612 Biophysical Journal Volume 75 August 1998 612-634

Opioid Receptor Three-Dimensional Structures from Distance Geometry
Calculations with Hydrogen Bonding Constraints

Irina D. Pogozheva, Andrei L. Lomize, and Henry |. Mosberg
College of Pharmacy, University of Michigan, Ann Arbor, Michigan 48109 USA

ABSTRACT Three-dimensional structures of the transmembrane, seven a-helical domains and extracellular loops of 6, u,
and k opioid receptors, were calculated using the distance geometry algorithm, with hydrogen bonding constraints based on
the previously developed general model of the transmembrane «-bundle for rhodopsin-like G-protein coupled receptors
(Biophys. J. 1997. 70:1963). Each calculated opioid receptor structure has an extensive network of interhelical hydrogen
bonds and a ligand-binding crevice that is partially covered by a p-hairpin formed by the second extracellular loop. The
binding cavities consist of an inner “conserved region” composed of 18 residues that are identical in §, n, and « opioid
receptors, and a peripheral “variable region,” composed of 19 residues that are different in 5, u, and « subtypes and are
responsible for the subtype specificity of various ligands. Sixteen 6-, u-, or k-selective, conformationally constrained peptide
and nonpeptide opioid agonists and antagonists and affinity labels were fit into the binding pockets of the opioid receptors.
All ligands considered have a similar spatial arrangement in the receptors, with the tyramine moiety of alkaloids or Tyr' of
opioid peptides interacting with conserved residues in the bottom of the pocket and the tyramine N* and OH groups forming
ionic interactions or H-bonds with a conserved aspartate from helix lll and a conserved histidine from helix VI, respectively.
The central, conformationally constrained fragments of the opioids (the disulfide-bridged cycles of the peptides and various
ring structures in the nonpeptide ligands) are oriented approximately perpendicular to the tyramine and directed toward the
extracellular surface. The results obtained are qualitatively consistent with ligand affinities, cross-linking studies, and
mutagenesis data.

INTRODUCTION

Three different types of opioid receptor8, (u, and k),  the nonhomologous @-bundle membrane protein, bacte-
identified based on their pharmacological properties, haveiorhodopsin (Henderson et al., 1990), whereas others have
recently been cloned (see reviews: Reisine, 1995; Dhawansed the low-resolution rhodopsin EM maps and a few
et al., 1996; Zaki et al., 1996) and assigned to the largexperimentally derived constraints to pack together seven
superfamily of rhodopsin-like G protein-coupled receptors‘ideal” helices with arbitrarily chosen side-chain conform-
(GPCRs). This superfamily of GPCRs consists of integrakrs (for example, Baldwin, 1997; Donnelly et al., 1994;

membrane proteins that transduce optical and chemical sigderzyk and Hubbard, 1995). The calculation of a more
nals across the cellular membrane (Watson and Arkinstallrecise, atomic-level structure requires refinement of the
1994) and share a common 3D structure. The seven-helicgpatial positions of entire helices, determination of their

structure of the transmembrane _domain has recently begstecise geometry, as helices are never “ideal” in proteins
demonstrated by electron cryomicroscopy (EM) studies o{Barlow and Thornton, 1988), and careful attention to side-
bovine, frog, and squid rhodopsins with a resolution of 6-9¢chain packing.

A (Schertler et al., 1993; Unger and Schertler, 1995; Unger 1o refine the structure of the transmembrane domain, we
et al,, 1997; Davies et al., 1996). Many members of thenaye developed and recently described a novel modeling
GPCR family, especially rhodopsin, have been extensivelynnroach that is based on the presence of numerous polar
studied by site-directed mutagenesis and a variety of phySasiques in the hydrophobic, lipid-embeddechelices of
icochemical methods. These experimental data and the angkpcRrg (Pogozheva et al., 1997). It is known that water-
ysis of variability and hydrophobicity patterns in amino acid jccessible polar groups of proteins have a strong tendency
sequences of GPCRs have made it possible to assign g to:m H_honds (McDonald and Thornton, 1994). In trans-

transmembrane helices of GPCRs to the peaks in the rh(?ﬁembranea-helices, peptide backbone groups are already

dopsin EM maps (Baldwin, 1993), and to construct a num'paired, whereas the polar side chains must interact with each

geh oftd|fferen'ija\7vpr_omtm_ate 1(39'35(: RDmOdEfllS (steel rei’éegvfother to form intra- or interhelical H-bonds. The candidate
allesteros an einstein, , bonnelly et al., )H—bonding pairs can be identified from the analysis of

Some of these models have been built from the structure Ogequence alignments as polar residues in intramembrane

segments that appear and disappear simultaneously in var-
Received for publication 20 October 1997 and in final form 8 May 1998.'0uS GPCRS' The Com-_.'\Spondmg H-bopds can then be used
. as constraints for packing the seveshelical fragments by
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computational procedure was organized as an iterative radistances from the ligand to the intra- and extracellular
finement with evolving constraints that begins from ansurfaces, determined by linear dichroism and fluorescence
initial model of the a-bundle and continues until each quenching; reconstitution studies of opsin with synthetic
buried polar side chain of each of the 410 GPCRs considretinal analogs; the conformation and environment of the
ered can participate in at least one hydrogen bond in therotonated retinal Schiff base, studied by Raman, Fourier
final structure (the root mean square deviation, r.m.s.d.ransform infrared, ant’C solid-state NMR spectroscopies;
between the initial and final structures was4 A)  cross-linking studies; the compensatory replacements of
(Pogozheva et al., 1997). This “saturation of hydrogenGlu**® (111:3) by Asp® (11:21) or Asp'*’ (11:7); and many
bonding potential” (McDonald and Thornton, 1994) crite- other data (Pogozheva et al., 1997). (Superscript residue
rion was very sensitive to structural mistakes during thenumbers correspond to the particular receptor sequences.
refinement procedure. The transmembrane segments of ilNumbers in parentheses indicate the helix number (Roman
dividual GPCRs are hydrophobic and contain less than 30%umerals) and the residue position in 26-residue transmem-
polar residues, but when 410 different amino acid sequencdsane segments, identified by Baldwin (1993) (Arabic nu-
are simultaneously considered, all interhelical contactsnerals) and shown in Fig. 1.) The “average” model of the
within the a-bundle are “labeled” by polar side chains a-bundle is also in agreement with constraints experimen-
forming intramolecular H-bonds. Displacement of anytally derived by site-directed mutagenesis for other GPCRs,
a-helix from its correct position breaks some H-bonds,such as the proximity of AS’ (11:28) and Ly$®3(VII:3) in
producing unpaired polar side chains within the lipid bilayerthe lutropin/choriogonadotropin hormone receptor (Fernan-
in tens or hundreds of GPCRs. dez and Puett, 1996), A8h(I1:14) and Asi#'® (VII:17) in

The “average” atomic structure of thebundle has been the gonadotropin-releasing hormone receptor (Zhou et al.,
tested by using it as a template to calculate the transment994), Aspg®° (11:14) and Asri®® (VII:17) in the 5-HT,,
brane domains of specific GPCRs whose H-bonds and closeceptor (Sealfon et al., 1995), ASAlll:7) and
packing of nonpolar side chains must be compatible withLys**}(VI1:4) in «,g-adrenergic receptors (Porter et al.,
the same common structure. The models of 28 differeni996), and the formation of an artificial Zn-binding site
GPCRs (including vertebrate and invertebrate rhodopsinby histidine residues incorporated in positions-\I; V:3,
and a number of opioid, chemokine, glycoprotein, cationicand VI:27 in mutant NK-1 ana opioid receptors (Elling et
amine, melatonin, and purine receptors) were generated sl., 1995; Thirstrup et al., 1996). The models of cationic
distance geometry, using H-bonds specific to each receptogmine receptors (Lomize et al., 1998) are consistent with
while using the “average” model to restrain the spatialaccessibilities of residues from helices Ill, V, and VIl to
positions of the helices. Analysis of the GPCR modelswater-soluble probes (Javitch et al., 1995; Fu et al., 1996)
reveals many features that are responsible for structurand with a vast sample of site-directed mutagenesis data
stability of the transmembrane-bundle, such as the for- demonstrating, for example, the interaction of Asplll:7 with
mation of extensive networks of interhelical H-bonds, aro-the protonated amine of ligands (Fraser et al., 1989; Javitch
matic and sulfur-aromatic clusters that are spatially orgaet al., 1995; Ho et al., 1992; Mansour et al., 1992, 1997,
nized as “polarity gradients,” close packing of side chainsPorter et al., 1996; Savarese and Fraser, 1992; Strader et al.,
throughout the transmembrane domain, and the formatio©987, 1988; Wang et al., 1991, 1993), the involvement of
of interhelical disulfide bonds in many GPCRs (Lomize etSerV:6 of 3-adrenoreceptors and SerV:7 @fadrenorecep-
al., 1998). Some other features of the models are related tors in H-bond formation with catechol ligands, the impor-
biological function and evolution of GPCRs, such as thetance of SerV:10 for ligand binding and activation (Strader
formation of a spatially continuous “minicore” of 43 evo- et al., 1989; Wang et al., 1991; Hwa et al., 1997), and the
lutionarily conserved residues, a multitude of correlatedproximity of the indole rings of Tri° (111:3) and Trp*3°
replacements of residues buried within the core, a Na (VII:8) of the B,-adrenoreceptor to the azido group of
binding site, and complementarity of receptor binding pock-iodoazidopindolol, an affinity label fo-adrenergic recep-
ets to many structurally dissimilar, conformationally con- tors (Wong et al., 1988).
strained ligands (Lomize et al., 1998). In the present paper, we discuss in detail the 3D structures

As has previously been discussed (Pogozheva et alaf 6, u, and k opioid receptors calculated from the previ-
1997; Lomize et al., 1998), the GPCR models obtained areusly developed “average” model of the transmembrane
consistent with a large body of experimental data that wereglomain. This is an especially interesting case for verifica-
not used in deriving the models and that therefore can serviion of the receptor models by ligand docking, because the
as an independent control. The model of rhodopsin, fothree different opioid receptor types have a number of
example (1boj and 1bok Protein Data Bank files), is instructurally distinct, conformationally constrained ligands,
agreement with the arrangement @fhelices in the low- from small, rigid alkaloids to larger cyclic peptides, with
resolution 3D EM maps; mapping of water- and lipid- well-studied structure-activity relationships (SARs). In ad-
accessible rhodopsin residues by chemical probes; identifdition, we have included in the models the tentative struc-
cation of residues surrounding retinal by site-directedtures of the three extracellular loops, which were calculated
mutagenesis and cross-linking; the orientations ofralts by distance geometry. Although the ligand-binding pocket
and 11eis retinal relative to the membrane plane and theconsists mainly of residues from the transmembraein-
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FIGURE 1 Sequence alignment of
transmembrane  helices  (TMH
I-TMH VII) and extracellular loops
(EL-1, EL-2, EL-3) of humans, u, BT
and k receptors. Asterisks above the X D28
sequences for each helix indicate the
26-residue transmembrane segments, TMH IV
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dle, the extracellular loops of opioid receptors have alsdure; 2) modeling of the extracellular loops of the opioid receptors; and 3)
been shown to be important for interactions with manyincorporation of various opioid ligands into the calculated receptor structures.
ligands (Chen et al., 1995; Fukuda et al., 1995; Hjorth et al.,

1995; Meng et al., 1995, 1996; Minami et al., 1996; Onogi . .
etal., 1995; Pepin et al., 1997; Varga et al., 1996; Vaquuett(P'Sta"ce geometry calculations of

etal., 1996; Wang et al., 1994, 1995 Xue et al., 1994, 1995 ansmembrane a-bundles for , p,

Zhu et al., 1996a,b), whereas the extracellular N—terminu?nd K receptors

can be deleted inw and k receptors (Kong et al., 1994; The transmembrane d-bundles of8, p, and x opioid receptors were
Surratt et al., 1994) or exchanged between receptor Subtypgglculated using their own specific H-bonds, while using the “average”

(Meng et al., 1996) without affecting the ligand binding. GPCR model to r_estrain the s_patial positions of the helices, as prgyiously
described for bovine rhodopsin (Pogozheva et al., 1997). The positions of

the helices were restrained by incorporating C C° distances from the

“average” model as the upper limits in calculations with the distance
METHODS geometry program DIANA (Gutert et al., 1991). These”C. . C? limits

were increasedybl A (0.5 A for distances of the more loosely packed helix
The modeling described here was done in three stages: 1) distance geoijto allow some relaxation of the specific receptor structures relative to the
etry calculations of transmembrane domaing,qf, andk opioid receptors ~ “average” model, i.e., small shifts of helices that are necessary to adopt the
from the previously determined “average” transmembraeindle struc-  replacements of side chains in the “core” of tadundle.
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To examine possible H-bonds and to determine conformers of sidestructure. These connections contain Pro, Gly, and polar residues and are
chains in opioid receptors, we applied an iterative distance geometryighly variable in families of opioid receptors and other GPCRs. The
refinement approach, which we have previously described (Pogozheva eharacteristic Pr3>Ser®-Pre?°>-Ser°® sequence in thé opioid recep-
al., 1997). Each iteration of the refinement included 1) examination of thetor, for example, is an excellent breaker of baethelix and B-structure.
structures calculated in the previous iteration for new potential H-bondingThe nonregular structure of these connections can be also suggested based
partners (spatially proximate polar groups that did not form H-bonds in theon insertions in this region arising in many different GPCRs, such as
previous iteration of the model), for correlations in sequence alignmentsnsertions of S&° and Vaf®>-Asp?°® residues in thex receptor (Fig. 1).
and for structural flaws (violations of constraints, appearance of hindrances The hypothesize@-hairpin formation is supported by several observa-
or holes produced by incorrectly packed side chains, helices that aréions. First, the8-hairpin provides the formation of many H-bonds between
multiply curved by contradictory constraints or are loosely packed becauseesidues that appear and disappear in a correlated manner in amino acid
of insufficient constraints); 2) modification of distance and angle con- sequences of opioid receptors, such as?A%p. Th??°, Lys'L . . As?6,
straints (H-bonds and conformers of side chains) to increase the number &er“. .. GIrt4 and Hi€?3 .. GIP° (present only inu receptors),
simultaneously formed H-bonds, and to correct discovered flaws; and 3BIu**e . . GIrP%, Glut*® . . Lys'?2 and Set® .. Arg?®* (present only in
distance geometry calculations with the modified constraints. The analysis receptors), and Ly$? . . GILP°° and Asp*®. . . His®** (present only irk
of calculated structures (step 1) was performed using the program ADJUSTeceptors). Two insertions in EL-2 of thereceptor are also correlated:
(Pogozheva et al., 1997) and the molecular modeling software QUANTAthey provide simultaneous lengthening of both nonregular connections
(Molecular Simulations). The constraints and the correspondibgndle between thgg-hairpin and transmembrane helices IV and V, thus allowing
structure evolved simultaneously during the refinement. During the refinethe g-hairpin to stay in the same spatial position. Secondthairpin can
ment, conformers of most side chains were unequivocally determinedreadily be inserted in the cavity between helices Il and VII, without the
Final systems of H-bonds are shown in Table 1. appearance of interatomic hindrances, and it forms numerous hydrophobic

In calculations with DIANA, thea-helix geometry was restrained by contacts and several hydrogen bonds with the transmemilardnandle.
backbone H-bonds (upper limits for NH O=C, , distances= 1.9 A, Third, the structure of thg8-hairpin itself is stabilized by hydrophobic
except those broken by Pro residues) and by dihedral angle constraintbntacts of several interacting nonpolar residues &alLel?®®, and
(¢ = —70° to —50°, y = —50° to —30°). Because the program requires Phe&°? in the & receptor; 1185 Lelt?'®, and Ph& in the u receptor; or
a single chain, the loops connectinghelices were approximated by Gly  11e2°8 Lel?*2 and Ph&'“in the k receptor; see Fig. 5). At the same time,
fragments, with the number of Gly residues corresponding to the length okeveral polar residues (Gt in 8; Asp?*®, ThP*8 Thrr?t in u; GIu?®,
each loop in thé-opioid receptor. In the later iterations of the calculations, Thr?*, GIn?*® in « receptors) are arranged on the opposite face of the
glycine residues in the extracellular loops were replaced with the aming3-hairpin and form H-bonds with each other and with polar residues from
acids corresponding to the opioid receptor sequences (see below). Thelix Il (Glu/Thr/Asplll: —3 and LyslII:1). Fourth, the presence of several
standard target function minimization strategy”(@art et al., 1991) was  Ser and Thr residues with higb-sheet propensities in this region (posi-
used for calculations. The weighting factors for upper and lower distanceions 214, 218, 220, and 222 in theopioid receptor, for example) is also
limits and van der Waals and angle constraints initially were 1, 1, 0.6, anctonsistent with the hypothesized formation of {Baairpin.

20, respectively, and 1, 1, 2.0, and 5 by the final two iterations. The The probable conformation of the-turn in the g-hairpin can also be
HisVI:20 and HisVII:4 side chains were considered to be uncharged, angeadily identified. Because ttgturn consists of an odd number of residues
all other His, Asp (including Aspll:14), Glu, Lys, and Arg side chains were (residues 198200 if, 217-219 inu, 210-212 ink receptor), the only
considered charged. allowed standard type is the type | with a @ibulge, i.e., theowrygo,

motif (Sibanda and Thornton, 1991). This motif is very common in protein
B-hairpins (Sibanda and Thornton, 1991) and has been shown to be
independently stable in aqueous solution (deAlba et al., 1996), because,
unlike the “standard” type | and |B-turns, theagyge, turn is consistent

The extracellular domain of the opioid receptors consists of three loopavith the direction of twist ing-structure (Richardson and Richardson,
(EL-1, EL-2, and EL-3), whose tentative structures are modeled here, and989). In the structure of the. opioid receptor, this turn is further

an N-terminus that was not considered (Fig. 1). It is apparent from thestabilized by H-bonds formed by the COGgroup of As*® with the
sequence homology of the loops among theu, and k receptors, that ~ main-chain NH group of TR and between the side chains of #¥rand
essentially the same structure can be expected in the different receptdihr®*® (Fig. 5). The consistency of th@-hairpin with the entire system of
subtypes. EL-1 and EL-3 are rather short (four or five residues) (Fig. 1)distance constraints for the-bundle was further verified by distance
whereas EL-2 is longer (20 residuesdrand u receptors and 23 residues geometry calculations fob, w, and « receptors (the H bonds of the

in the k receptor) and can interact directly with all opioid ligands, becauseB-hairpin are shown in Table 1).

it partially covers the binding cavity between helices Il and VII in the  After incorporation of theg-hairpin in the model, the extracellular ends
model of the transmembramebundle. Initially, only this longer EL-2 was  of TMHs I, lll, VI, and VII were extended by one to three residues
added to the transmembranebundle for distance geometry calculations. (through residues 11:28, IIt:3, VI:3, and VII.-2), because these residues
EL-2 connects transmembrane helices (TMHSs) IV and V and is attached tean form fragments of amphiphilic helix with nonpolar side chains facing
TMH Il by a conserved disulfide bond (Watson and Arkinstall, 1994), the lipid environment. This also provides, simultaneously, many additional
giving this loop a U-like shape (the peptide chain comes from TMH IV intra- and interhelical H-bonds and hydrophobic contacts between nonpolar
toward TMH 1l and returns back to TMH V, as shown in Figs. 4 and 5). side chains. The remaining extracellular loop fragments (113-117 (EL-1),
Both branches of the U-like EL-2 are too short to form any additional 190-194 and 204-209 (EL-2), and 290-294 (EL-3) in éhesceptor;
a-helices in the calculated models of the transmembrane domain, and thE30-136 (EL-1), 209-213 and 223-228 (EL-2), and 309-312 (EL-3) in
geometrical constraints imposed by their attachment to TMH Ill, IV, and V the u receptor; 123-127 (EL-1), 200-206 and 216-222 (EL-2), and
force them to adopt extended structures. This extended character of tfR03-306 (EL-3) in thex receptor) were simply considered as short,
peptide chain is also consistent with the geneiali (+ 2) pattern of  nonregular connections whose tentative structures were defined by distance
alternate polar and nonpolar side chains around the disulfide bond in amingeometry calculations based on the appearance of correlated H-bonded
acid sequences of opioid receptors and rhodopsins, for example. Theesidues in the loops (such as At§Asp*®° and AspgeeArg9%Asp?s,
pattern is of the form p-n-p-Cys-p-n-p-Ar, where p, n, and Ar denote polar,which simultaneously appear only in EL-3 of tléereceptor), and con-
nonpolar, and aromatic residues, respectively. We suggest that the tw&traints for dihedral angles andy, which fix them in the allowed areas of
extended antiparallel stretches of EL-2 near the conserved disulfide bonthe Ramachandran map (the intervals of the angles were constrained
are paired in g3-hairpin (residues 195-203 in the 214-222 in theu, similarly to that in the REDAC strategy; @Gtert and Wuthrich, 1991). The
207-215 in thex receptor), and the two remaining fragments of EL-2, final structures of the extracellular loops in all opioid receptors provide
which connect thes-hairpin to helices IV and V, adopt a nonregular close packing of Trp and Phe residues conserved in EL-1 (positions 114

Modeling the extracellular loops
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TABLE 1 H-bonds of side chains applied as distance constraints for calculation of opioid receptor models
& receptor u receptor K receptor Location
Side chain to side chain
Thr2%0y* Sef%Hy Thré%0y* Sef*Hy TMHs |-l
Cy<OHy Ser%y Cys®Hy Set®0Oy TMHs |-l
Asn®’H&%2 Asp®08* AsrfeH§22 Aspttiost Asn’"H&%2 AsptP%0st TMHSs I
Asn®’08* SeP?Hs Asn?0s* Cys*®™Hs Asn’’08* SeP?Hs TMHs 1-VII
Thr'80y* AsnPoH§%t Thre’0yt Asnt0iH %t Thre80yt Asn®°H§%t TMHSs -l
Asnf°0st Tyr3¥Hy Asnt0i0st Tyr®3®Hy AsnP°08t Tyr®3%Hy TMHs 1I-VII
Tyr8’0n Lys™®H* Tyr*°®0n Lys™®H Tyr¥’0On Lys*"H{ TMHs lI-IV
Tyr®™Hny Asn®°0st Tyr%Hy Asnte&ost Tyr*Hn Asnt7°08* TMHs lI-IV
AsnP?0st Tyr%y Asnt0°0st Tyr**Hy Asnt0s* Tyr**%Hny TMHs 1l
Asn®°Hs?t Thr380y* AsnlO%H st ThrS70y* AsntOH s Thrt480y* TMHSs I-IlI
AsnP?0st Trpt*Het Asnt0st Trpt®%Het Asnto%0st Trp*®Het TMHSs lI-IV
Asp®°08? Asnt31H§%? Asp*ti08? Asnto0H 522 Asp'®%08? Asnt41H 522 TMHSs 111l
Asp®°08? AsrP0s™* Asp't108? AsP3208™* Asp'P%08? Asn?2808™* TMHs 1I-VII
Thro°Hy* Ser*0y ThriteHyt Cys*3%sy ThrioHy* Ser?0y TMHs [1-VII
GIn'%°Hg?? Aspt2E0st GIn'?*Hg?? Asp4Ost GIn'**Hg?? Asp'E0st TMHSs 1=l
GIn'%%0¢* His®0'He? GIn*?%0g* His®%Hg? TMHSs 1I-VII
Sef°Hy His**IN &t Sef?Hy His*1N§? TMHSs [1I-VII
Tyr'?%0n Thr3tHy? TMHSs 1I-VII
Tyr*%0n Thréo%Hy* TMHSs 1I-VII
Glut80e?t Lys'?2N¢g TMHs 111l
Thr¥Hy! Asp?teost TMHSs IllI-EL-2
Glu*%0¢? GIn?9Hg?2 Asp'?f08* GIn?t3Hg?2 TMHs llI-EL-2
Lys**IN¢ Asp?r08? Lyst*N¢ Glu?®%0e?* TMHSs IlI-EL-2
Asp'?%08°? Tyr®%8Hy Aspt*’08? Tyr®28Hy Asp'3%08°? Tyr®%Hny TMHs 1I-VII
Asn'310s* SeP'Hy Asn*°0s* SeP?Hy Asnt*0s* SeP'Hy TMHSs 111-VII
Thridoy* Sel” Hy* Thris0yt SerHy* Thri40y* Ser®Hy* TMHs llI-IV
Ser*Hy Asr?0st Ser>Hy Asn??08t Ser*™Hy Asn?20st TMHSs 1=Vl
ThriéHy* Asnt9'0st TMHSs llI-IV
Aspt4%08t Arg4eHnt? Aspt®i08t ArgsHn12 Aspt>c08t Argt®eHnt? TMHs 111l
Asp'*%08? LysteiH M Aspt108? Asnt&3H 522 Asp*5808? Lys* H{ ™ TMHs -1V
Asp'*%08? Lys®®H{? Asp'®408? Lys™®H{? Asp'>%08? Lys*"®H{? TMHs -1V
Lys?°N¢ Asp?‘08* EL-2-EL-2
Arg Nyt Ser°Oy EL-2—EL-2
Arg?°?Hy'? Asp?r’ost EL-2—EL-2
Arg?%Hqtt Glu?*80e! EL-2-EL-2
GIn?*Hg?? Asp?teost EL-2—-EL-2
GIn?*?0e* Ser?0y EL-2—EL-2
Asp?‘08? Sef?™Hy EL-2-EL-2
Asp?08? His®Hs* EL-2—-EL-3
SerOy GIn?1H5%2 EL-2-TMH VII
Thr28oqt Thr?2%04* Serl'oy GIn?13Hg?t EL-2—EL-2
Ser*Oy Arg?He His??H 8" Glud1%0s" Asp?e0s* His3*H 8" EL-2-EL-3
His?>*H " GIn**0s* EL-2-TMH VII
Tyr?%%Hny Met*8°s5 Tyr?2™Hny Met?°Ss Trp??He? Met?1ss EL-2-TMH IV
Asp?l?08* Lys**H{* Glu??°0s* Lys®>H Asp??f08* Lys*?>™H{* TMHs V-V
Asr?2908* Lys®**H{? TMHs V-V
Tyr?*%0n Arg®He Tyr?*20m Arg?8He Tyr?*%n Arg?"He TMHs V-VI
Tyr?®Hny SePOy TMHs VI-VII
Lys®O3H? SePOy TMHs VI-VII
Asp?08? Arg®*?He TMHs VI-EL-3
Aspr208? Arg?'Nn? EL-3-EL-3
Arg>Nnt Asp?o082 EL-3-EL-3
Arg?9Nn? Asp?®0s* EL-3-EL-3
Asrlo0s* AsrelH 522 Asr??80st As32H 522 As?208* As?eH 522 TMHs VI-VII
Side chain to main chain
Tyr®Hn Thr*°0 Tyr’®Hn Thr'%0 Tyr*®Hny Thrt°%0 TMHs |1
AsnPoH§%2 Lys®'0 AstOH 572 Lys'®® AsIP°H§22 Lys®*O TMHs lI-IL1
Tyr®’0n Alal®%0* Tyr'%0ny Ala®o* Tyr%’0n Ala"%0* TMHs lI-IV
Lys™o3N¢ Trp*0 TMH II-EL1

H-bonds between residues in corresponding positions in the sequeres ahdk receptors are shown in the same row. Upper distance constraints were
1.9 AforH...0,2.9 Afor O...0and N...O, and 2.6 A for H. . .S bonds. In addition, 15, 18, and 22 H-bonds of threonine and serine side chains with

i — 4 backbone carbonyls are also included 3o, and k receptors, respectively.

*Distances increased by 0.3 A.
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TABLE 1 Continued

& receptor  receptor K receptor Location
Lys'oeNg Cystf0 TMH lI-EL-2
Asnt?™H§?2 Gly*3%0 TMH II-EL-1
Tyr'%Hy Pr&®o Tyr*28Hy Thrt?0 Tyr* %y Thr%%0 TMH II-EL-3
ThritHyt Met'*0 Thri32Hyt Met'3%0 Thriz3Hy* Met'?'0 TMH II-EL-1
Asp*?Hst SefHN TMH HI-EL-2
Asp*?8Hst Asp'?®HN TMHSs [l
Arg*®He Arg*®?0 Lys?°N¢ Arg?*'o Lys?°N¢ Arg*®?0 EL-2-EL-2
GIn?*?0g* Gly?**HN GluP*%0st Asp?HN EL-2-EL-2
GIn?*?0e! SefHN Glu2%%0¢e? Val?°HN EL-2-EL-2
Asp?2i08? Trp??HN EL-2-EL-2
Asp?tf0s? Sef?HN EL-2-EL-2
Asp?tfost Thr'8HN EL-2-EL-2
Sef%Hy Asp?®°0 EL-2-TMH VI
Ser®®Hy Arg*®?0 EL-2-EL-2
Trp*°Het Lelr®%0 Trp??%Het Leu**0 Tyr?%Hy Lel”*®0 EL-2-TMH VII
Asp?®i0st Val?**HN TMHSs VI-VII
Arg®*Ne Ser®0 EL-3-EL-2
AsrPloH§22 Val?®®0 AsrP28H 522 Val?®%0 AsrP??H6%2 Val?”°0 TMHs VII-VI

and 116 ind, 133 and 135 i, and 124 and 126 ik receptors) and the  of the ligands are not completely rigid, it was necessary to consider several
orientation of most tryptophan, tyrosine, and phenylalanine side chains ipossible conformers of their flexible elements, such as\twgclopropy-
the loops toward the lipid-water interface, where they can interact withimethyl group in morphine, thal-phenethyl group in fentanyl, or Tin
lipid headgroups, as is characteristic for membrane proteins (Deisenhofeyclic opioid peptides. Second, in a few cases, described in the Results, it
and Michel, 1991; Schultz, 1992; Grigorieff et al., 1996). was necessary to adjust conformers of several receptor side chains in the
Final calculations of the transmembrane domains, including the thresinding pocket, which were not unequivocally defined by distance geom-
extracellular loops, were made using 64, 69, and 70 side-chain H-bondingtry calculations. Third, because the DIANA-generated receptor structures
constraints fol, u, andx receptors, respectively (Table 1); constraints for were not completely identical (although the r.m.s.d 6fafoms was low:
dihedral angles of the main chain in the loops and for all side chains of the-0.7 A), the ligand docking was performed with two or three structures
transmembrane-bundle; ... C? distance constraints taken from the with the lowest target function.
“average” model; and restraints on the geometry of the TMHSs, as described The receptor-ligand H-bonds and ion pairs served as important attach-
above. The constraints also included backbone H-bonds if-ti@rpin of  ment points for ligand docking. Two such attachment points are the
the EL-2 fragment (residues 195-203dn214-222 inp, 207-215 ink  carboxyl and imidazole groups of Asplll:7 and HisVI:20, respectively, the
receptor) and a conserved disulfide bond connectingtiairpin to TMH  only polar groups situated at the bottom of the binding pocket in all three
lIl. Totals of 877, 896, and 884 angle constraints and 691, 690, and 65%4|culated opioid receptor models, (w, and «). The importance of the
distance constraints were used for calculation,of, and« receptors,  Asplil:7 and HisVI:20 residues for binding opioid ligands has been clearly
respectively. demonstrated by mutagenesis (Befort et al., 1996b; Mansour et al., 1997;
The calculations with DIANA yielded well-defined sets of structures for g rratt et al., 1994). In the receptor models, these carboxyl and imidazole
each 6, u, andx) opioid receptor (pairwise r.m.s.d. of 212 TMH'@oms  4.5,p5 are arranged in such a way that they can interact simultaneously
was <0.7 A for the 10 structures of each receptor with the lowest targetyitn the N* and OH groups, respectively, of the Fyar tyramine group
function). The r.m.s.d. betweerf‘@toms of TMHSs of differentd, 1., and 5 esent in most opioid ligands. Importantly, all surrounding side chains in

K)_ rgceptors was Iarggrs(o.g A). All backbone angles of the models are' the bottom of the binding pockets (lleV:4, lleVI:19, CysVII:6, lleVII:7)
within the aIIow?d reglons of the Ramachandran map, and all side chaing,, e tightly packed (arranged without hindrances or holes) with the
h_ave standardy’-x co_nformgrs, asis auton.qat}c.ally provided by the tyramine fragment of the ligands. It should be mentioned that, even without
dihedral a:ngle constraints (violations of the |nd|V|du§I angle constraints,«qeration of receptor-ligand H-bonds, the largest ligands, such as
were<10%). A few wo]anon; of van der anls gonstramtsAem.S Awere norBNI and cyclic peptides, can be inserted in the binding pockets without
present near Pro residuesdphelices; no violations of H-bond_ distances hindrances in only one way, because they occupy nearly all available space
greater thaq 0.6 A were found. The structure_s of receptors W't.h .th? Iowes\klithin the pockets, and any shift of the ligands would produce significant
target function were selected for ligand docking and energy minimization. . .
overlaps with surrounding receptor atoms. However, for some smaller
ligands, the mode (or modes) of docking can be determined only if key
attachment points of the interacting molecules (H-bonds or ionic interac-
tions) are assumed.
All opioid ligands were inserted manually into the binding pockets, using ~ Technically, docking of most ligands was performed in two steps. First,
the Molecular Modeling module of QUANTA to move the ligands and the tyramine fragment of each ligand was placed in the bottom of the
control hindrances and receptor-ligand H-bonds. The docking was simplibinding pocket to form H-bonds with Asplil:7 and HisV1:20, while the rest
fied by using only rigid or conformationally constrained ligands (Fig. 2 and of the ligand molecule was oriented toward the extracellular surface. Then
Tables 2 and 3) whose structures have been solved by x-ray crystallogrdhe spatial position of the ligand molecule and the conformation of its
phy (Bye, 1976; Klein et al., 1987; Urbanczyk-Lipkowska and Etter, 1987;flexible elements, which are connected to the tyramine fragment, were
Verlinde et al., 1984; Calderon et al., 1997; Doi et al., 1990; Flippen-adjusted to exclude all hindrances with receptor atoms and to form addi-
Anderson and George, 1994; Griffin et al., 1986; Lomize et al., 1994;tional H-bonds and hydrophobic contacts in the binding pocket. For ex-
Collins et al., 1996) or NMR spectroscopy (Mosberg and Sobczyk-Kojiro,ample, the cyclic peptides considered (Table 3) have rigid, well-defined
1991; Collins et al., 1996). The procedure of manual ligand docking isstructures of their cycle®{Cys-Phes-Pen and-Pen-Ala-Phes-Pen), but
similar to assembling a jigsaw puzzle that consists of two semirigid pieceshave a considerably more flexible exocyclic ¥yesidue and side chain of
however, three circumstances complicated the process. First, because m@$te (Deschamps et al., 1996; Lomize et al., 1996). Only structures of the

Ligand docking
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FIGURE 2 Structures of nonpeptide opioid ligands.

1996). However, during step 2 of the docking procedure,itrengle of

Tyrt, thep angle of the second residue, and fiengles of the P& and

Tyr? side chains in these peptides were adjusted to allow the formation of
additional H-bonds and to exclude steric hindrances with the receptor.
Some details of the adjustment for the peptides and other opioid ligands are
described in the Results and Discussion. It should be stressed that the
bound conformations obtained for all ligands were identical or very close
to the crystal structures, both geometrically (Tables 2 and 3) and energet-
ically (the energy differences between crystal and bound conformations
were 0.5-2.0 kcal/mol after energy minimization of the ligands with the
CHARMmM force field (Brooks et al., 1983; Momany and Rone, 1992),
using a dielectric constart= 10 and the adopted-basis Newton-Raphson
method). Conformational analyses of peptides from the JOM-13 and
[D-Per?,D-Perflenkephalin (DPDPE) series have been discussed else-
where (Lomize et al., 1994, 1996; Mosberg et al., 1994a,b, 1996). The
proposed docking modes were compared with available SAR, cross-link-
ing, and mutagenesis data, as described in detail in the Results and
Discussion for 16 opioid ligands.

After manual docking of the ligands with the Molecular Modeling
module of QUANTA, the steric overlaps between ligand and receptor
atoms did not exceed 0.5 A. All remaining hindrances were removed
during 35 subsequent iterations of unconstrained minimization of the
complexes with the CHARMmMm force field (Brooks et al., 1983; Momany
and Rone, 1992), using a dielectric constant 3 and the adopted-basis
Newton-Raphson method. Initial approximations that yielded energies
greater than—2000 kcal/mol after 35 minimization steps were rejected,
because this demonstrated residual hindrances or distorted geometry of
ligands or receptor. The final energies of accepted receptor-ligand com-
plexes ranged from-2803 to—2176 kcal/mol, and the structures of these
complexes were not altered after short-term minimization: the r.m.s.d.
between atoms of ligand and of receptor binding site residues from the
initial and minimized structures were0.1 A.

RESULTS AND DISCUSSION
Models of &, n, and k opioid receptors

The calculated, u, andk opioid receptor models are nearly
identical within the transmembrane domain (r.m.s.d. of 212
common C atoms of the TMHs are-0.9 A); however,
small differences are observed in the extracellular loops
(Fig. 3) because of unequal numbers of residues among the
receptors (Fig. 1). All opioid receptor models have a ligand-
binding cavity that is partially covered by the extracellular
loops (Fig. 4). The loops create an almost continuous sur-
face, with theB-hairpin formed by EL-2 in the middle (Fig.
5), surrounded by the smaller, nonregular EL-1 and EL-3.
This region is represented in 3D EM maps of frog and
bovine rhodopsins by a considerable amount of electron
density that does not contairthelices (Unger et al., 1997).
The calculated opioid receptors structures have several
clusters of polar side chains that form extensive networks of
interhelical hydrogen bonds (Fig. 6 and Table 1). Four such
clusters consist of a “core set” of polar residues that are
conserved throughout most GPCRs, augmented by more
variable, peripheral polar residues that are connected to the
central “core” by H-bonds (Pogozheva et al., 1997). The
large, polar cluster | consists of conserved Asnl:18, Aspll:

cycles that were determined by x-ray crystallography (Lomize et al.,1994;14 Serlll:14. AsnVII:13. SerVil:14. and AsnVII:17 resi-

Flippen-Andersen et al., 1994; Collins et al., 1996) were examined her
The structure of the rigid cyclen{Cys-A=Phep-Pen) for theu-selective

dues (Ash® Aspt'® Set® AsrP?8 Sef?® and Asi2in

agonist JH-42 was considered to be close to the crystal structure of JOM-181€ u receptor) and is supplemented, in opioid receptors, by
cycle on the basis of theoretical conformational analysis (Mosberg et althe more variable Tyrl:7, Thrll:18, Asnlll:10, Ser/Cys-
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TABLE 2 Torsion angles (degrees) of nonpeptide opiates in the models of receptor-ligand complexes and in published crystal
structures of the ligands*

Crystal
Compound Receptor Torsion angle Receptor bound conformation structure Reference
BW373U86 1) C4s-N,-C-Cq —48 —57 Calderon et al. (1997)*
N,-C;-Cg-Cq 151 —149
C»-N;-C1;-Cia 64 67
N;-C11-Cia-Con —98 -99
N;-C11-C15-Cop —152 —165
C35-Cos-Cre-Nig 116 124
C
SUPERFIT 1) C,-N,;-C,5Cyg 83 —169 Flippen-Anderson and
N;-C15Ci6Cir —74 —175 George (1994)
C,-C4-N,-Cy» —88 =77
N,-Cy5Ci5Chs —57 —61
A B C
cis-(+)-3-Methyl-fentanyl I C,-N,;-C,5Cyg —-169 —170 86 —169 Flippen-Anderson and
N;-C15Ci6Ci7 —161 -29 —78 —175 George (1994)
C,-C4-N,-Cy, =77 —96 —78 =77
N,-Cy5Ci5Chs —83 -121 —158 —61
B-FNA m Cy-N;7C15Cig -179 176 Griffen et al. (1986)
Cs-Ce-Ng-Csy 137 129
Ng-Cs1-Co-Cog 179 —163
U69,593 K C,-Cs-N,-Cig 7 68 Doi et al. (1990)
Ce-C-N;-Cyy —110 -121
N;-C11-C15Ci3 —100 -94

Compounds and torsion angles are shown in Fig. 2.
*Crystal structure of the closely related 3-F analog.

VII:A5 (Tyr ">, Thrt*8 Asnt>°, and Cy$3°in the u receptor).

Cluster Il is formed around the conserved Asnll:9-TrplV:11

Cluster | contains a cavity that can be filled by water or bypair by Tyrlll:9, Thrlll:13, Thrlll:17, and SerlV:15
a sodium ion coordinated with oxygens of the Aspll:14, (Asn*°&Trp'®2 pair and residues THt°, Thr*>3 Thr**’, and
Asnlll:10, Serlll:14, SerVIl:14, and AsnVI:17 side chains. Ser® in the u receptor). Cluster Ill consists of the con-

TABLE 3 Torsion angles of two small cyclic opioid peptides, JOM-13 (Tyr-c[p-Cys-Phe-bp-Pen]) and [L-Ala®*]DPDPE (Tyr-c[p-Pen-
Ala-Phe-p-Pen]), in the models of & opioid receptor-ligand complexes and in published crystal structures of the peptides

JOM-13 L-Ala®]DPDPE
Residue Torsion angle In the model In crystal* In the model In crystal
Tyrt 1} 137 102 94 120
X 176 -171 —152 -173
p-Cys/PeR %) 71 67 87 75
Y 25 18 12 17
X -60 -51 —56 —60
X —143 —141 —169 -174
X (SS) 90 89 102 115
Ala® @ — — -84 —88
P — — -50 —42
Pheé® @ —76 -84 —119 —125
V4 -23 —-15 -8 —28
X —63 =70 —46 —56
p-Perf® @ 131 133 96 124
X =77 —76 -98 —86
X 47 50 70 66

*From Lomize et al. (1994). The torsion angles within the 11-membered ring correspond to molecule A, and torsion angles for the exocyclic Tyr residue

and Phe side chain correspond to molecule B (two independent molecules were present in the unit cell).

#From Collins et al. (1996). The torsion angles are for the second of four independent molecules in the crystal unit cell (conformation of theftiist mole

in the unit cell differs by~15°, for several angles, from molecules 2, 3, and 4, which are nearly identical).
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published models of opioid receptors (Alkorta and Loew,
1996; Befort et al., 1996b; Cappelli et al., 1996; Knapp et
al., 1995; Habibi-Nezhad et al., 1996; Metzger et al., 1996)
and other GPCRs that have been deposited in the PDB
(Bernstein et al., 1977), GPCRDB (http://swift.embl-heidel-
berg.de/7tm/) (Oliveira et al., 1993), and CORD (http://
www.opioid.umn.edu) databases. The largest deviations of
our & opioid receptor structure (r.m.s.d. of'@toms in the
range of 4.2—6.5 A) are observed when compared with the
earliest GPCR models, which were constructed from non-
homologous bacteriorhodopsin structures, or by using 2D
(projection) EM maps of rhodopsin and a few supplemen-
tary experimental constraints. The incorporation of geomet-
ric constraints derived from 3D EM maps of rhodopsins
(Herzyk and Hubbard, 1995) leads to a model with a smaller
(3.9 A) deviation from our structure. Recently an improved
FIGURE 3 Superposition of structures of DIANA-calculatéd(bold apprOXimation of the transmembrane domain structure has
line), w (thin line), andx (dashed lingreceptors (stereo view). Ther.m.s.d. been obtained by the direct fit of two kinked and five
between 212 €atoms of transmembrane helicessaindp, 5 andk, and  straight helices to the 3D EM map of frog rhodopsin (Bald-
p and receptors are 0.74, 0.80, and 0.90 A, respectively. win et al., 1997). This model has the lowest r.m.s.d (3.3 A
for 179 common C-atoms; Fig. 7) when compared with our
served Asnll:4 and TyrVII:21 (Asi?*and TyP*®inthew  structures of the transmembrane domain of &hepioid
receptor) and the more variable Thrl:28 and AspVIl:25receptor or bovine rhodopsin. The 3.3-A r.m.s.d. between
(Thr’” and Asp“®in the u receptor), and cluster IV consists this model and our model of opioid receptor originates
of the conserved triad Asplll:24-Arglll:25-Tyrlll:25 from the outward shifts of helices Il and V, the shift of the
(Asp™®* Arg'®® Tyr'®®in the u receptor) at the C-terminus C-terminus of helix Ill, and from an almost one-turn shift of
of TMH IlI, TyrV:22, and ArgVI:3 (Tyr*>? Arg®®®inthew  helices V and VI in the direction perpendicular to the
receptor) from the ends of helices V and VI and the moremembrane plane in the model of Baldwin et al. (1997). As
variable Tyrll:6, Thrlll:20, Serlll:22, Lys/AsnlV:2, LysIV:4, a result, and as discussed by the authors themselves, the
AsnlV:7, and Asn IV:10 (Tyt°C, Thr'®° Ser®? Asn'®3  model of Baldwin et al. (1997) contradicts some experimen-
Lys'® Asn'®8 Asn'!in the u receptor). Clusters | and Il tal data, such as the observed formation of &'Zhinding
are situated in the middle of the transmembrane domain, anduster in positions V:-1 and VI:27 and in positions V:3 and
Il and IV are close to the intracellular surface. TheseVI:27 (Elling et al., 1995; Thirstrup et al., 1996); formation
clusters are present in most GPCRs because they contairi H-bonds between residues IlI:7, V:3, V:6, V:7 and cat-
many conserved polar residues. The opposite, extracellulaacholamine ligands (Strader et al., 1987, 1988, 1989; Wess
surface of thex-bundle, which includes the binding pocket, et al., 1991); interaction of Asp 11:14 and Asn VII:17 (Zhou
forms several smaller “variable” polar clusters that areet al., 1994; Sealfon et al., 1995); and the contact of Gly
specific for different subfamilies of GPCRs. Some of thelll:11 and Phe VI:12 in rhodopsin (Han et al., 1996a,b). All
subfamily-specific clusters are present in all opioid recep-of these experimental data are simultaneously satisfied in
tors  (GInll:24-Tyrl:28-Asplll:7-TyrVII:11-His/TyrVIl:4 ~ our models (the models are compared in more detail by
and Tyrlll:8-Asp/GluV:-1-LysV:3 (GIA?~Tyr'?®.Asp*’-  Lomize et al., 1998).
His3%-Tyr31% and Tyr*e-Glu??>-Lys®*?in the u receptor)), Our previously developed model of rhodopsin considered
whereas others are found only in(Thr'3"-Lys'*®-Asp?’®-  the possible rotations of several functionally important,
Thr*®8Thr??°,  Sef Asr?3C-GIn* 4 His??>-GIu*'°, and  conserved side chains (Glulll:24, TyrV:22, TrpVI:16, Lys-
Tyr**%Lys**3Sef!”; Figs. 5 and 6),8 (Glu*®Lys***  VII:11, and TyrVII:21) that can participate in alternative
GIn?%% SerPtArg®tAsp™® and Asp®®Arg?°2Asp?®),  systems of H-bonds, depending on their possjplecon-
or k (Asp'?®Lys™%GIu??%GIn?t3, Lys?®%-Arg?°%~Asp®®*-  formers §' ~ —60° or 180°) (Pogozheva et al., 1997).
Asp-Glu?'8-Ser?®  GIU?-Thr¥%?Sef'Tyr3'?2  and  Analysis of physicochemical data for rhodopsin indicates
Asp?P-Asp?t-His®®% Table 1) subtypes. Extracellular that conformational rearrangements of these side chains
loops 2 and 3 are connected by a #is. . GIL*'°H-bond  could take place during photoactivation of rhodopsin. In
in the w receptor (Asp'®. . . His*®*and Set® .. Arg?®*in  opioid receptors, onlgauche (x* ~ —60°) rotamers of the
k and & receptors, respectively). This H-bond is probably corresponding TrpVI:16 and TyrVII:11 and theans (x* ~
structurally important, because alkylation of Fi&by N- 180°) rotamer of Asplll:24 have H-bond partners and/or
ethylmaleimide in thes receptor reduces the binding affin- lack hindrances with surrounding atoms. Therefore rota-
ity of several opioid ligands (Shahrestanifar et al., 1996). tions of the side chains of these residues are unlikely. On the
The positions and tilts of the helices of the transmem-other hand, rotations of the TyrV:22 and TyrVII:21 side
brane domain of our models differ from all previously chains are possible, because there is space in the models for
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FIGURE 4 Cartoon representation of trans-
membrane helices and extracellular loops of
5-opioid receptors with JOM-13, side view and
top view from the extracellular surface. Helical
fragments are purple, loop fragments are white,
the B-turn is orange, the disulfide bridge be-
tween helix Il and EL-2 (residues C}3-
Cys'®) is yellow, and JOM-13 is green.

both rotamers. Consequently, distance geometry calculd/ll. These cavities are partially covered by the extracellular
tions were performed with two different orientations of the loops and, especially, by the centi@gdhairpin connecting
TyrV:22 and TyrVII:21 side chains. The two sets of struc- TMHs IV and V (Fig. 4). The binding pockets consist of an
tures obtained were almost identical (r.m.s€0.7 A).  inner interhelical “conserved region” that is identicaldn
Hence the precision of our calculations is insufficient tou, and k opioid receptors (GInll:24, Tyrll:28, Cyslll:0,
discriminate the active and inactive conformations of opioidLyslll:1, Vallll:3, Asplll:7, Tyrlll:8, Metlll:11, LysV:3,
receptors or to reproduce the shifts of transmembrane hellleV:4, PheV:7, TrpVI:16, lleVI:19, HisVI:20, CysVII:6,
ces that probably accompany activation of GPCRs (SakmdteVIl:7, TyrVII:11, and a conserved Cys in EL-2) and a
and Fahmy, 1995; Farrens et al., 1996; Sheikh et al., 1996eripheral “variable region” that consists of residues from
Shieh et al., 1997). Consequently, we incorporated opioidhe ends of TMHSs (positions IlI:-3, 1lI:4, V:-1, V:0, VI:23,
agonists and antagonists into the same receptor structuregl:26, VI:27, VI:31, VII:-1, VII:0, VII:3, VII:4) and from
calculated withtrans rotamers of the TyrV:22 and Tyr- the extracellular loops (for example, positions 193, 194,
VII:21 side chains, earlier assigned to the active conformad95, 196, 197, 291, 293 in EL-2 and EL-3 of theeceptor).

tion of rhodopsin. The majority of residues in the binding pocket have fixed
side-chain orientations. However, several residues can have
different rotamers to accommodate either bound peptides or
alkaloids: Asplll:7 hasy* ~ —60° for peptide ligands and
The calculateds, u, and k receptor structures have deep x* ~ 180° for alkaloid ligands; HisVI:20 hag® ~ 120° or
binding cavities, situated in the extracellular side of the—40° when interacting with peptide or alkaloid ligands,
transmembrane domain between helices IlI, IV, V, VI, andrespectively; LysV:3 assumes)& angle of 180° or—60°,

Ligand binding

FIGURE 5 Proposed structure of
the B-hairpin in EL-2 of theu opioid
receptor with proximal H-bonded po-
lar residues from helices Il and VII
and from EL-3 and conserved disul-
fide bond between Cy$X111:0) and
Cys*(EL-2). H-bonds are indicated
by the dashed line.
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FIGURE 6 H-bond network of the
1 opioid receptor (stereo view). Col-
ors of residues depicted: green, Tyr,
Trp; red, Asp, Glu; blue, His, Lys;
yellow, Ser, Thr, Asn, GIn. The re-
ceptor is shown with morphine(r-
ple) in the binding site. H-bonds are
indicated by the dashed line.

and Asp/Glu V:-1 has g* angle of —60° or 180° in  1994; Deschamps et al., 1996), NMR spectroscopy (Mos-
complexes with cyclic peptides or complexes with otherberg et al., 1990; Mosberg and Sobczyk-Kojiro, 1991; Col-
opiates, respectively. Furthermore, ¥fr(VII:3) in the k  lins et al., 1996), and theoretical methods (Froimowitz,
opioid receptor has a' angle of —60° for peptide and 1990; Wilkes and Schiller, 1991). Larger linear and cyclic
nonpeptide ligands, except for norbinaltorphimine opioid peptides are too flexible to be useful for verification
(norBNI), which requiresy* ~ 180° to provide additional of receptor models. It was found that crystal structures of all
space for this bulky ligand. ligands examined, except DPDPE, fit the pockets, with only
The structures of the binding pockets were tested fola few flexible torsion angles, in some cases, needing to be
complementarity to 16 rigid or conformationally con- adjusted (Tables 2 and 3). The largest ligands (such as
strained opioid ligands with very different chemical struc- DPDPE or norBNI) fill almost all of the available space
tures and sizes (Fig. 2). Peptides from the DPDPE andvithin the binding cavities and interact with residues from
JOM-13 series were chosen because they have small rigiabth “conserved” and “variable " regions. Smaller alkaloids
cycles and have been extensively studied by x-ray crystalisuch as morphine and naloxone), on the other hand, interact
lography (Flippen-Andersen et al., 1994; Lomize et al.,predominantly with “conserved” residues in the bottom of

FIGURE 7 Comparison of thé-opioid recep-
tor model transmembranebundle plue) and the
EM-based model of Baldwin et al. (Baldwin,
1997) ¢ed) (stereo view).
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the binding cavity, leaving some free space around thgJOM-13
ligand. The results of extensive structure-activity studies otl_

JON-13 and DPDPE analogs (Heyl and Mosbers, 1992a,bi & % 8RR 8 T A0 PP R0RE 0 8
Mosberg et al., 1994a,b; Haaseth et al., 1994) and mutage b gp ' g cry

. . ifs 11-membered cycle, but with adjusted torsion angles for
esis data (Befort et al., 1996a,b; Hjorth et al., 1995; Meng e{he exocyclic Tyt residue andy* of Phé. First, Tyr* was

al., 1996; Pepin et al., 1997; Surratt et al., 1994; Va”quettepositioned in the bottom of the pocket to simultaneously

et al., 1996) were used to verify the ligand docking. form H-bonds between its Nand OH groups with & of
The complementarity of rigid opiates and their binding Asp28 (I1I:7) and N2 of His?’® (VI:20), respectively (the

pockets in the receptor models is evident from two differentyorresponding N. . . O distances are 2.7 and 3.1 A, respec-
criteria. First there is a good geometrical fit; the ligands canjyely, in the final model of the receptor-ligand complex).
be inserted in the bottom of the binding pocket withoutThijs can be done only in theans (x* ~ 180°) orientation
significant hindrances or holes in the area of contact. Secof the Tyr* side chain. Next, thejauche orientation of
ond, and even more important, there is a spatial complephe (y* = —60°) was chosen based on SAR for JOM-13
mentarity of groups with similar polarities, such that nearlyanalogs (Mosberg et al., 1994b, 1996). Then the spatial
all polar groups of the ligands form H-bonds with corre- position of the disulfide-bridged 11-membered ring relative
sponding polar side chains within the binding pocket,to the fixed Ty! was adjusted by rotating torsion angkgs
whereas all ligand nonpolar (aliphatic and aromatic) group®f Tyr* and ¢ of b-Cys’. The ring position was adjusted
form stabilizing hydrophobic contacts with nonpolar side simply to remove all significant hindrances between the ring
chains of the receptors. and surrounding receptor residues. Theeceptor-bound
conformation thus determined is very close to crystal struc-
ture B of JOM-13, except for the configuration of the
. . disulfide bridge (S-S torsion angke —90°), which corre-
Cyclic peptides sponds to crystal structure A (Table 3).

The cyclic pentapeptide DPDPE (TyreePen-Gly-Phep- The bound conformation of JOM-13 geometrically fits
Pen]OH) is a standarétselective ligand that is widely used the binding pocket of thé receptor and forms a number of
in studies of opioid receptors (Mosberg et al., 1983). ItscOmplex-stabilizing H-bonds and hydrophobic contacts

more constrainechfCy<?, desGly?] (JOM-13) and {-Ala’] with surrounding r.ecepto_r .resid.ues (Fig.. 8). The binding
analogs have higlp affinities and selectivities, whereas pocket can be arbitrary divided into subsites that are com-

[0-Ala®]DPDPE is much less potent (Haaseth et al., 1994)plementary to smaller structural elements of JOM-13, i.e.,

JH-42 is a modified version of JOM-13 witkFPhe® and an its Tyrl residue,D-stz-D-Perf disulfide bridge, Phieside
amidated C-terminus, modifications that result in a shift inCham’ and C-terminal COOgroup. The positively charged

- L nitrogen of Tyt is located in a relatively polar binding
binding selectivity froms to y (Ho, 1997). X-ray crystal- subsite formed by several H-bonded residues from helices

lography shows that DPDPE and-Ala®-DPDPE have I, 111, and VI (GIn°11:24), Asp*2X1I1:7), Tyr'2%11:8),

different, unique structures of their tetrapeptide cycles,q HiSO{VII:4)). The aromatic ring of Tyt occupies the
(Flippen-Anderson et al., 1994; Collins et al., 1996; Des-puitom of the cavity between T3(1II:8), Met™3¥(111:11),
champs et al., 1996), whereas JOM-13 is present in thﬁeZlS(V:‘]_)’ Tro2"4(VI:16), His2’&(VI:20), ValP®yVI:23),
crystal in two forms (A and B) of its 11-membered ring, Let®OqVII:3), Cys*°XVII:6), and 1IE°4VII:7). There are a

which are Similar, except for the Configuration of the disul- few small empty spaces around '-Fyn the pocket, which
fide bridge (S-S torsion angles of 89° ant®9°, respec-
tively) (Lomize et al., 1994). In all crystal structures of these
peptides, the PR& side chains havgauché (x* ~ —60°)
rotamers, but Tyrorientations are varied (Deschamps et al.,
1996). The crystal structures of DPDPE and related peptides
are consistent with NMR spectroscopy solution data, indi-
cating conformational rigidity of the cycles (Mosberg et al.,
1990; Mosberg and Sobczyk-Koiro, 1991; Collins et al.,
1996; Lomize et al., 1996). However, theoretical conforma-
tional analyses indicate the possibility of several alternative/‘d !
low-energy structures of the disulfide-bridged cycle in 1~
DPDPE (Froimowitz, 1990; Wilkes and Schiller, 1991). All .
exocyclic elements of these peptides are very flexible in

aqueous solution, i.e., they have undefined anglasd x* o o o
of Tyrl, @ of D-Cys/Peﬁ, anXm of Phé® (Mosberg et al., FIGURE 8 JOM-}3 ifold line) |n5|de_the b!ndlpg pocket of 'Ih%OpIO'Id

i . ) - receptor (stereo view). Conservethifi solid line and variable thin
1990; Mosberg and Sobczyk-Koiro, 1991; Lomize et al.,qashed lingresidues of the binding pocket (within 4.5 A of the ligand) are
1994; Collins et al., 1996). also shown.
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can accommodate methyl groups in tHead 8 positions s situated can be increased even further if the'E2(ll1:4)
of Tyr* and the extra ring ofransHpp* (trans-3-(4-hy-  side chain assumes an alternative orientation, with a differ-
droxy)-phenylproline), consistent with the high affinities entx* angle. In this case, the cavity can accommodate even
observed for the corresponding JOM-13 analogs (Mosbertarger side chains, such as those of Nalaphthylalanine)
et al., 1994a). On the other hand, th&Hzatom of Tyt is  or Trp® in the samey* = —60° orientation, consistent with
in close contact with TyF1I1:8), and an additional &  the high affinity of the corresponding analogs of JOM-13
methyl group incorporated here would experience steri¢Heyl and Mosberg, 1992a).
hindrance with the aromatic ring of TyAI11:8), consistent The C-terminal COO group of JOM-13 forms a H-bond
with the decreased affinities eMeTyr!, Hai* (6-hydroxy-  with the e amine of Ly$*4(V:3) (x* = —60°, ¥* = 180°,
2-aminoindan-2-carboxylic acid), and Ha@-hydroxy-2-  x* = 180°, x* = 180°), buried inside thex-bundle. The
aminotetralin-2-carboxylic acid) analogs of JOM-13 (Mos- ionic interaction between these oppositely charged groups is
berg et al., 1994a). The T¥111:8) side chain also forms lacking for carboxamide terminal peptide ligands, such as
an O'YsHN H-bond with the first peptide group of JOM-13, the carboxamide analog of JOM-13, which displays a 10-
thus explaining the low affinity of [NMe-Cys’]JJOM-13  fold reduction iné binding affinity (Mosberg et al., 1988).
(Heyl, 1991). Replacements of Fyby b-Tyr* and Tic The & bound conformation of JOM-13 determined here is
residues, which have entirely different orientations of thein agreement with SAR studies of JOM-13 analogs with
tyrosine ring within the pocket, produce numerous overlapsnodified first and third residues (Mosberg et al., 1994a,b).
with surrounding receptor atoms, which correlates with theThese studies indicate that the ¥yand Phé side chains
observed low binding affinities af-Tyr* and Tic" analogs  havetransandgauchée orientations, respectively; however,
of JOM-13 (unpublished observations). the conformation of the peptide group between*Tgnd
The disulfide bondes-Cys™-p-Perf pair of JOM-13 in-  p-Cys’is less defined. Two alternative conformers of JOM-
teracts primarily with the side chains of FAKV:0), 13, with ap angle ofo-Cys’ ~160° or~70° were found to
Thr?8%(VI:27), 11e*®VI:31), and Led®YVII:3). a-Methyl-  be energetically plausible and consistent with SAR data. Of
ation of Cy$ is expected to decrease binding, because théhese, thep ~ 160° conformer was proposed to be the
aMe group would overlap with LefqVI1:3) in the model.  binding conformation, because it provided a better super-
This is in agreement with the reduced binding affinity found position of all pharmacophoric elements (Tyesidue and
for [aMe-p-Cys’] JOM-13 (Heyl, 1991). The presence of Phé side chain) in different analogs of JOM-13 (Mosberg
empty spaces near thé@ydrogens ob-Cys’ in the model et al., 1994a,b). However, it is clear from the ligand-recep-
is consistent with the comparable affinity observed uportor docking examined here that only the alternate- 70°
replacement ob-Cys® by p-Perf in analogs of JOM-13 conformer can fit the binding pocket. Indeed, the receptor
(Mosberg et al., 1988). models show that a precise superposition of all pharma-
The Phé side chain of JOM-13 (conformer witp* = cophoric elements is not required and that, even in similar
—60°) occupies the bottom of a rather large nonpolar cavitycyclic peptides, the functionally important phenylalanine
that is extended toward the extracellular side ofddleun-  aromatic ring may change orientation and location slightly,
dle and is covered by @-hairpin formed by EL-2 (the as further discussed below.
aromatic ring of Phis located below the conserved
Cys"?!(I11:0)-Cys'®¥EL-2) disulfide bond and interacts
with  GIn'®Y(11:24), Leu*?XlIl:4), Val®*/(VIl:1), and
His**(VII:4); see Fig. 11). The presence of significant
empty space in this cavity might allow a reorientation of theComparison ofé and w receptor models explains some
Phé side chain fromy* = —60° to x* = 180°. In this case, differences ind versusu selectivity among peptides from
the aromatic ring of PRewould occupy an alternate posi- the JOM-13 series. For example, modification of the ¥he
tion, above the disulfide bond, and would interact primarilyresidue and amidation of the C-terminus of #heelective
with residues from EL-2 (VaP’, Cys'®® and the extracel- JOM-13 produces the-selective peptide JH-42 (Tyr]
lular terminus of TMH Il (GIU*¥11:-3), Cys'?Y(11:0),  CysAFPhes-Pen]NH,). The parent peptide, JOM-13, fits
Lys'?q1l1:1), Leu*®X1I1:4)). However, in the model, this the binding pocket of thed receptor, interacting with
would require a shift of the tripeptide ring system of JOM- Leu®®%VII:3). However, in theu receptor model, the side
13, which creates steric hindrances between' Tofrthe  chain of the Trp*¥VII:3) residue, which appears in place of
peptide and Ty@P¥l1I:8) of the receptor. Therefore, the Lew?°YVII:3) of the & receptor, is partially overlapped with
preferred orientation of Phe in th& receptor isgauche the tripeptide cycle of JOM-13 or its analog, JH-42. This
(x* = —60°), in agreement with the high affinities of causes a shift of the entire peptide within the binding pocket
[A%Ph€]] and [(2R, 3S)MePh# analogs of JOM-13 (Mos- (Fig. 9), which, in turn, induces reorientation of the Phe
berg et al., 1994b, 1996), in which theé angles of residue side chain from theauchée to thetrans x* conformer to
3 are fixed in this orientation. The reduc&binding affinity ~ avoid steric overlap with Cy8%1Il:0). As a result, the
observed for ASPhelJOM-13, in whichy® of Phé'is fixed ~ aromatic ring of Ph&is relocated in the. receptor to the
at 180° (Mosberg et al., 1996), is also consistent with thealternative spatial position above the conserved ¢l
model. The size of the cavity in which the Praide chain  0)-Cys*/(EL-2) disulfide bond, between Thi/(lll:-3),

JH-42
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D/Q193
D/E210 \\\ /
\ VD197

FIGURE 9 Superposition o8 and u receptor N =
models with inserted JOM-13i&rk purple and J ' 4" §195 7 :
JH-42 @ark green, respectively (stereo view). E's;
Receptor residues that are within 4.5 A of the
ligands and are different ifandu receptors are
shown in light purple and light green, respec-
tively. Lys?'#@%3js also shown, because it as-
sumes different side-chain conformers in the
and p receptors. Numbering in the figure corre-
sponds to thé receptor.

: /T297
L/W300
CysqIl1:0), Lys™Il:1), lle™I:4), GIn?*{EL-2), In contrast to its [-Ala®] analog, the crystal structure of
Asp?*%EL-2), and Cy&'(EL-2). Therefore, fixing the aro- DPDPE itself could not be incorporated in the receptor
matic ring in thistrans orientation via theA¥Phé& modifi- model, even with conformational adjustments of Tgnd
cation in JH-42 improves affinity to thg receptor. Phé residues. Incorporation of this crystal structure inéhe

The peptide C-terminus also interacts differently with receptor model either breaks H-bonds of Tywith
and p receptors. In thed receptor model, the C-terminal His*’%VI:20), or produces strong steric hindrances between
COO group of JOM-13 forms an ion pair with tkeamino  the 14-member ring of DPDPE and the receptor (this hap-
group of Ly$* (V:3), which is partially buried in the pens, in part, because the Fyand Phé side chains are too
binding pocket. In thew receptor model, the corresponding widely separated in the crystal structure of DPDPE). How-
Lys®33 (V:3) forms an ion pair with GI¢F° (V:—1), which  ever, the alternative, *Ala>-like” conformer of DPDPE
replaces the Asp found in th& receptor. Because of the (Lomize et al., 1996) fits the binding pocket well. Thus the
shifted position of the peptide ligand in theversus thed & bound conformation of DPDPE is close to the crystal
receptor, noted above, the negatively charged peptide Gtructures of its two high-affinity analogs, JOM-13 and
terminus makes contact with the CO@roup of Glu V—1  [L-Ala’]DPDPE, which are more conformationally con-
in the w receptor as well as with theamino group of Lys  strained than DPDPE itself.
V:3. Therefore, amidation of the C-terminus in JH-42,
which removes the unfavorable electrostatic repulsion wit
the glutamic acid, improveg binding, whereas incorpora-
tion of a negatively charged COQn JOM-13 improvess  The positions of the largest rigid alkaloid ligands within the
binding. binding cavity are unequivocally defined by steric restric-

tions. For example, there is only one way in which the bulky
[L-Ala*]DPDPE and DPDPE _bimorphinf_;m norBNI (Portoghese_ et al., 1987) can be placed
in the cavity of thek receptor without the appearance of

X-ray crystallography studies (Deschamps et al., 1996) havsignificant hindrances with surrounding receptor atoms.
led to the interesting observation that the crystal structure$his docking mode simultaneously provides ionic interac-
of two high-affinity analogs of DPDPE, th@esGly® ana-  tions between the positively charged 17-N atom of norBNI
log, JOM-13, andi-Ala®]DPDPE, are very similar to each and the COO group of Asg3¥111:7) (N. . . 0% distance of
other, but differ from the crystal structure of DPDPE itself 5.8 A) and between the symmetrical’d¥ of norBNI and
(Lomize et al., 1996). Remarkably, all torsion angles ofGIu?®? (VI:26) of the k receptor (N. .. &* distance of 3.1
[L-Ala®]DPDPE, even including the flexible, exocyclic Byr  A), consistent with SAR studies of norBNI analogs (Por-
residue ang* of Phe, are close to those in crystal structuretoghese et al., 1994) and mutagenesis experiments (Hjorth
B of JOM-13, except for the angles of the disulfide bonds,et al., 1995). At the same time, 17-N can form a H-bond
which are nearly the same as in structure A of JOM-13with Tyr*3¥111:8) or Tyr®*4VII:3), the 14-OH group of
(Table 3). As a result, the crystal structure of norBNIforms a H-bond with Ty¥*°(111:8), and the ligand’s
[L-Ala®]DPDPE can be incorporated in the binding pocket14'-OH group H-bonds with GR?” (VI:26) of the  receptor.
of the & opioid receptor exactly as is JOM-13, with almost In contrast, some small alkaloid ligands, such as mor-
identical positions of Tyk residues, disulfide bonds, and phine, can be arranged in several sterically allowed alternate
C-terminal COO groups in both related peptides. Becausepositions in the pocket, all of which provide contact be-
of insertion of the Gly residue, the Pharomatic ring in  tween the ligand N and Asplll:7 and which permit the
[L-Ala®]DPDPE is shifted by~3 A (compared to that in formation of H-bonds between ligand and receptor polar
JOM-13) toward the extracellular surface in the bindinggroups. To satisfy SAR data, which suggest a similar func-
cavity. tional importance and environment of specific ligand groups

hWlorphinans and benzomorphans
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common to a structural class, the general position of botlseveral H-bonds with surrounding polar side chains, includ-
small and large ligands of the same structural type (such asg N*H (ligand)... COO Asplll:7 and 14-OH (li-
norBNI and morphine) were assumed to be similar, withgand). . . O Tyrlll:8. Indeed, the importance of the Tyrlll:8
only a small €2 A) vertical adjustment within the cavity side chain and hydroxyl group for interaction with 14-OH
allowed. Two slightly different positions of morphine in the groups of naloxone and NTI has been demonstrated recently
binding cavity are demonstrated in Fig. 10. The first, “up- by mutagenesis (Befort et al., 1996b).

per” position of morphine is closer to the extracellular Some morphinans with bulky substituents, such as the
surface; the tyramine moiety of morphine is in a position1l4-acetamido group of B4(bromoacetamido)morphine
similar to that of Tyt of opioid peptides, except thatthe’ N (BAM), the N-phenethyl group of phenethylmorphine, or
group of the tyramine is slightly farther from the side-chainthe N-oxy-cyclopropylmethyl group of bremazocine, can be
carboxylate group of AS/(111:7) (the N*. .. O°* distance  geometrically arranged only in the “upper” position, be-
for morphine is 4.0 A, compared with 2.7 A for JOM-13). cause any other locations produce steric overlaps of the
The 3-OH group of the morphine tyramine moiety forms asubstituents with receptor side chains in the binding cavity.
H-bond with N°* of His?®” (V1:20) of the  receptor. In the  Moreover, the OH group that is attached to Mweyclopro-
second, alternate, “lower” position, Nof morphine is lo-  pylmethyl substituent in bremazocine further stabilizes the
cated~1.5 A deeper in the pocket, and the entire ligandligand in the “upper” position in all opioid receptors by
molecule is shifted~2 A toward TMH V. In this position, forming H-bonds with GIA?41:24 and AsplIl:7 side chains.
the side chain of Asy” (I11:7) in the w receptor can change In these ligands, the $N,-C,-C, 4 dihedral angle, which
orientation ' changes from—60° to 180°) and form a defines the spatial position of the N-substituents (Fig. 2), is
H-bond with the N' of morphine; the NH hydrogeninring  changed from~180° (as in naloxone, NTI, and norBNI in

D is oriented axially and is directed toward®Oof the the “lower” position) to ~—60° to geometrically fit the
Asp™*(111:7) (distance of 3 A). Ring A of morphine in both binding pocket. This positions the N-substituents closer to
positions interacts with IE@YV:4), Trp?*YVI:16), the extracellular side between the Leu/Metll:21, GInlll:24,
1e2°%(VI:19), Val*°YVI1:23), and Cy$§?(VII:6) side chains, lle/Leulll:4, Asplil:7, lleVII:7, and TyrVII:11 side chains.
and the 3-OH group of ring A is at a distance of 3.5 A from It is possible that functional antagonism in morphinan
N°! of His??(V1:20) (Fig. 8). Ring D interacts with the side alkaloids originates from a combination of features, such as
chains of the conserved Tyf(III:8), Met**Y(lll:11), and  the presence of specific N-substituents, the “lower” location
lle322 (VI1:7) residues. Ring C contacts the side chains ofof the ligand, and the rotation of the receptor Aspllil:7 side

the conserved Ly3® (V:3) (x* = —60°, x> = 180°, x> =  chain. It is noteworthy that all related alkaloids situated in
—60°, x* = 180°) and Tyt*¥(11:8), and with theu. subtype-  the “upper” position, such as bremazocine and phenethyl-
specific Ast3YV:0) and Trg*3VII:3). morphine, are agonists (Rer et al., 1980; Casy and Parf-

Bulky substituents of morphine derivatives usually im-itt, 1986). Moreover, all agonists described below
pose additional steric constraints and substantially decreagBW373U86, aryacetamides, and fentanyl analogs) and the
the degrees of freedom of the ligand inside the cavity. Focyclic peptides discussed previously are situated in the
most alkaloid antagonists witN-allyl and N-cyclopropyl-  “upper” position that is associated with thg = —60°
methyl substituents (naloxone, naltrindole (NTI), norBNI, conformer of Asplll:7. Some possible suggestions about the
B-funaltrexamine B-FNA)), the “lower” spatial position is mechanism of opioid antagonism can be made by analogy
probably preferred because the ligand N-substituents, imwith rhodopsin. Physicochemical studies of rhodopsin indi-
their energetically preferred equatorial positions, can beate that a rigid body movement of TMHs Il and VI
geometrically arranged, without steric hindrances, in a narprobably takes place during photoactivation (Farrens et al.,
row hydrophobic “cleft” between the side chains of 1996; Sheikh et al., 1996; Shieh et al., 1997). This move-
Asplll:7, Metlll:11, TrpVI:16, lleVIl:7, GlyVIl:10, and ment may disrupt the ionic interaction between fu
TyrVII:11, whereas the polar groups of the alkaloids form (111:3) and Lys*°® (VI1:11), which is usually treated as the
key event in the activation of rhodopsin (Fahmy et al.,
1995), because replacement of R(111:3) or Lys?°° (VII:

11) produces constitutively active mutants (Robinson et al.,
1992). In all opioid and cationic amine receptors, this
Glu... Lys pair is replaced by the conserved pair of
Asp(lll:7) and Tyr(VIl:11), connected by a H-bond. F§?
(VII:11) in the & opioid receptor corresponds to 147§
(VII:11) of rhodopsin, whereas ASg (111:7) is situated in
TMH 111, one turn away from the position of Gl (111:3)

in rhodopsin. It has been shown that ASflll:7) can also
FIGURE 10 Two positionssolid and dashed fingsof (—)-morphine in serve as a counterion of the retinal protonated Schiff base in
the binding pocket of thew-opioid receptor (stereo view). The ligand is rhqup_SIr.] (ZhUKQVSky etal, 199?)' It can be proposed'that
denoted by the bold line, and receptor residues within 4.5 A of the ligandN€ ionic interaction of Asplll:7 with the protonated amine
by the thin line. of opioid agonists can trigger the movement of TMH Il and
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the rotation of the Asplll:7 side chairN-Cyclopropyl- p1os D193

methyl andN-allyl substituents, characteristic of alkaloid J289 A‘*‘?‘nwge J289 A“‘fh V196
opioid antagonists (Casy and Parfitt, 1986), are in close Y Y296
contact with TMH Il in our models and may prevent its T286721}
shift during activation, thus leading to functional antago- )—5
nism. It is interesting to note that after superposition of yaay 5 = Q105 Y281
opioid receptor and rhodopsin models, tkeyclopropyl- iﬂ >

128
methyl group of NTI and norBNI and thi-allyl group of CZS Yaoa Vﬁ pere -
naloxone spatially overlap with a fragment of the polyene i Qﬁ
chain (between the 9-methyl group and 11-€i®double _&274/\,\,”3#308 o7a Aol )8

bond) of the natural “antagonist” of rhodopsin, &is-reti-
nal, which is more deeply embedded between the helices,
than its “agonist” analog, the altans isomer of retinal FIGURE 11 Thes-selective agonist BW373U86¢Id line) inside the
(PDB files 1bok and 1 bOj). binding pocket of thé-opioid receptor (stereo view). Conservetirg solid
Comparison of the ligands docked in the models of&he line) and variable thin dashed linresidues of the binding pocket (within
g . .. 4.5 A of the ligand) are also shown.
K, and k opioid receptors also explains subtype selectivity
for the morphinan alklaloids considered here. For example,
the preferred binding of morphinans to theeceptor can be
explained by the presence of an additional H-bond betweeif), and TyF°%(VII:11). However, in BW373U86 th&l-allyl
As?3%V:0) and the &-OH group of morphine (see Fig. 10) group is shifted toward TMH Il by-1.5 A compared with
or the 6-keto group of naloxone (ASH (V:0) is replaced by  its position in morphinan antagonists. As a result, this group
Thr and Leu ind and k receptors, respectively). The inter- is situated between TMH IIl and VII, rather than between
action of the Trp*® (VII:3) (x* = —60°) aromatic ring with  TMH 1l and VI as in antagonist naloxone, and does not
ring C can further contribute to the higher affinity of these interact with Trg”4(VI:16), which accounts for the agonist
ligands for thew subtype (this Trp'&VII:3) residue is  activity of BW373U86. The Asf®(I11:7) side chain has the
replaced by Leu and Tyr ik andk receptors, respectively). same orientation as in peptides. The diethylbenzamide frag-
On the other hand, the indole ring of tAeselective antag- ment of BW373U86 interacts with residues at the extracel-
onist NTI (Portoghese et al., 1987) (Fig. 2) interacts favorular ends of helices Ill, V, VI, and VII (Letf¥Il:4),
ably with ThP't (V:0), Lys?(Vv:3), 11e?®VI:31), Thr'(v:0), Lys*{(v:3), Thr®3Vvi:27), 11e*®*YVI:31),
Val??VIl: —1), VaP(VIi:0), and Let?® (VII:3) in the 8  Val**%(VII: —1), VaF®(VII:0), and Led®YVII:3)) and with
receptor model, but has substantial steric hindrances withla'® from EL-2 of thed receptor. This could explain the
the corresponding, more bulky ASH(V:0), GIn**4ViI: decreased affinity of BW373U86 analogs férreceptor
—1), and Trg*VII:3) in the w receptor model, or mutants with replacements for residues *1fvI:31),
LetP?4V:0), Let®®YVII:0), and TyP'? (VII:3) in the «  ValP®qVIl: —1), VaP¥(VIl.0), and Led® (VII:3) (Vali-
receptor model. This agrees with the observation that mugquette et al., 1996; Pepin et al., 1997; Meng et al., 1996).
tations of Vaf®/(VI1:0) and Let*°° (VII:3) decrease binding
of NTI to & receptor (Valiquette et al., 1996; Meng et al., F
1996). entanyl analogs
The p-selective agonistscis-(+)-3-methylfentanyl and
lofentanyl (Fig. 2) were inserted into the binding pocket of
. . - the w receptor model using, primarily, the crystal structure
Piperazine derivatives (BW 373U86) of cis (+)-3-methylfentanyl (Flippen-Anderson and
The recently discovered-selective agonist BW373U86 George, 1994). In the crystal structure, the piperidine ring of
(Fig. 2), in the conformation corresponding to the crystalfentanyl is in a chair conformation, the 4-phenylpropana-
structure of its 3-F analog (Calderon et al., 1997; Table 2)mide substituents are in equatorial positions, and Nhe
properly fits the binding pocket of thé opioid receptor phenethyl moiety is in an extended conformation (see Table
(Fig. 11). The 3-hydroxybenzyl moiety of BW373U86 spa- 2 for dihedral angles). The docking of three different ori-
tially corresponds to the A ring of morphine, but has aentations of theN-phenethyl fragment, one extended (A)
different orientation of its phenyl ring. The 3-hydroxy group and two bent (B and C) (Table 2), was examined. The
of BW373U86 is pointed toward Hig® (V1:20) (O... N  accommodation of structure A in thereceptor model (Fig.
distance is 2.6 A), one nitrogen of the piperazine moiety isl2) requires the rotation of the Gff(11:24) side chain,
close to the Ty¥° (111:8) O™H group (N. . . O distance is 3.3 which exposes its amide bond to the lipid phase. This
A), and the other, positively charged nitrogen interactsenergetically unfavorable polarity mismatch seems un-
electrostatically with Ast?® (111:7) (x* = —60°) (N... G* likely. In conformation B the phenyl ring of the phenethyl
distance is 4.0 A). Like th&l-allyl substituent of naloxone, fragment is closely packed between TMH II, Ill, and VII. In
theN-allyl group of BW373U86 forms favorable hydropho- this orientation substituents on the phenyl ring cannot be
bic contacts with AsfF® (111:7), Met*3411I1:11), le*°4VIl:  accommodated, because of a lack of space between residues
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Y320

FIGURE 12 Two conformations afis-(+)-3-methylfentanyl (B, dashed
line; C, solid line) in thew-opioid receptor (stereo view). The ligand is
denoted by the bold line, and receptor residues within 4.5 A of the ligandFIGURE 13 The«-selective alkaloid agonist U69,59ddd) in the
by the thin line. binding pocket of thex-opioid receptor (stereo view). Conservetiir

solid line) and variable thin dashed lingresidues of the binding pocket

within 4.5 A of the ligand are also shown.
Asp™*’ (11:7), 1le322 (VII:7), and Tyr*® (VII:11). Because
such phenyl ring-substituted fentanyl analogs do indeed
bind with high affinity (Casy and Parfitt, 1986; Zhu et al., located between ASpX1I1:7), Tyr*3*¥111:8), and lle**&VII:
1996a), this orientation of the ligand is also unlikely. Thus7), and the central ring system is oriented toward the extra-
conformation C, with the phenyl ring oriented toward the cellular side, interacting with residues from helices Il, Ill,
extracellular surface, is the most reasonable choice for thand VII (GIu**¥(11:24), 1le*®*X111:4), Leu®*VII:0), and
binding conformation of fentanyl analogs. In the C con-Tyr**¥VIl:4)) and with the conserved C¥3YllI:0)-
former, the phenyl ring of 3-methylfentanyl occupies the Cys’*EL-2) disulfide. The benzacetamide group occupies
same spatial position as Phia the cyclic peptide JOM-13. the same region of space as the tyramine moiety of alka-
In this conformation the 3-methylfentanyl is placed in theloids, but is oriented in a perpendicular direction. It forms
bottom of the binding cavity, and the positively chargedcontacts with residues T¥111:8), Leu?*4V:0), lle**V:
piperidine nitrogen is close to ® of Asp™/(lll:7) (N...  4), 1e2*qVI:23), Tyr**4VII:3), and 24 VII:7). The car-
O®! distance is 3.7 A; Fig. 8). The piperidine ring contactsbonyl forms a H-bond with Tyr® (111:8) and is close to
Asp(111:7), Tyr ™ &111:8), Trp2§VII:3), and Ie¥?4VII:7),  Lys??”(V:3) (N. .. O distance= 3.7 A). The interactions of
and the carbonyl oxygen of the 3-methylfentanyl amidethis ligand with residues from many helices is consistent
forms a H-bond with Ly$*® (V:3) and Ty™*¥l1I:8). The  with mutagenesis data that reveal the importance of all
aromatic ring of the 4-phenylpropanamide moiety interactshelices for the binding of U69,593 to the receptor
with 11e234V:4), Trp*®YVI:16), 11e?°%VI:19), His*®/(VI:  (Metzger and Ferguson, 1995). The selectivity of U69,593
20), VaPoVI:23), Cys*?%(VII:6), and lle**qVII:7). The for the k receptor subtype appears to result from the pres-
3-methyl group of fentanyl analogs forms additional hydro-ence of thek receptor-specific residues in helices V-VII
phobic contact with Ty¥&(11:8) and 11€3?4VII:7) from  (Lew?®4V:0), 1e294VI:23), Lew*°YVII:0), Tyr34VII:3),
helix VII, and the COOCH group in position 4 of the and TyP'3(VIl:4)), which modify the shape of the binding
piperidine ring of lofentanyl forms a H-bond with L3  pocket.
(V:3) and Asrt*° (V:0), present only in thew receptor.
Fentanyl and its analogs can be readily positioned in the __ .
binding pocket of thed receptor, but the lost favorable ?\fﬁmty labels
interaction with Trg*® (VI1:3) (replaced in theéd receptor by The §, u, and k receptor models were tested further by
Leu®*qVI1:3)) decreases the binding affinity. In there-  examining irreversible ligands that covalently attach to spe-
ceptor, TyF{VII:4) replaces His(VI:4) ofs and . recep-  cific residues in the binding pockets. Theaffinity label
tors, and has steric hindrances with fentanyl derivativesg-FNA (Fig. 2) was positioned in the receptor model, like
consistent with the reduced binding affinity for this receptorto the parent morphine in the “lower” position (Fig. 10),
subtype. with the fumarate double bond within 3.0 A of teeamine
of Lys?®3 (V:3), allowing covalent attachment. Recently,
chimera studies and site-directed mutagenesis have demon-
strated that Ly& (V:3) is indeed the site ofs-specific
The majority of highlyk-selective agonists are derived from irreversible binding of3-FNA (Chen et al., 1996)3-FNA
the prototype U50,488 (Szmuszkovicz and Von Voight-irreversibly modifiesu receptors but binds reversibly to
lander, 1982), which is structurally unrelated to morphineand, with lower affinity, toé receptors (Takemori and
congeners. As an example of this arylacetamide series, theortoghese, 1985). This results from the existence of dif-
second-generation analog U69,593 (Lahti et al., 1985) (Figferent conformers of the LysV:3 side chain jin 8, and
2) was inserted in thec receptor model (Fig. 13). The receptors. Inu receptors Ly$>3 (V:3) forms a H-bond with
crystal structure of the ligand (Doi et al., 1990) provides aGlu*?° (V:—1) and adopts a conformeg (= —60°, x*> =
good fit to the model. The pyrrolidine ring of U69,593 is 180°, x® = —60°, y* = 180°) that positions the-amine

Arylacetamides
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group of the lysine near the fumarate double bond of theMutagenesis data
affinity label. However, the Glu %1 residue is replaced
by Asp in  and k receptors. In the models of receptfr—
FNA complexes, Lys V:3 can still form a H-bond with the
shorter side chain of the corresponding Asp-\; but this
requires a different conformer of the side chajf:of Lys
V:3 must be changed from60° to 180°. In this conformer,
the distance between tlkeamine of LysV:3 and the fuma-

The opioid receptor models are generally consistent with
published SAR data for their ligands, covalent labeling, and
mutagenesis data. The site-directed mutagenesis data can be
divided into two groups. The first group includes mutagen-
esis of residues that are near the binding pocket of the
calculated models. Replacement of many residues in the

rate double bond of the ligand is increasees(0 A) such  conserved” region of the binding pocket, which are in-
that covalent attachment does not occur. In addition, th0!ved in the models in the formation of H-bonds with polar
B-branched TH(V:0) in the & receptor sterically inter- 9rouPs of the ligands, affects the binding of numerous
feres with B-FNA, substantially decreasing the ligand ligands from different structural classes (Befort et al.,
affinity. 1996a,b; Chakrabarti et al., 1997; Surratt et al., 1994; Man-
The 5-selective ligand SUPERFITeis-(+)-3-methylfen-  SOUr et al., 1997). In p.arti.cular, in all opioid receptor mod-
tanyl isothiocyanate) (Fig. 2) was positioned in theodel ~ €!S: Asplll:7 forms the ionic pair or hydrogen bond witfi N
as in the parent fentanyl in conformation C (Fig. 12). In thisOf all opioid ligands. This correlates with the deleterious

arrangement, the-isothiocyanate of SUPERFIT can form a €ffect of the Asplll“7>Asn substitution on receptor activa-
covalent bond with thee-amino group of Ly&?2 (1ll:1) tion and the binding of ligands, especially agonists (mor-

(x* = —60°, y2 = —60°, x* = —60°), which is located near phine, bremazocine, and peptides), (toand & receptors
by (distance between?f Lys2%1l:1) and S of the ligand (Surratt et al., 1994; Befort et al., 1996a). Furthermore,
is 2.7 or 4.7 A fory* of Lysl11:1) = 180° ory* = 60°, Tyrlll:8, TrpVI:16, and HisVI:20, whose mutations have
respectively). This is in agreement with receptor chimera?€en demonstrated to affect ligand binding (Befort et al.,
studies which indicate that SUPERFIT is covalently at-1996b; Surratt et al., 1994; Mansour et al., 1997), interact
tached to a residue in the region 76—134 of sheceptor directly with different ligands in the models: Tyrlll:8 forms
(Zhu et al., 1996a). Although LyslII:1 is a common residue@ H-bond with the first peptide group of JOM-13 and other
for &, w, and k receptor subtypes, SUPERFIT selectively cyclic peptides and with the 14-OH group of morphinans;
modifies receptors. As in the case of selective labeling ofHisV1:20 forms a H-bond with the hydroxy! group of Tyr
u receptors by3-FNA discussed above, thieselectivity of ~ Of peptides and the tyramine moiety of alkaloids; TrpVI:16
SUPERFIT results from different environments and differ-interacts with the aromatic ring of Tyor ring A of alka-
ent rotamers of LysllI:1 in different receptor subtypes (sed0ids. The effect of Tyr(VII:11) substitution on ligand bind-
H-bonds with Lyslil:1 in different receptors, shown in ing (Mansour et al., 1997) can be explained by its partici-
Table 1). pation in the H-bond network with Asp(lll:7), the key
BAM (Fig. 2) is a sulfhydryl alkylating reagent that residue for electrostatic interaction with™Nof all opioid
specifically labelsu-opioid receptors after reduction of an ligands. Mutations in the “variable” region of the pocket,
unidentified disulfide bond close to the binding site (Bid- €specially of residues from the extracellular ends of helices
lack et al., 1989). To avoid steric hindrances between th/!| and VII in & receptors (V&'(V1:23), Trp**4(VI:26),
acetamido group of BAM and the T3(II:8) side, the  11€2°YVI:31), Arg?*(EL-3), Arg?®q{EL-3), VaF*qVIl:-1),
ligand was positioned in the receptor model in the same Val**(VII:0), and Let*® (VII:3)), which contact the disul-
fashion as its congener phenethylmorphine (see the “uppeffide ring of 3-selective cyclic peptides, the diethylbenz-
position of morphine, represented by theshed linén Fig.  amide fragment of BW373U86, and the indole ring of
10). In the receptor bound complex, theptdromoacet- naltrindole, corroborate the importance of this region for
amido group of BAM is close to Cy8YlIl:0) (distance selective binding ob-ligands (Valiquette et al, 1996; Pepin
between Br and €of Cys*qlIl:0) is 6.1 A). Our model et al., 1997; Meng et al., 1996). The formation of H-bonds
thus predicts that it is the SH group of G§3(I1:0) that ~ between 14N™ and 3-OH of norBNI and GIG°” (VI:26)
becomes available for modification by BAM after reduction in the k receptor model correlate with the important role of
of the Cys*%l11:0)-Cys?*’(EL-2) disulfide bond by Glu*®’ (VI:26) for selective binding of norBNI to the
dithiothreitol. receptor, suggested from mutagenesis results (Hjorth et al.,
The k-selective labeling reagent 2-(3,4-dichlorophenyl)-1995). Certainly the effect of the same replacement on
N-methyl-N-[1-(3-isothiocyanatophenyl)-2-(1-pyrrolidinyl) binding of different ligands may vary significantly, because
ethyl] acetamide (DIPPA) (Fig. 2) was inserted into thethe energy of the receptor-ligand interaction depends on the
binding pocket of thec« receptor model in a conformation structure of the ligand and on its precise position relative to
similar to its x-ray structure (Chang et al., 1994) and similarthe mutated residue. As described above, ligands of differ-
to the binding mode of U69,593. The 3-isothiocyanateent structure and size interact with different sets of residues
group of DIPPA is near LyS? (llI:1) (distance between N and have slightly different positions in the binding pocket,
of Lys'*2(Ill:1) and S of DIPPA is 2.8 A), and is likely to although they occupy the same cavity between TMHs I,
modify its e-amino group. IV, V, V, and VII.
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The second set of data includes mutagenesis of residuesceptors, which decreases binding of agonists but not an-
that are remote from the binding pocket in our models.tagonists and affects activation of G-proteins (Kong et al.,
Replacements of many residues, located between helices1P93; Surrat et al., 1994; Chakrabarti et al., 1997). This
and Il and between helices VI and VII in this set, have Asp®*(11:14) residue has been implicated in the binding of
negligible effects (Fukuda et al., 1995; Minami et al., 1996;Na" to the & opioid receptors, because the presence of
Valiquette et al., 1996), but others (Aspll:14, Lys/Asnll:27, sodium ions affects agonist (but not antagonist) binding in
Tpriv:11, SerlV:15, PheV:11) can strongly affect the bind- the native but not in the D95N mutant receptor (Kong et al.,
ing of opioid ligands (Surratt et al., 1994; Kong et al., 1994;1993). In ours opioid receptor model, ASR(I1:14) partic-
Chakrabarti et al., 1997; Claude et al., 1996; Befort et al.jpates in a H-bond network with the polar residues
1996b; Fukuda et al., 1995; Minami et al., 1996). In ourAsn™3%(111:10), Ser3¥(1:14), Ser*(VIl:14), and Asri**
model, all residues indirectly affecting ligand binding are (VI1:17) (Table 1), which, together with a water molecule,
tightly packed at the helix-helix interfaces, and most ofcan coordinate the sodium ion (Lomize et al., 1998). The
them (Aspll:14, Lys/Asnll:27, TrplV:11, SerlV:15) also binding of Na" is expected to distort the H-bond network,
form interhelical H-bonds (see Table 1). The replacement o&s do the D95N, A mutations. The presence or absence of
such tightly packed residues by residues of different voluméhese H-bonds may be associated with the active and inac-
and/or H-bonding capability is expected to produce shifts otive states of the receptors, respectively, which would ex-
entire helices, as is always observed in similar mutagenesiglain the lack of effect of the D95N mutation and Na
studies of buried, core residues iw-helical proteins binding affect on antagonist binding.

(Daopin et al., 1991; Eriksson et al., 1992; Baldwin et al., From the above discussion it can be seen that all three
1993, 1996), or during the natural evolution @fhelical  opioid receptor models are in qualitative agreement with
proteins (Lesk and Chothia, 1980; Chothia and Leskpublished mutagenesis data. A more detailed, quantitative
1985a,b). The shifts of the-helices can, in turn, affect comparison of the opioid receptor models with mutagenesis
ligand binding. Thus, for example, the deleterious effect orresults is not feasible, because this requires the prediction of
binding observed when the bulky PR&(V:11) and Trg”®  structural consequences of single-site mutations, which
(IV:11) residues are replaced by Ala in thlereceptor sometimes produce significant conformational changes in
(Befort et al., 1996b) can be expected. Similarly, replaceproteins (Louie and Brayer, 1989; Houset et al., 1991; Sauer
ment of Lys°® (11:27) (Fukuda et al., 1995; Minami et al., etal., 1992), and the calculation of free energies of receptor-
1996), which forms H-bonds between éNH; " group and  ligand interactions, which in itself is a very challenging
two main-chain &0 groups from EL-1 and EL-2, can problem (Kollman, 1993).

induce conformational changes in the loops, indirectly af-

fecting binding of ligands, especially large ones, such as

DEDPE and other peptide ligands, which strongly mteraCtCONCLUSIONS

with EL-2 in the models.

Some of the remote mutations can be expected to affecthe §, w, and k opioid receptor structures described here
the stabilities of the inactive and active receptor statesepresent specific examples of our recently developed gen-
differently, and therefore have different effects on the bind-eral model of the %-helical transmembrane domain, cal-
ing of agonists and antagonists. For example, replacemeulated by iterative distance geometry refinement to provide
of Sef’’ (IV:15) in & opioid receptor by Leu produces a saturation of “H-bonding potential” simultaneously in 410
mutant that can be activated by antagonists (Claude et aldifferent GPCRs. The structures of the extracellular loops
1996). In our model, this replacement is expected to shifproposed here are more tentative and require experimental
TMH Il relative to TMH 1V, because there is no space verification; however, there are several arguments in sup-
between the H-bonded THf (111:13) and Set’’ (IV:15)  port of the calculated models. First of all, the model is
available for the more bulky Leu side chain. The shift of consistent with general principles of protein structure: it
helix Il has previously been suggested as an activation stegrovides formation of a single continuous “minicore” of 43
based on mutagenesis and physicochemical studies of rhevolutionarily conserved GPCR residues, merges side
dopsin (Sakmar and Fahmy, 1995; Shieh et al., 1997¢hains with similar polarities into clusters, and allows nu-
Sheikh et al., 1996; Farrens et al., 1996); therefore the helimerous correlated replacements of spatially close side
movement induced by SEY(IV:15)—Leu mutation may chains, which is necessary to maintain close packing within
facilitate the activation process. Such a shift of the heliceshe transmembrane domain (Lomize et al., 1998). The sec-
can be expected by analogy with all otlkehelical proteins  ond indicator of the validity of the general model stems
studied, where it has been shown that incorporation of &rom the excellent agreement of the bovine rhodopsin
single, more bulky residue in the tightly packed protein coremodel, which we have previously described, with a vast
can never be relieved by rotating side chains or distortingsample of physicochemical data available for this prototyp-
rigid «-helix geometry, but requires helix movementsical GPCR (Pogozheva et al., 1997). The third verification
(Daopin et al., 1991; Baldwin et al., 1993, 1996). of the model, described in the present work, comes from

Another interesting example is the mutation of the con-ligand docking. The opioid receptor models were calculated
served aspartate in helix Il (Aspll:34Asn, Ala) indanduw  here solely from H-bonding constraints, using no informa-
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