bioactive membrane peptides. Round Table Roussel-Uclaf 
1990, 67, 19-20. 



3454 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 19 Trumpp-Kallmeyer et al. 

residues. Two of them, Asp2o7 and Asp328, are highly 
conserved across the whole GPCR family, indicating that 
these two residues probably play an essential role in the 
folding and/or in the function of the receptor. 

Asp2o7 is located in TM2 in a conserved sequence in
corporating the C-terminal amino acids of the first cyto
plasmic loop. Mutation of this residue to Asn in the 
muscarinic Hi1 receptor62 produced mutant receptors that 
had normal antagonist but lower agonist affinity. These 
data are similar to those obtained from site-directed mu
tagenesis of the analogous Asp2o7 in the /32-adrenergic re
ceptor.63 From these results, the authors suggested that 
Asp2o7 is involved in the binding of the natural agonists. 
As stated above and in agreement with Hulme and co
workers, the fact that this amino acid is conserved in the 
cationic neurotransmitter receptors as well as in the other 
GPCRs makes it more plausible that Asp2o7 rather plays 
a specific role in the function of the receptor. Our hy
pothesis received strong support from recently published 
mutagenesis experiments of the corresponding aspartates 
on the CK211 and D2 receptors. In the a^-adrenergic receptor, 
ASP207 is required for allosteric regulation of the receptors 
by Na+.64 In the D2 receptor, similar results are obtained, 
abolishing or decreasing the regulation of the affinity of 
D2 receptors for agonists and substituted benzamine an
tagonists by Na+ and pH.65 These results support and 
extend our hypothesis by indicating that interaction of 
cations or protons with the aspartate residue modulates 
receptor conformation. Thus, it seems likely that Asp207 
insures a crucial allosteric role for the G-protein-coupled 
function of the receptor. 

The second fully conserved acidic residue, Asp328 (or 
GIu), is located at the end of TM3 near the intracellular 
domain in a conserved Asp-Arg-Tyr (DRY) sequence. 
Mutation of this Asp residue to Asn in the muscarinic Hi1 
receptor produced a mutant receptor that had normal 
affinity for antagonists, but a 3.2-fold higher affinity for 
carbachol. However, the EC50 for agonist stimulation of 
the PI turnover was decreased approximately by a factor 
of 10. The discrepancy between the increase in receptor 
affinity and the decreased efficacy of full and partial 
agonists to ellicit maximal responses suggest a change in 
the efficiency of the receptor coupling to the G-protein.62 

In contrast, Asp3U, which is located at the middle of 
TM3 near the extracellular domain, is only present in the 
cationic neurotransmitter receptors and absent in all other 
GPCRs. Two experimental findings indicate that Asp311 
participates in the binding of the ligand's ammonium 
headgroup. Firstly, peptide mapping and sequencing 
studies pinpoint Asp3u as the major site at alkylation of 
purified forebrain muscarinic acetylcholine receptors by 
[3H]propylbenzylcholine mustard ([3H]PrBCM), a ben-
zylcholine analogue in which the quarternary ammonium 

(62) Fraser, C. M.; Wang, Cheng-Dian; Robinson, D. A.; Gocayne, 
J. D.; Venter, J. C. Site directed mutagenesis of Ui1 muscarinic 
acetylcholine receptors: conserved aspartic acids play impor
tant roles in receptor function. MoI. Pharmacol. 1990, 36, 
840-847. 

(63) Dixon, R. A. F.; Strader, C. D.; Sigal, I. S. Structure and 
function of G-protein coupled receptors. Annu. Rep. Med. 
Chem. 1988, 23, 221-233. 

(64) Horstman, D. A.; Brandon, S.; Wilson, A. L.; Guyer, C. A.; 
Cragoe, E. J.; Limbird, L. E. An aspartate conserved among 
G-protein receptor confers allosteric regulation of a2-adrenergic 
receptors by sodium. J. Biol. Chem. 1990, 265 (35), 
21590-21595. 

(65) Neve, K. A.; Cox, B. A.; Henningsen, A. R.; Spanoyannis, A.; 
Neve, R. L. Pivotal role for aspartate-80 in the regulation of 
dopamine D2 receptor affinity for drugs and inhibition of 
adenylyl cyclase. MoI. Pharmacol. 1991, 39, 733-739. 

headgroup is replaced by a chemically reactive aziridinium 
moiety.66 Secondly, mutation of Asp311 to Asn produced 
a muscarinic receptor with drastically decreased affinity 
for agonists and antagonists.62 Similar results were ob
tained in the hamster ^-adrenergic receptor.63 

On the basis of the results of site-directed mutagenesis 
of the conserved aspartates, it has been suggested that 
there are two different ligand binding sites involving Asp311 
and Asp207 as counterions for the positively charged ni
trogen of the ligands.4 Our primary structure comparison 
together with recently published mutagenesis experiments 
suggests rather that there is essentially one binding site 
in which Asp311 on TM3 binds the cationic headgroup of 
the neurotransmitter, while AsP207 on TM2 and Asp328 on 
TM3 have a structural and allosteric functional role. This 
important problem will be addressed in the 3D models. 

Conserved Aromatic Residues. Most GPCRs contain 
invariant aromatic residues on transmembrane regions 4, 
5,6, and 7. It is generally known that the aromatic residues 
Trp or Tyr can be involved in important internal cross-
linking hydrogen bonds and conformational changes.67 

Thus we would propose that such residues can play a 
similar role in GPCR function and, in particular, mediate 
a transition between different conformations. 

The cationic neurotransmitter GPCRs additionally 
possess a number of conserved aromatic residues which 
are absent in the mammalian opsins, the peptide and 
cannabinol receptors. In particular, a conserved Trp, Phe, 
or Tyr307 residue is located at the beginning of TM3, one 
helix turn before Asp311. TM5 shows a conserved 
PrIe509-TyT510 sequence. TM6 has a conserved Phe615 or 
Tyr615 in the direct neighborhood of the two aromatic 
residues PlIe609 and Trp613 which are conserved in most 
GPCRs. TM7 possesses a TjT715 residue which is partic
ularly interesting since its position corresponds to that of 
the retinal attachment lysine residue in the opsin family. 
In the mammalian opsins, a GIu307 residue occupies a 
position very similar to that of the TM3 Asp311 in the 
cationic neurotransmitter receptors and is postulated to 
act as a counterion to the protonated retinal Schiff base, 
suggesting a close interaction/association between TM3 
and TM7. In agreement with Hulme et al., we would argue 
that Tyr715 could play a homologous role in the cationic 
amine receptors in bridging TM3 and TM7. This residue 
may be crucial for ligand binding and receptor activation. 
This will be studied in more detail in the 3D models. 

Conserved Residues in Specific Cationic Neuro
transmitter Receptor Types. In addition to fully con
served amino acids and those conserved only within the 
cationic neurotransmitter receptors, amino acids are found 
which are conserved only within the catecholamine, in-
dolamine, or muscarine receptor subtypes (Figure 2). 

For example, TM3 contains a conserved VaI312-LeU313 
sequence in the aromatic neurotransmitter receptors which 
is exchanged for a Tyr-VaI sequence in the muscarinic 
receptors. Additionally, Thr316 is exchanged to Asn in the 
muscarinic receptors. Interestingly, the 5-HT and a2 re
ceptors contain a conserved His321 on TM3. Instead of this, 
the muscarinic receptor subtypes show a conserved Asn321. 
In TM4, Ser410 is conserved in the catechol and indolamine 
receptors but exchanged for a Trp in the muscarinic re
ceptors. Ser residues on helix 5 (Ser505 and SeT508) are 

(66) Curtis, C. A.; Wheathy, N.; Bansal, S.; Birdsall, N. J. M.; 
Eveleigh, P. Transmembrane helix 3 of the muscarinic recep
tor. J. Biol. Chem. 1989, 264, 489-495. 

(67) Burley, S. K.; Petsko, G. A. Aromatic-aromatic interactions. A 
mechanism of structure stabilization. Science 1985, 229, 
23-28. 
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conserved as a pair among catecholamine receptors but not 
in the neurotransmitter receptors with endogenous ligands 
which do not have the catechol moiety. Experimental 
evidence suggesting that SeT506 and SeT508 are involved in 
hydrogen bonds to the catechol moiety of the ligand came 
again from site-directed mutagenesis. Mutants of the /J2 

receptor in which SCr505 and SCr508 are substituted by Ala 
were found to bind isoproterenol with a 10-100-fold de
creased affinity compared to the wild type receptor.68 I t 
is interesting to note that the serotonin receptor subtypes, 
which bind a substrate with only one hydroxyl group on 
the aromatic ring, possess only SCr505 or ThT505 while SCr508 

is exchanged for an Ala residue. The dopaminergic and 
the a- and ^-adrenergic receptors, which bind natural 
ligands with two hydroxyl groups, possess both SCr505 and 
SCr508. Instead of these Ser residues, two hydrophobic Ala 
residues are present in the muscarinic receptors, for which 
the ligand, acetylcholine, contains no phenol to interact 
with. 

In the catecholamine and indolamine receptor subtypes, 
TM6 possesses a conserved Pro616-Phe616-Phe617 sequence. 
Site-directed mutagenesis showed that substitution of 
Phe616 and Phe617 by an Ala residue in the /3-adrenergic 
receptor leads to a 10-fold decrease in the affinity of the 
receptor for isoproterenol. This led to the assumption that 
the two Phe residues are involved in hydrophobic inter
actions with the catecholamine ligands.63 In contrast, the 
muscarinic receptor subtypes show a conserved PrO615-
Tyr616-Asn617 sequence. The high conservation of Asn 
within the muscarinic subtypes suggests that this residue 
also plays a crucial role in the binding of acetylcholine, but 
this role remains to be understood. 

While numerous labeling or mutagenesis studies have 
allowed speculation on the functional role of the Asp and 
of some Ser residues in the transmembrane domains, it 
remains more difficult to propose a precise role for most 
of the other conserved residues listed above. In particular, 
the function of the aromatic residues could not be evalu
ated or predicted, with the exception of Tyr7I5 on helix 7 
and Phe616 and Phe617 on helix 6P-68 

Clearly, very interesting information has been obtained 
from mutagenesis, labeling data, and extensive comparison 
of primary sequences. However, 3D models of GPCRs are 
necessary to provide new insights into the processes in
volved in receptor function and activation. 

3D Models of the Cationic 
Neurotransmitter-Receptor Complexes 

i. 3D Models of the Cationic Neurotransmitter 
GPCRs. 3D models were constructed for the transmem
brane portion of the GPCRs as derived from our primary 
structure comparison and hydropathicity analyses. The 
high degree of similarity within these hydrophobic 
stretches leads to the assumption that the homologous 
transmembrane regions in all GPCR have the same sec
ondary structure and fold in the same way. 

The seven helices were constructured with <p/>p angles 
of-59° and -44°, respectively, as suggested for an a-helix 
in a hydrophobic environment69 and geometry optimized. 
The distribution of the conserved and charged amino acids 
on the same face of the a-helices implies that the as-

(68) Strader, C. D.; Candelore, M. R.; HiU, W. S.; Sigal, I. S.; Dixon, 
R. A. F. Identification of two serine residues involved in 
agonist activation of the ^-adrenergic receptor. J. Biol. Chem. 
1989, 264, 13572-13578. 

(69) Blundell, T.; Barlow, D.; Borlakoti, N.; Thornton, J. Solvent 
induced distortions and the curvature of a-helices. Nature 
1983, 306, 281-283. 

Figure 4. View of the seven transmembrane regions of the 
/32-adrenergic receptor from the exoplasmic site of the cell. The 
seven helices are indicated by a c„-carbon chain trace. Only the 
conserved residues are displayed. 

sumptions made above are correct. As mentioned above, 
it is not possible to localize precisely the starting and 
ending of the transmembrane helices from the hydro
pathicity analysis. For the positioning of TM3, TM6, and 
TM7, the low homology found between the mammalian 
opsins and bacteriorhodopsin on TM3, TM6, and TM7 
(see alignment Figure 2) was used. T M l , TM2, TM4, and 
TM5 were positioned so that their apolar portions begin 
and end near the membrane surfaces according to the 
results from primary structure comparison. Helices were 
oriented in such a way that all charged amino acids as well 
as the conserved residues point towards the inside of the 
receptor following the general rule for membrane protein 
folding. 

The model derived from the cryoelectron microscopy 
study of bacteriorhodopsin was used as a template for the 
relative positioning of the a-helical main axes. In the 
bacteriorhodopsin structure, the 7 transmembrane helices 
are very tightly packed with the amino acid side chains 
of adjacent helices closely stacked. Helices 2,3, and 4 are 
slightly tilted relative to the others. The overall dimen
sions of the model are 25 X 35 X 40 A with the longest 
dimension perpendicular to the plane of the membrane. 
Retinal is bound in its trans conformation and forms a 
Schiff base with Lys on TM7. The ionone ring of retinal 
is located in the vicinity of the extracellular surface in a 
large hydrophobic pocket defined by TM4, TM5, and 
TM6.11 

For the modeling of the GPCRs, the relative position 
of helices I1 2, 3, 5, 6, and 7 was directly taken from the 
3D model of bacteriorhodopsin. As mentioned by Hen
derson, the interpretation of helix D (TM4) is less certain, 
and we found the interations with helix 5 and 3 not really 
favorable. Thus the position of helix 4 was changed 
slightly to improve the helix-helix interactions. 

In this report we will focus on the 3D models of the 
cationic neurotransmitter receptors. Models for the other 
classes of GPCRs have been constructed in a similar way 
and will be discussed elsewhere. 

Using the arrangement of the a-helices found in bac
teriorhodopsin, it was possible to construct models pos
sessing a number of features which we believe to be es-
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sential for this class of membrane-embedded receptors: the 
seven a-helices are tightly packed and define a central 
narrow, dihedral cleft. Charged amino acids and those 
conserved in all GPCRs are located on the inside of the 
receptors (Figure 4). Additionally, most of the aromatic 
residues are also located on the inside. Interestingly, they 
are not distributed randomly, but are rather concentrated 
on helices 4, 5, 6, and 7, indicating that this region plays 
an important role in the formation of hydrophobic aro
matic interactions. In contrast, T M l and TM2 possess no 
conserved aromatic residue, and in TM3, only Trp307 (or 
Phe or Tyr) is present. Thus, the core of cationic neuro
transmitter receptors contains negatively charged Asp 
residues on helices 2 and 3 and a concentration of aromatic 
residues on helices 4,5,6, and 7. Furthermore, amino acids 
conserved only within the cationic neurotransmitter re
ceptors are essentially located in the central cleft near the 
extracellular surface and in the immediate vicinity of 
Asp311. As mentioned above, primary sequence analysis 
and recently published site-directed mutagenesis led us 
to propose that Asp2o9 on TM2 is not directly involved in 
ligand binding. This received strong support from the 
model since Asp2o7 is deeply buried in the structure at 
about 25 A from the entrance of the binding cleft. In 
addition, a very limited volume is left accessible in the 
neighborhood of this acidic residue. In contrast Asp311 is 
located in a very favorable position on TM3 near the ex
tracellular surface of the receptor and is surrounded by 
two dissymetrical hydrophobic pockets, one of them con
taining the residues invariant within the cationic neuro
transmitter receptors. From this arrangement, we propose 
that the binding site consists of ASp311, representing the 
negative counterion for the positively charged nitrogen of 
the ligands, and a large hydrophobic pocket containing the 
conserved residues Trp307 (or Phe, Tyr) on TM3, Trp403 

and Ser410 or Trp on TM4, Ser508 (or Ala), PhC509, and 
Tyr510 (or Phe) on TM5, PhC609, Trp613, Phe616 (or Tyr), 
and Phe617 (or ASn616) on TM6, and Tyr715 on TM7. In
terestingly, three conserved proline residues are also found 
in the proposed binding pocket in the direct neighborhood 
of the conserved aromatic residues. Thus it seems possible 
that the proline residues together with the aromatic res
idues are directly involved in the conformational change 
of the receptor upon ligand binding (Figure 5). 

The overall conserved functional amino acids (also found 
in the other GPCRs) are distributed throughout the 7 
helices and are located in the binding region described 
above as well as near the cytoplasmic side of the receptor. 

ii. 3D Models of Receptor—Neurotransmitter Com
plexes. Using the conclusions of the primary structure 
comparison, published site-directed mutagenesis data, and 
the 3D models described above, we have attempted to find 
an optimal fit for the natural agonists into their binding 
site in order to identify the exact binding mode responsible 
for their affinity, selectivity, stereospecificity, and efficacy. 

The positively charged nitrogen of the cationic neuro
transmitter ligands was positioned in the active site close 
to the negatively charged Asp311. The rest of the ligand 
was docked into the adjacent hydrophobic pocket defined 
by TM4, TM5, TM6, and TM7. The interactions of the 
aromatic side chains with the natural ligands were modeled 
interactively taking general rules of aromatic-aromatic 
interactions into account67 since molecular mechanics 
calculations do not account very well for the spatial charge 
distribution of ir-electron systems. 

The complexes thus obtained were geometry optimized 
and analyzed in terms of interaction energies and con
formational properties. The energy-minimized complexes 

Trumpp-Kallmeyer et al. 

Figure 5. View of the seven membrane regions of the /32-adre-
nergic receptor from the side. The seven helices are indicated 
by a c„-carbon chain trace in yellow. Only the conserved residues 
are displayed. Residues conserved in the cationic neurotransmitter 
receptors only are colored by atom type. The residues which are 
conserved in all GPCR are colored in red-orange. Proline residues 
are shown in green. The residues which are conserved only in 
the cationic neurotransmitter receptors are concentrated around 
the putative agonist binding site. 

with the most favorable interactions are shown in Figures 
6-10. The results appeared to be much better than ori
ginally expected since the steric and electrostatic com
plementarity of the receptors with their ligands is striking 
and fits both with general rules of molecular recognition 
and with all published experimental data. Residues likely 
to be responsible for the binding potency, selectivity, 
stereospecificity, and efficacy could be identified. They 
were essentially of three types: acidic Asp residues, Ser 
and Asn residues, and aromatic residues (Figure 6-10). 

The Asp Acidic Residues. The docking attempts for 
the five neurotransmitters reinforced that Asp311 on helix 
3 belongs to the agonist binding site. No satisfactory 
receptor-ligand complex could be generated with ASp207, 
essentially for reasons of steric hindrance. In contrast, ion 
pairs between Asp311 and the neurotransmitter cationic 
head could be made easily, including the hindered quar-
ternary ammonium group of acetylcholine. 

The Ser Connections. Examination of the receptor-
ligand complexes indicated that several Ser residues on 
TM4 and TM5 might be important for the ligand affinity, 
selectivity, and stereospecificity. We observed in the model 
that SeT505 (Cys in the a2 receptor) and SeT508 are ideally 
located to make hydrogen bonds with the catechol moiety 
of dopamine, noradrenaline, and adrenaline in the D2-, a2-, 
and /32-receptor agonist binding sites, respectively. The 
m-hydroxyl group of these ligands interacts with SeT505 (or 
Cys) while the p-hydroxyl group can interact with SeT508 

located on the same helix. The hydrogen bond with the 
m-hydroxyl group is very strong and possesses the ideal 
geometry. However, the hydrogen bond to the p-hydroxyl 
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Figure 6. Stereoplots of the five neurotransmitters in their respective binding sites. Only residues of the binding site and the trace 
of the main chain are displayed. 6/ dopamine D2; 7/ serotonin 5-HT2; 8/ noradrenaline a2; 9/ adrenaline /32; 10/ muscarinic m2. The 
cationic neurotransmitters form ionic interactions with the conserved Asp on helix 3.6"10 This ion pair is surrounded by a cluster of 
three conserved aromatic residues (613,616, and 307) belonging to helices 6 and 3. Catecholamine's hydroxy substituents can interact 
with the pair of conserved SCr505, CyS505. or SeT508 residues on helix 5.6A9 The single hydroxy substituent of serotonin interacts with 
SCr505 (b). The /S-hydroxy group of noradrenaline or adrenaline can stereoselective^ form a hydrogen bond with Ser410.

8'9 The indole 
nitrogen atom of serotonin can interact with SCr406.

7 A conserved aromatic residue, Phe617, can interact with the aromatic nucleus 
of the aromatic neurotransmitter.6'7,9'10 In the case of acetylcholine receptors Phe617 is replaced by Asn617 which can make hydrogen 
bonds with the neurotransmitter ester group. 

Figure 7. 

group is much weaker with a longer bond length and a 
nonideal angle. This arrangement is in full agreement with 
published site-directed mutagenesis data discussed above.68 

Strikingly, only one of these two Ser residues, SCr505, is 
present in the 5-HT receptors, SeT508 being replaced by Ala. 
Accordingly, we observed that the single phenol hydroxyl 
group of 5-HT in its receptor-bound conformation could 
make a hydrogen bond with SCr505. Furthermore, both Ser 
residues are replaced by Ala in the muscarinic receptor for 
which the natural ligand, acetylcholine, is lacking phenolic 
hydroxyl groups. This shows the perfect complementary 

between the ligands and their respective binding sites. 
Two other Ser residues are essential to make selective 

or stereospecific interactions: Ser413 on TM4 in the a2 and 
02 adrenoreceptors occupies the ideal position in the rec
ognition site to form a stereospecific hydrogen bond with 
the /S-hydroxyl group of the adrenaline and noradrenaline 
side chains; SeT406, also on TM4, is perfectly located to 
accept a hydrogen bond from the indole NH of 5-HT. 

It thus seems possible with the 3D models to explain the 
involvement of SCr505 and SCr608 in the catecholamine and 
5-HT binding and to suggest that SeT406 and Ser410 can 
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Figure 8. 

Figure 9. 

interact selectively or stereospecifically with 5-HT and 
adrenergic neurotransmitters, respectively. It is interesting 
to note that the essential anchoring points described above 
were similar in the catechol and indolamine receptors, with 
the exception of SCr505. This is in agreement with the 
cross-activity of the corresponding ligands and the lack of 
selectivity of numerous synthetic analogues. 

The Aromatic Connections. As mentioned above, 
despite the fact that many aromatic residues are highly 
conserved within all GPCRs or within GPCR subclasses, 
hypotheses concerning their functional role were formu
lated only for a very limited number of them. One of the 
most interesting observations derived from the GPCR 3D 
models concerns the interactions of the natural ligands 
with the aromatic residues of their receptors. 

The most striking feature which is common to all cat-
ionic neurotransmitter GPCR is the presence of a cluster 
of conserved aromatic residues which encages the ammo-
nium-aspartate ion pair: the positively charged ammo

nium group of the ligand and its receptor counteranion 
(Asp311) are surrounded by the conserved aromatic residues 
Trp307 (or Phe or Tyr) on TM3 and Trp613 and Phe616 (or 
Tyr in muscarinic receptor) on TM6. AU of them can 
adopt a favorable geometry to form charge-transfer in
teractions with the positively charged ammonium group. 
This aromatic hydrophobic cluster probably strongly re
inforces the stability of the receptor-ligand complex by 
strengthening the ionic interaction and exerting a shielding 
effect. Tyr715 on TM7 additionally can stabilize the com
plex by interacting with its phenol group with the positive 
headgroup of the ligand. Tyr707 (or Phe or Trp) on TM7 
seems also able to interact with the charged headgroup of 
the ligand. This aromatic residue is located above TrP307 
(or Tyr or Phe) in the 3D models and can form cation-^ 
interactions with the ligand in a similar way. This inter
action is only possible when residue 307 rotates to make 
space. However, the aromatic residue 707 on TM7 is 
conserved only on the catecholaminergic and cholinergic 
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Figure 10. 

receptors and is absent in the serotonergic receptors (with 
the exception of the 5-HT11, receptor). It seems very likely, 
that residue 707 together with neighbor residues are to a 
certain extent responsible for the selectivity of the receptor 
types and subtypes. Another important aromatic residue 
is Phe617 on TM6 of the catecholamine and indolamine 
receptors. This Phe can form an additional stabilizing 
orthogonal interaction with the aromatic nucleus of the 
ligands and simultaneously interact with TVp613 and PhC608 
in a similar manner. Together with PhC509 on TM5 it 
defines a narrow cleft for the flat aromatic part of the 
ligands in the catecholamine and indolamine receptors. 

Of prime interest is the substitution of Phe617 by Asn 
in the muscarinic receptors whose natural ligand, acetyl
choline, lacks an aromatic ring. Asn617 is in fact ideal to 
interact with the ester group of acetylcholine via hydrogen 
bonding. It is also worth mentioning that five conserved 
tyrosine residues can be found in the muscarinic receptors 
in the direct neighborhood of the quaternary ammonium 
headgroup binding site (Tyr22i, Tyr312, Tyr616, Tyr711, and 
Tyr718). 

Additionally, Ser410 on TM4, which makes the stereo
selective hydrogen bond in the catechol and indolamine 
receptors, is exchanged to Trp410 which can form ir-a and 
•*-* interactions with the ester group of acetylcholine. 

The Signal Transduction. One of the major problems 
to be addressed is the understanding of the transduction 
from the neurotransmitter to the corresponding G-protein 
mediated by a conformational change in the receptor. The 
importance of some residues has been highlighted by 
mutagenesis studies but the mechanisms involved remain 
unclear. A careful analysis of the 3D models described 
above prompted us to suggest possible mechanisms, in
volving a network of the aromatic residues TTp403, PhC509, 
and Phe617, the cluster of aromatic residues around the 
ammonium aspartate ion pair (TTp307 or Phe or Tyr; Trp613; 
and Phe616 or Tyr) and TyT715 connecting the agonist 
binding domain to the helices 1, 2, and 7. The confor
mation of the side chain of these residues is necessarily 
modified upon ligand binding and could thus directly affect 
the receptor backbone conformation at the level of the 
neighboring Pro or GIy hinge residues. This would result 

in a change in the accessibility of charged residues on the 
inner loops and thus in an altered coupling to G-proteins. 

For example, in one of the most stable conformations 
of the receptor without ligand, Asp311 can form a hydrogen 
bond with the conserved Trp613 on TM6 and TyT715 on 
TM7. These interactions must be broken during the ligand 
complexation process, since the side chains must be re
oriented in order to build the cage of aromatic residues 
around the ion pair as described above. Tyr715 could then 
interact with the cationic headgroup of the ligand. It is 
also important to note, that two of the residues forming 
the aromatic cage (Trp613 and Phe616 or Tyr) are adjacent 
to PrO615 on TM6. It thus appears very likely, that the 
building of this aromatic cluster together with PrO615 
represent a molecular switch able to trigger the receptor 
conformational change upon agonist binding. More par
ticularly, Trp613 seems to be a key residue in triggering the 
conformational change, since it is conserved in most of the 
GPCR. Mutation of the corresponding Trp613 (TrP265 
numbering in bovine rhodopsin) to Phe or Ala in bovine 
rhodopsin produced mutant receptors with abnormal 
bleaching behavior and only a very low activation of 
transducin. From these results, the authors suggest that 
Trp is located close to retinal and may be involved in the 
crucial transition step that leads to the active form of 
rhodopsin.70 Involvement of aromatic residues in local 
conformational changes of photoactivated rhodopsin has 
also been suggested by spectroscopic studies. In particular, 
from circular dichroism studies it was proposed that one 
tryptophan residue rotates during the metarhodopsin I to 
II transition.7172 This is in full agreement with the 

(70) Tomoko, A.; Khorana, H. G. Mapping of the amino acids in 
membrane embedded helices that interact with the retinal 
chromophore in bovine rhodopsin. J. Biol. Chem. 1991, 266, 
4269-4275. 

(71) Rafferty, C. N. Light-induced perturbation of aromatic resi
dues in bovine rhodopsin and bacteriorhodopsin. Photochem. 
Photobiol. 1991, 29, 109-120. 

(72) Chabre, M.; Breton, J. The orientation of the chromophore of 
vertebrate rhodopsin in the "Meta" intermediate states and the 
reversibility of the II- Meta III transition. Vision Res. 1978, 
9, 1005-1018. 
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Figure 11. Stereoplot of the Henderson model of bacteriorhodopsin. Residues of the binding site and the trace of the main chain 
are displayed. Retinal is bound in its trans conformation and makes a Schiff base with LyS715 on TM7. The ionone ring of retinal 
is located in a hydrophobic pocket defined by TM4, TM5, and TM6. The chromophore is fixed by the three conserved aromatic residues 
Trp307 on TM3 and Trp613 and Tyr616 on TM6. LyS715 on TM7 and Trp613 and Tyr616 on TM6 are also found in the G-protein-coupled 
mammalian opsins. The aromatic residues are also conserved within the cationic neurotransmitter receptors and are able to form similar 
interactions with the cationic part of the agonist, as does the chromophore of retinal. 

findings from the 3D models. 
Similarly, PrIe509 on TM5, which is also conserved in the 

cationic neurotransmitter GPCR, was found in the model 
to interact directly both with the ligand and with Trp613 
on TM6. In addition, PhC509 is located in the neighborhood 
of PrO512 on TM5 which is also adjacent to TTp403 on TM4. 
Modifications in the side-chain conformation of these 
aromatic residues might be responsible for a change in 
geometry in TM5 and represent another possible compo
nent of the activation mechanism. Finally, Tyr715 on TM7 
seems also to be involved in the conformational change. 
During the ligand binding, the Tyr residue side chain has 
to be reoriented. This rearrangement can induce confor
mational changes at the level of the conserved ASn721-PrO722 
located on the same helix. It thus appears from the 3D 
models that the binding can induce a cascade of events 
involving a number of conserved aromatic and proline 
residues. 

It seems very likely that the mechanisms described 
above, in conjunction with more subtle dynamic changes, 
in fact occur in a concerted manner. Preliminary molecular 
dynamics simulations seem to provide some support for 
these hypotheses, but extensive studies will be necessary 
to further explore the relevance of these mechanisms. 

iii. Relevance of Bacteriorhodopsin As a Template. 
The weakest starting hypothesis in this study is the choice 
of bacteriorhodopsin as a template for the packing of the 
seven a-helices, since there is only low primary structure 
homology between this protein and the GPCRs. However 
we could observe from the 3D models that the interactions 
between the cationic neurotransmitter ligands and their 
receptors are similar to those found between retinal and 
bacteriorhodopsin. The receptor-bound neurotransmitters 
and retinal in its trans conformation occupy identical 
positions within the transmembrane core of their respective 
receptor (Figure 11). In analogy with the location of the 

ionone ring of retinal, the aromatic ring of the catechol and 
indolamines is located near the extracellular surface in a 
hydrophobic binding pocket, consisting of TM4, TM5, and 
TM6. Furthermore, the side chain with the quaternary 
nitrogen of the neurotransmitter ligands is located at the 
same relative position as the chromophore of retinal in 
bacteriorhodopsin. Three of the conserved aromatic res
idues found in cationic neurotransmitter receptors around 
the ion pair are found in bacteriorhodopsin in the same 
geometrical arrangement of TM3 and TM6 where they 
interact with the chromophore of retinal (see alignment 
Figure 2, TM6 and TM3). In analogy with Trp613 in the 
neurotransmitter receptors, Trp613 in bacteriorhodopsin 
is located directly below the chromophore. Tyr616 in 
bacteriorhodopsin is positioned at the side of the chro
mophore, similarly to Phe or Tyr616 which is positioned at 
the side of the positive ammonium headgroup in the 
cationic neurotransmitter receptor complexes. Trp307 in 
bacteriorhodopsin is positioned at the same place as is 
Trp307 in the cationic neurotransmitter receptors. The 
aromatic residues are pointing their Tr-electrons in the 
direction of the chromophore and thus perform favorable 
•K-a and ir—r interactions. 

To further validate the use of bacteriorhodopsin as a 
template the G-protein-coupled mammalian opsins were 
modeled. They represent a crucial link between bacter
iorhodopsin and the G-protein-coupled receptors. Both 
receptors share a common ligand and have the same ac
tivation mechanism. In addition, the mammalian opsins 
transfer protons like bacteriorhodopsin.72 

Construction of the 3D models of the G-protein-coupled 
mammalian opsin receptors indeed shows that there is an 
excellent structural homology to bacteriorhodopsin (Figure 
12). The interactions of retinal with the protein are 
identical in both bacteriorhodopsin and the mammalian 
opsins. In both receptors Lys is located at the same 
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Figure 12. Stereoplot of the mammalian red-sensitive opsin model. Residues of the binding site and the trace of the main chain 
are displayed. The interactions of trans-retinal with the protein are identical to bacteriorhodopsin. Only TrP307 on TM3 is missing. 
ASp207 on TM2 and GIu307 on TM3, which could be involved in the proton transfer, are also displayed. 

position on TM7, forming a Schiff base with retinal Trp613 
and TyT616 on TM6 are also present in both receptors and 
form T-a interactions with the chromophore of retinal. An 
acidic Asp or GIu is found in both receptors at geome
trically the same place on TM3, acting as a counterion for 
the protonated Schiff base. The fact that the mammalian 
opsins are also able to transport protons during ligand 
binding72 can be explained with the 3D models. Asp^ in 
the mammalian opsins could have the same proton transfer 
function as Asp317 (original numbering ASp86) in bacter
iorhodopsin, because it is located in geometrically the same 
place at the bottom of the receptor and at the same dis
tance from the Schiff base. According to the model of 
bacteriorhodopsin, GIu307 on TM3 in the mammalian op
sins could be protonated by the chromophore Schiff base, 
resulting in the release of a proton in the extracellular 
medium, whereas ASp207 on TM2 is involved in the re-
protonation of the Schiff base and uptake of a proton from 
the cytoplasmatic medium. The allosteric function of 
ASP207 mediated by Na+ or H+ in a2-adrenergic and D2-
dopaminergic receptors presents a striking homology with 
the proton transfer function insured by the homologous 
Asp207 in the mammalian opsins. 

This structural similarity begs the question of an evo
lutionary relationship between the bacterial and mam
malian opsins and all other GPCR. Since there is a very 
low sequence homology between bacteriorhodopsin and the 
GPCR, evolutionary relationships between them could only 
emerge from a conservation of their three-dimensional 
structure. 

Examples are known for a number of protein families 
where the three-dimensional skeleton and the biochemical 
functions remain the same although the amino acid se
quences diverge widely. In general, only few amino acids, 
which are directly involved in ligand binding, are con
served.73 

(73) Rao, S. T.; Rossmann, M. G. Comparison of super-secondary 
structures in proteins. J. MoI. Biol. 1973, 76, 241. 

Considering that bacteriorhodopsin and the mammalian 
opsins have identical ligands and activation mechanisms, 
it does not therefore seem surprising that the receptors 
possess the same three-dimensional arrangement and 
similar or identical amino acids responsible for interactions 
with retinal. In this case, the conservation of three-di
mensional structure could reflect the importance of the 
environment of the ligand for the biological activity of the 
molecule. The conservation of the three-dimensional 
structure in evolution has been controlled by the ligand. 
In contrast, the striking sequence similarities and common 
three-dimensional arrangements within all GPCR reflects 
the importance of the three-dimensional structure for the 
biochemical function of these proteins, i.e. signal trans
duction upon extracellular stimulation. 

Clearly the experimental data as well as the modeling 
techniques, which were used at this stage of the study, do 
not allow the definition of models at the atomic resolution. 
However, the most reasonable representation has to be 
generated in order to study the potential interactions be
tween the ligand and the receptor chemical functions and 
to propose precise validating experiments to be performed. 

Interaction Homologies with Other Cationic Neu
rotransmitter Binding Proteins. When these models 
were refined, one of their most interesting and original 
characteristics was the stabilizing interaction between the 
ligand ammonium group and the cluster of aromatic res
idues. We were not aware at that time of experimental 
data showing the feasibility and the magnitude of such an 
interaction, with the exception of photoaffinity labeling 
results.74'75 

(74) Kieffer, B.; Goeldner, M.; Hirth, C; Aerbersold, R.; Chang, J. 
Y. Sequence determination of a peptide fragment from electric 
eel acetylcholinesterase involved in the binding of quaternary 
ammonium. FEBS Lett. 1986, 202, 91-96. 

(75) Galzi, J. L.; Revah, F.; Black, D.; Goeldner, M.; Hirth, C; 
Changeux, J. L. Identification of a novel amino acid a-tyrosine 
93 within the cholinergic ligand sites of the acetylcholine re
ceptor by photoaffinity labelling. J. Biol. Chem. 1990, 265, 
10430-10437. 
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Several publications have appeared since, highlighting 
examples of such interactions76 or providing novel struc
tural biological77 or synthetic78 examples of (ammonium-
aromatic cage) interactions. Thus two X-ray structures 
of proteins binding a cationic neurotransmitter are now 
available: the three-dimensional structure of acetyl
cholinesterase and the phosphocholine binding FAB 
McPC603. These structures support the models. 

In the three-dimensional structure of acetylcholin
esterase, the binding site of acetylcholine is deeply buried 
in the protein structure. This site is of hydrophobic nature 
and consists of a number of electron-rich tyrosine and 
phenylalanine residues which can interact in a similar 
manner with acetylcholine77 as in our muscarinic neuro
transmitter receptor model. This is also in agreement with 
earlier photoaffinity labeling studies.75 

Similar interactions are proposed from labeling exper
iments for the nicotinic acetylcholine receptor where a 
region in the a-subunit has been determined which forms 
part of the ACh binding site. Along with two cysteine 
residues (192,193), a number of aromatic residues (Tyr93, 
TyT149, Tyr190, Tyr151, Tyr198) were labeled.79*74 All these 
residues are conserved in the a-subunits of muscle ace
tylcholinesterases from all species examined to date. From 
these results the authors propose that the lone pairs of the 
oxygen of Tyr, the nitrogen of Trp, and the sulfur of Cys 
stabilize the charge of acetylcholine. 

The second choline binding site for which detailed 
structural information is available is the phosphocholine 
(PCh)-binding immunoglobin Fab McPC603.78'76 Two 
anionic residues (Asp971 and Glu61H) are found near the 
ammonium headgroup of phosphocholine. However much 
closer contacts are made with Trp107H, Tyr33", and Tyr1001. 

(76) Satow, Y.; Cohen, G.; Padlan, E.; Davies, D. Phosphocoline 
binding immunoglobin. Fab Mc PC603. An X-ray diffraction 
study at 2.7A. J. MoI. Biol. 1986,190, 593-604. 

(77) Sussman, J. L.; Harl, M.; Frolau, F.; Oefner, 0.; Goldman, A.; 
Toker, L.; Silman, I. Atomic structure of acetylcholine esterase 
from Torpedo californica: A prototypic acetylcholine binding 
protein. Science 1991, 253, 872-878. 

(78) Dougherty, D. A.; Stauffer, D. A. Acetylcholine binding by a 
synthetic receptor: Implications for biological recognition. 
Science 1990, 250, 1558-1560. 

(79) Kao, P.; Dwork, A.; Kaldany, R.; Silver, M.; Wideman, J.; 
Stein, S.; Karlin, A. Identification of the a-subunit half-cystine 
specifically labelled by an affinity reagent for the acetylcholine 
receptor binding site. J. Biol. Chem. 1988,259,11662-11665. 

(80) Dennis, M.; Giraudat, J.; Kotziba-Hibert, F.; Goeldner, M.; 
Hirth, C; Chang, J. Y.; Lazure, C; Chretien, M.; Changeux, J. 
P. Amino acids of the Torpedo marmorata acetylcholine re
ceptor and subunit labelled by a photoaffinity ligand for the 
acetylcholine site. Biochemistry 1988, 27, 2346-2357. 

Thus, the trimethylammonium headgroup is surrounded 
by these three aromatic "walls". The interaction of Trp107H 

with the ammonium is especially striking. In particular 
one of the ammonium N-methyl groups is located directly 
above the center of the benzene ring of Trp107H with dis
tances to the six aromatic carbon atoms ranging from 3.2 
to 3.4 A. 

Although these are only a few examples, they reflect an 
emerging trend that a cluster of aromatic residues is found 
frequently at acetylcholine ammonium binding sites. It 
is clear from the GPCR models, that this seems to be not 
only an essential feature for the acetylcholine binding site 
but also for the catechol and indolamine binding sites. 

The high homology in the recognition sites of different 
neurotransmitter receptors leads to the question of the 
origin of their selectivity for certain ligands. Together with 
other authors78 we would propose that a cluster of aromatic 
residues produces a hydrophobic binding site which is able 
to strongly bind primary, secondary, tertiary, and qua
ternary ammonium ligands through a stabilizing cation-ir 
interaction and an energetically favorable desolvation 
process. The selectivity of the recognition for a certain 
ligand results probably from interactions with other res
idues in the direct neighborhood of the primary binding 
site. They alter the shape and polarity of the receptor in 
order to position the ligand precisely and to take full ad
vantage of electrostatic, hydrogen bonding, and Van der 
Waals interactions. 

Conclusion 
Starting from the refined atomic model of bacterio-

rhodopsin, it was possible to construct 3D models for 
GPCRs. Five related cationic neurotransmitter receptors 
and one mammalian opsin receptor were studied in detail. 
The models account for labeling experiments, mutagenesis 
experimental data, and traditional structure-activity re
lationship studies and permit a more detailed under
standing of the structure of this class of transmembrane 
receptors. Receptor-ligand interactions could be proposed, 
leading to a hypothesis for the putative function of most 
of the conserved amino acids. Additionally, amino acids 
which might be involved in the conformational change 
upon ligand binding are proposed. 

These models thus represent a novel important working 
hypothesis which will have to be validated by site-directed 
mutagenesis and labeling experiments. They might also 
represent a major breakthrough for drug design. 

Registry No. Dopamine, 51-61-6; adrenaline, 51-43-4; nor
adrenaline, 51-41-2; serotonin, 50-67-9; acetylcholine, 51-84-3; 
adenosine, 58-61-7; bombesin, 80043-53-4; endothelin 1,123626-
67-5; endothelin 2,122879-69-0; thyrotropin, 9002-71-5; thromb
oxane A2, 57576-52-0. 


