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ABSTRACT. Site-directed mutagenesis and design of'Zbinding centers have been used to determine a
set of specific tertiary interactions between th@pioid receptor, a rhodopsin-like G protein-coupled
receptor (GPCR), and its cyclic peptide agonist ligand Ey8-Et-S)p-Cys>-Phé-p-Perf]NH, (JOM6).

The binding affinity of the tetrapeptide is strongly dependent on the nature of its first and third residues
and on substitutions at positions 213, 216, 237, 300, 315, and 318 efdp®id receptor. Hisand His
analogues of the ligand were able to form metal-binding complexes with the V300C and G213C/T315C
receptor mutants, respectively. Direct contact of thelPasidue of JOM6 with GEAS, Asp?t6, This1s,

and Tr8 of the receptor was suggested by the binding affinities of-HMle3-, Lel’-, Aci3-, AEPhé-,

and A?Phé-substituted peptides with the G213C/T315C, D216V, T315C, and W318L mutants. The
improved binding affinity of the free carboxylate analogue of JOM6 for binding to the E229D mutant
revealed an interaction between the C-terminal group of the peptide afé® Gfuthe receptor. The
experimental constraints that were obtained were applied for distance geometry modeling-céc¢kptor

in complex with the tetrapeptide agonist ligand, JOM6. The active conformation of the opioid receptor
was calculated using the crystal structure of “inactive” rhodopsin and published engineered and intrinsic
metal-binding sites and disulfide bonds that allow or facilitate activation of GPCRs. Interhelical H-bonds
existing in theu-receptor were applied as additional distance constraints. The calculated model of the
receptor-ligand complex can serve as a prototype of the active state for all rhodopsin-like GPCRs. It
displays a strongly shifted transmembrane helix 6 (TM6) and reorientation of the conserv&désidue

in TM6 upon its interaction with the agonist. Importantly, the binding pockets of the active and inactive
states are not identical, which implies distinct interaction modes of agonists and antagonists. In the active
state, the binding pocket of thereceptor is complementary to the previously proposed receptor-bound
conformation of JOMG.

The u-, 0-, andk-opioid and orphanin receptors are the activate different transduction pathways, or have dissimilar
rhodopsin-like G protein-coupled receptors (GPCRB) profiles of dimerization, desensitization, endocytosis, up- and
volved in pain management and regulation of mood, reward, downregulation, or recycling of opioid receptors, which could
motivation, and response to stred&}. (Opioid receptors are  induce tolerance, dependence, and addicdprilhe different
naturally activated by endogenous opioid peptides, but alsoefficacies of the drugs may be associated with the existence
can interact with exogenously administered opiates, someof multiple ligand-bound conformations of the receptds (
of which are addictive drugs of abuse. The activation of 6). Moreover, the entire activation may represent a sequence
opioid receptors enables their transient association with Gi/o of conformational transitions between states with distinct
proteins @), which triggers signal transduction through cellular functions 7). The structural specifics of activation
inhibition of adenylate cyclase, and regulation of ion channels and receptorligand interactions can be understood only at
and MAP kinases3). the molecular level, for example, using X-ray crystallography

The binding of opioid ligands may have different func- of the receptoragonist complexes. However, in the absence
tional outcomes. Opiates can act as agonists, antagonistspf such crystal structures, the problem can be addressed only
partial agonists, or inverse agonists. Opioid agonists canby less direct methods, such as mutagenesis, labeling, cross-
linking, analysis of structureaffinity relationships for series
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1gzm) are currently available from the Protein Data Bank receptor-bound conformation, we have designed and exam-

(12) and can be used for comparative modeling of rhodopsin- ined Zr#"-binding sites between Hisnd His analogues of

like receptors. JOM6 andu-receptor mutants with incorporated cysteine
Unfortunately, two serious problems exist. First, the residues and have also examined the binding of several

homology models are unreliable in the nonregular loop additional JOM6 analogues with differenreceptor mutants.
regions and may include significant misalignments, due to The data resulting from these experiments as well as other
insertions of single residues in the middle of transmembrane Published information have been employed in distance
(TM) helices. Such insertions ¢aneurisms”) are present ~9geometry calculations to identify the active, agonist-bound
in TM2 and TM5 of rhodopsini(3), but may not be a general ~ conformation of theu-opioid receptor in complex with
feature for other GPCRs. Therefore, the design of spatial JOM6.

constraints, such as disulfide bonds or metal-binding centers,

may be required for experimental verification and refinement EXPERIMENTAL PROCEDURES

of homology modelsi4, 15). The second problem is related  paterials. The pCMV expression vector containing the
to the conformational rearrangement of the receptor during coding sequence for the ratopioid receptor4/pCMV) was
activation. The crystal structure of rhodopsin represents the gptained from H. Akil (University of Michigan). Pfu turbo
inactive conformation in complex with the covalently bound pna polymerase, Dpnl restriction endonuclease, and XL1-
inverse agonist, 1tisretinal. However, the active states of | e supercompeteischerichia colicells were purchased
rhodopsin and other GPCRs have been shown to be differentrom stratagene. COS-1 (African green monkey kidney cell
from the inactive conformationd §, 17). Activation has been  |ine  gv40 transformed) cells were obtained from the
extensively studied using fluorescence, IR and UV spec- american Type Culture Collection (ATCC, catalog no. CRL-
troscopy, spin-labeling techniques, mutagenesis, the substi-) g50). Nucleotide primers, antibiotick M Tris-HCI buffer,
tuted cysteine accessibility method, disulfide cross-linking, Lipofectamine Plus reagent, and cell culture media were
design of metal-binding sited {—19), and identification of purchased from Life TechnologieSHIDAMGO was pur-
constitutively active mutants2(). The accumulated data  chased from NEN. The 96-well Multiscreen-FC glass fiber
suggest that different rhodopsin-like GPCRs share a commonfiter pates (catalog no. MAFCNOB10) were purchased from
active conformation 1), in which TM6 undergoes a jjjlipore. JOM6 and JOM6 analogues were prepared by
significant rigid-body motion§, 22, 23). During activation,  standard solid phase methods as previously described for the

the intracellular end of TM6 moves outward frqm T.I\/IZQ( synthesis of JOM637). All other reagents were from Sigma-
24) and TM7 @5, 26), and toward TM5%), resulting in the Aldrich unless otherwise indicated.

opening of a cleft at the cytoplasmic surface of ¢ibundle

for binding of G proteins19, 27). Smaller motions of several
other helices (33 and 7) have also been suggestsj 28—

31). Some of the important structural data for the active state
include the formation of disulfides between TM5 and TM6
in the ACM3 muscarinic receptor upon agonist bindi8g)(
the existence of an intrinsic allosteric Zrbinding site at
the interface of TM5 and TM6 of thg,-adrenergic receptor
that facilitates agonist bindin®8), and the engineering of
an activating metal coordination center between TM3 an
TM7 in pB,-adrenergic 4) and tachykinin receptors39),
and also between TM2 and TM3 of the MC4 melanocorti
receptor 86).

Site-Directed MutagenesiSingle and double point muta-
tions of the u-opioid receptor were generated from the
uIpCMV expression vector using the QuikChange Mutagen-
esis Kit (Stratagene, La Jolla, CA). Each mutation was
verified by DNA sequencing.

Cell Culture and TransfectionCOS-1 cells were grown

to 80% confluency in Dulbecco’s modified Eagle’s medium

(high glucose) supplemented with 10% fetal bovine serum
d and incubated at 37C in 5% CQ. Eight to ten micrograms

per 75 cn flask of theu-opioid/pCMV wild-type and mutant
n plasmids were then transiently transfected into the cells using

Lipofectamine Plus reagent (20 and @D of Plus reagent
o and Lipofectamine, respectively, in a total volume of 300

In the study presented here, we use a combination of ) o tranfection mixture per 6 mL of culture medium).
exp‘?”'.’“e”ta' ok mpdglmg mgthods to stqdy b_mdmg ks COS-1 Membrane PreparatiokiVhole membrane prepa-
y-gpllzo%re?ptolzr)hwnhplts Klyd'c toeglaﬁpepude Ilgland, Y™ rations for radioligand binding studies were prepared in a
C(S-Et-S)p-Cys-Phes-PeniNH;, (J ). an analogue in oo similar to established proceduré4) (Briefly, 48 h

:’.th'Ch CYCI'Z?t!On ItSh effeclged V'af ?2 etgylene é}llthllaoether after transfection, the COS-1 cells were scraped into 50 mM
meﬁ%'ellalrr:]\'/r?evms?de ihz'tilsurﬁ'hqs ee)t-'dgs'saanselzcteg Tris-HCI (pH 7.4) containing 0.1 mg/mL PMSF (ice-cold)
(penici ine) si Ins. 1NIS pepude isu v and homogenized using a Polytron homogenizer. Following

ag_onist with high binding affinity, funcf[iqnal potency, and centrifugation at 15009for 30 min at 4°C, the membranes
efficacy @7, 38). The conformatior-activity relationships were resuspended to a protein concentration of 0.2 mg/mL

for related cyclic peptides have been extensively studied in in the homogenization buffer. The concentration of the

our group. In particulgr, the ph_armacplogical Stqdies and membrane protein was determined using the method of
conformational analysis of peptides with constrained!Tyr Bradford @5)

and Phéresidues39—42) allowed deduction of the tentative Radioligand Binding AssaySorty to fifty micrograms of

receptor-bound conformation of JORI§43). Using this 4 ) ;
P @3 g the COS-1 membrane protein preparations in 20®f 50

mM Tris-HCI (pH 7.4) was used for all binding studies. The

ZTX;Z U4 :f71;3 n= *1%08“’, andXzEUﬂOZd"- DCYZQCZ)o wp?@BSO’ membranes were incubated with 2& aliquots of PH]-
Y =46, = A2 = »x3 = —11C, andys = 60°. Phe: ¢ i is- i - -
e 4 wl: s xi — o a::'ld)& oty D?Der?: o= 135, DAMGO in SQ mM Tris-HCI (pH '7.'4) in 96-well polypro
W =—137, 5= —55, y, = 176, andys = —123 (after minimization pylene microtiter plates. The radioligand (6.20 nM) was
of the peptide with CHARMm). used for saturation binding studies. Competition binding
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TM1 and IL1
OPSD_BOVIN 34
OPRM_RAT 65

TM2 and EL1
OPSD_BOVIN 71
OPRM_RAT 102

TM3 and IL2
OPSD_BOVIN 106
OPRM_RAT 136

TM4 and EL2Z2
OPSD_BOVIN 150
OPRM_RAT 181

TM5 and IL3
OPSD_BOVIN 200
OPRM_RAT 229

TMé and EL3

Fowler et al.

*

PWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRT
MVTAITIMALYSIVCVVGLFGNFLVMYVIVRYTKMKT
c

*

PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVF

ATNIYIFNLALADALATS-TLPFQSVNYLMGTWPF
E

*

GPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFG-
GNILCKIVISIDYYNMFTSIFTLCTMSVDRYIAVCHPVKALDFRT
H

*

ENHAIMGVAFTWVMALACAAPPLV-GWSRYIPEGMQCSCGIDYYTPHEETN
PRNAKIVNVCNWILSSAIGLPVMFMATTKYRQG—-SIDCTLTFSHPTW-YW
c

*

NESFVIYMFVVHFITIPLIVIFFCYGQLVFTVKEAAAQQOQES
ENLLKICVFIFAFIMPVLIITVCYGLMILRLK-SVRMLSGS
c CCE

*

OPSD BOVIN 241 ATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQ-GSDFG

OPRM_RAT 269 KEKDRNLRRITRMVLVVVAVFIVCWTPIHIYVIIKALITIETTFQ
C H cCcccC N C c
TM7 and IL4 (helix8) *

OPSD_BOVIN 285 PIFMTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGKNP
OPRM_RAT 315 TVSWHFCIALGYTNSCLNPVLYAFLDENFKRCFR-EFCIPTSS
C C H

Ficure 1: Sequence alignment of bovine rhodopsin and thg4@pioid receptor used for homology modeling of theeceptor. Underlined
characters represent residues frarhelices, and underlined italic characters represent residueggtnands. The most highly conserved
GPCR residue in each TM (1.50, 2.50, 3.50, 4.50, 5.50, 6.50, and 7.50, in the nomenclatur8)as réénoted with bold type and an
asterisk. Mutation sites tested in this work are labeled in red. Natural and substituted (third row) residues involved in formations of the
disulfide bonds and the 2n-binding sites, consistent with receptor active conformations, are labeled in blue; residues participating in the
alternative modes of cross-linking of TM5 and TM6 (in models5) are denoted with italic type. Residues involved in formation of
Zn?*-pinding sites between thereceptor and Hisor His® analogue of JOM6 are labeled in green.

assays were carried out in the presence of 2 #iJJAMGO software, as described previoush(48—50). Several types
and 0.1 nM to 3Q«M peptide ligands. Nonspecific binding  of constraints were applied. First, the spatial positions of all
was assessed in the presence @M unlabeled Naloxone.  transmembrane helices, except TM6, were restrained as in
After being incubated for 1.5 h at room temperature, the the rhodopsin template (PDB entry 1gzm) by using the
samples were transferred to 96-well glass fiber filter plates, corresponding &-CF distances, with deviations of 1 A, as
filtered, and washed with % 200 uL of ice-cold 50 mM upper distance constraints. This allows arbitrary movements
Tris-HCI (pH 7.4). Filter plates were saturated with 200 of TM6 and small spatial adjustments of all other helices
of Beckman Ready Gel and counted using a Wallac Tri- during the calculations. The sequence alignment of the
lux1450 scintillation counter. u-receptor and rhodopsin (Figure 1) was verified previously
Data Analysis.The saturation binding results were ana- Using intrinsic and engineered Zrbinding centers and other
lyzed, andKp andBpay values for the wild-type and receptor ~ data (L5). It assumes the absence of tk@neurism in TM2
mutants were determined using the LIGAND module of observed in rhodopsin but conservation of the rhodopsin-
RADLIG (Biosoft, Ferguson, MO). Saturation binding like A-hairpin in the second extracellular loop (EL2) of opioid
experiments were carried out in duplicate, sl values receptors.
are expressed in nanomolarthe standard error of the mean Second, we included a set of experimental constraints: (1)
(SEM). Competition binding assays were analyzed using two engineered Zi-binding sites between the-receptor
SigmaPlot 7.0 (SPSS Science, Chicago, IL). All competition and JOM6 analogues, which were identified in this work;
binding curves were fit by nonlinear regression, angIC (2) a conserved-SS bond (146-217) present in the native
values were determined from the fitted curve. Averagg IC  u-receptor between TM3 and EL3Y); (3) five engineered
values reported for competition assays #r8EM based on  disulfide bridges that are permissive for the active conforma-
two or more independent experiments, each carried out intion of rhodopsin and can be formed between TM1 and helix
duplicate. IGo values were converted # values using the 8 (96-346), TM3 and TM5 (176254, 166-254, and 169
Cheng-Prusoff correction 46), where K; = 1Csy/1 + 254), or TM5 and TM6 (233 304) 62, 53); (4) two designed
[radioligand]Kp(radioligand). activating Zri*-binding centers [one between TM2 and TM3
Distance Geometry Calculations of the Receptdigand (Q124E and V143H) from the MC4 melanocortin receptor

Complex. The receptotragonist complex was calculated
using DIANA (47), QUANTA (Accelrys), and our in-house

3 Ratu-receptor residue numbering.
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(36) and another involving TM3 and TM7 (1322C and
Asp*4") of B,-adrenergic or tachykinin receptor34( 35)];
and (5) two H-bond constraints derived from constitutively
active mutants of rhodopsin (A¥§-V285N) (25 and the
o-opioid receptor (Asp’-Y326H) (54). In addition, we tested
five alternative cross-linking constraints between TM5 and
TM6: four disulfide bridges, whose formation is facilitated
by agonist binding to the ACM3 muscarinic receptor (256
279, 256-280, 256-281, and 256-282) (32) or an allosteric
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the Results. Second, the calculations were repeated with
native sequences of the receptor and ligand, and usirg C
C? constraints taken from the model with the lowest target
function obtained in the previous step, instead of experi-
mental constraints. The allowed deviation for thé-C*
distances was taken to Be0.5 A. The rmsds of €atoms
within the sets of 10 best conformers generated with DIANA
in both steps were<0.8 A. Similar calculations were also
repeated for the ligand-free receptor. The rmsd between the

Zn?*-binding center that enhances binding of the agonist to ligand-free and ligand-bound active conformations of the

the B,-adrenergic receptor (R258E, D272C, and R2788j;

u-receptor was 050.8 A for 291 C atoms.

These constraints were incorporated by replacing the corre-  The complexes of the-receptor with the Tyrand Phé

sponding residues with Cys, His, Glu, or Asn in thepioid

analogues of JOM6 were generated by substituting the

receptor sequence (Figure 1; see Table 5 in the Results). Th‘i‘;orresponding residues in the peptide, followed by (a)

upper limits for constraints were chosen to be 2.04, 3.05,

and 4.20 A for 8-S, C/~S, and C—CF distances,
respectively, in disulfide bonds and 3.5 A fo?’O-N¢ and
0%—9 distances in metal-binding centers involving His,
Cys, Asp, or Glu residues.

Third, we included an evolving system of hydrogen
bonding constraints that was iteratively refined during the
calculations, as described previously,(48). These H-bonds
were incorporated between transmembrankelices and

adjustment of side chain rotamers in the binding pocket to
minimize clashes, (b) application of the standard docking
procedure (DOCK) from QUANTA, and (c) energy mini-
mization (100 iterations) of the complex with the CHARMm
force field (65, 56) using a dielectric constartof 10 and
the adopted-basis NewtetiRaphson method.

RESULTS

between the receptor and ligand (see Table 6 in the Results). In the experiments described below, we identified residues

The upper limits were 1.9 A for H-0, 2.9 A for OO and
N---O, and 3.6 A for G--S H-bonds. Finally, the dihedral
angles ino-helices were constraineg (= —70° to —50°,

1 = —50° to —30°). Most of the side chain conformerg (
angles) were “traced” as in the rhodopsin template, while

of the u-receptor that are in direct contact with specific
functional groups of the peptide ligand. This was ac-
complished by reciprocal modifications of JOM6 and
u-receptor residues. Several lower-affinity JOM6 analogues
with modified Ty#, Phé, or C-terminal carboxamide groups

others were adjusted during the iterative distance geometrywere prepared and probed with differenteceptor mutants

refinement. The allowed deviations for threangles were
+30°. The optimization protocol and weighting factors were
described previously4g).

Importantly, the cyclic peptide was directly included in

to find “rescue” mutations that could restore the ligand
binding affinity. An important element of this strategy was
the design of a metal coordination site between receptor and
ligand residues that increased the binding affinity for JOM6

the distance geometry calculations. Thus, a separate dockinginalogues in the presence of?Znimportantly, the corre-

procedure was not required. The nonstandaflys-S-CH3
and p-Pen-S-CH3 residues were incorporated into the DI-
ANA library. The dihedral angles of JOM6 were restrained
as in the lowest-energy conformer of the peptid8) ( This

sponding mutations did not significantly alter the natural
binding pocket, as was evident from the high affinity of the
parent peptide. The rhodopsin-based model ofutfogioid

receptor 15) was used for planning the mutation sites. This

conformer has been suggested to be bioactive on the basignodel has a narrow binding cavity between TM helice§'3

of comparisons with a more rigid-selective peptide Tyr-
c[p-Cys-AFPhebp-Pen]NH (41, 42). The torsion angles
within the cycle were constrained, with an allowed deviation
of £30°, for p-Cys (@, = 90°, y, = 30°, 1 = 180, andy>
= 180°), Phé (g3 = —70° andy, = —40°), andp-Pert (¢4
=120, y4 = —15C, y1 = —60°, andy, = 18(C) residues.
The side chains of Tyrand Phéof JOM6 were fixed in the
trans orientation §; = 180 andy, = 90°), in agreement
with the binding requirements for the cyclic peptides with
conformationally restrained first and third residud8-{41).
Attempts to restrict the torsion angles in alternative, higher-
energy conformers of JOM&3®) led to structures of the
complexes with a higher target function and forbidden torsion
angles. Thus, the alternative conformers of JOM6 did not
fit the binding pocket.

The model of the recepteligand complex was generated

and extracellular loop 2, whose size is sufficient to accom-
modate the cyclic or linear opioid peptides or alkaloids. The
common tyramine (Ty) portion of the opioid ligands can
occupy the bottom of the cavity between AS{TM3) and
His?®” (TM6) (15, 49, 57). However, such an arrangement
of JOM6 must be verified and refined in the context of the
active conformation. Moreover, the identification of specific
contacts between the receptor and ligand residues was
essential for subsequent automated docking of the peptide
by distance geometry during modeling of the ligameceptor
complex.

Interactions of Ty¥ with Ph&3” (TM5) and Vai® (TM6).
His! of the JOM6 analogue together with Pisand Cy$®
residues of thei-receptor can form a metal-binding center
in the V300C mutantTo identify the contacts between Tyr
of JOM6 and the:-receptor, we designed and constructed a

in two steps. First, the calculations were conducted using metal-binding cluster between the ligand and receptor. To
the modified amino acid sequences of the receptor anddo so, Tyt of the ligand and several surrounding residues
peptide ligand to combine the experimental active state of the receptor (N230, F237, and V300) were substituted
constraints from different GPCRs. This was done with five with histidines or cysteines. The results of competition
alternative versions of constraints between TM5 and TM6, binding assays, againsH]DAMGO, of the His' analogue
from which the final model was selected, as described in of JOM6 are summarized in Table 1. The affinity of the His
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Table 1: Influence of Addition of Z# on the Competition of HisJOM6 with PH]DAMGO for Binding with the u-Opioid Receptor and Its
Mutant$

DAMGO His-JOM®6

0uM Zn2* 0uM Zn2* 20uM Zn?* 30uM Zn?*
u-receptor Ko (nM) ICs0 (NM) Ki (nM) ICs0 (NM) Ki (nM) ICs0 (NM) Ki (NM)
wild type 1.1+0.3% 1500+ 80 (3F 530+ 30 1500+ 100 (3) 530+ 40 1500+ 100 (2) 530+ 40
N230H 1.0+£0.11 1500+ 120 (2) 500+ 40 13204+ 260 (2) 440+ 86 13004 50 (2) 433+ 17
V300C 2.5+ 0.89 150+ 10 (4) 80+ 6.0 50+ 2.0 (3) 30+ 2.0 50+ 2.0 (3) 27+ 6.0
F237C 3.86£13 5000+ 150 (2) 3300+ 100 2000+ 120 (2) 1300+ 80 nd' ned

a Competition assays were carried out in the presence of 23aJDAMGO and 0.1 nM to 3QuM peptide ligands. Nonspecific binding was
assessed in the presence ofi unlabeled naloxone. Single concentrations ofZwere added to each assay as indicated. Values-&EM
based on two or more independent experiments, each carried out in duplicate. The number of independent experiments is indicated in parentheses.
ICso values were converted 6 values using the ChengPrusoff correction46).  Binding of FHIDAMGO to the wild-typeu-receptor was not
significantly affected by Z# at concentrations up to 3tM. ¢ TheK; for the parent peptide, JOMB6, at the wild-typeeceptor in the absence of
Zn?* was 0.32+ 0.1 nM (see Tables-24). ¢ Not determined due to a reduced level of binding ¥f]DAMGO to this mutant at 3Q«M Zn?".

Table 2: Influence of PReSubstitution on the Binding of JOM6 Analogues to f©pioid Receptor and Its Mutarits

wild type® T315C G213C/T315¢€
ICs0 (NM) Ki (nM) ICs0 (NM) Ki (nM) ICs0 (NM) Ki (nM)
JOM6 0.9+ 0.04 (3) 0.32+ 0.01 0.9+ 0.1(3) 0.5+ 0.06 0.76£ 0.1 (2) 0.1+ 0.01
His®-JOMS6 300+ 30 (3) 106+ 11 60+ 5.0 (3) 34+ 2.8 50+ 3.0 (4) 6.5+ 0.9
Nle3-JOM6 30+ 2.3(2) 11+ 0.8 30+ 1.9(2) 17+ 1.1 30+ 1.5(2) 3.9+ 0.2
Let®-JOM6 1000+ 97 (2) 355+ 34 3000+ 450 (2) 1700+ 250 1000+ 55 (2) 130+ 7.2
Aci®-JOM6 60+ 3.6 (3) 21+ 13 10+ 0.8 (3) 5.6+ 0.4 n nek

a Competition assays were carried out as described in the legend of Table 1. Aci, 2-aminoindan-2-carboxylic acid; Nle, ndN¥€iticiBAMGO
(Kp = 1.1 £ 0.33 nM).¢ With DAMGO (Kp = 2.6 &+ 1.3 nM). 4 With DAMGO (Kp = 0.3 & 0.1 nM). ¢ Not determined.

analogue for the wild-type receptor was reduced gre#ily (  was significantly increased in the single T315C (EL3) and
= 530 nM) in comparison with the parent Typeptide K; T315C/G213C (EL3/EL2) double mutants; = 34 and 6.5
= 0.32 nM (15)]. However, the binding was partially restored nM, respectively). Binding of H&SJOM6 to the T315C
in the V300C mutant, indicating a stabilizing interaction mutant appeared to be zinc-insensitive, but the double mutant
between His and Cyg (~7-fold decrease oK; in com- demonstrated an-2-fold better affinity in the presence of
parison with that of the wild type). Moreover, the ligand 20uM Zn?* (not shown). Thus, Hisof the JOM6 analogue
affinity was increased further in the presence ofZions and the Cy&3and Cy$'®residues of tha-receptor probably
for this mutant K; = 27—30 nM). An inspection of the  form a metal binding site. The binding affinity of £elOM6
approximate model shows that, in addition to €yand His, was also increased in the T315C mutant, which can be
the corresponding metal binding center can also include theexplained by a stabilizing noncovalent interaction between
His?®” residue, which is naturally present in TM6. Unlike Aci® and Cy$'®. Both NI€® and Led analogues bind better
the V300C replacement, the N230H substitution did not to the double than to the single cysteine mutant; however,
change the HisJOM6 binding in the presence or absence the replacement by Ner Lel? strongly inhibits the binding
of zinc. The affinity of His-JOM6 for the F237C mutant in all mutant and wild-type receptors. All these results
was greatly reducedK({ = 3300 nM) and zinc-sensitive indicate interactions of residues 213 and 31%uopioid
(Table 1). The altered sensitivity indicates that Hi§ the receptors with Pheof JOM6.
tetrapeptide is proximal to PFe but not to Asi®®in TM5 Interaction of the PheResidue with Tr§#®in TM7. The
of the u-receptor. AFPhé and A?Phé analogues of JOM6 (Table 3) have the
When these experiments are interpreted, it is important to side chain of Ph&constrained intrans and gauchelike
realize that ZA" coordination sites can be formed either orientations, respectively. Comparison of their binding af-
between the receptor and ligand or between several residuedinities in Table 3 demonstrates that theopioid receptor
of the receptor itself. Indeed, Zhions can bind to H&"- has a strong preference for thé&-Phée analogue of JOM6
V300C or Hig*-F237H clusters of thei-opioid receptor, (Ki = 2.9 nM for AFPhé-JOM6 compared with 138 nM for
which inhibits its association with naloxone or DAMGO with  A?Ph&-JOM®6), consistent with our previous observation
an 1Gso(Zn?*") of 20 or 10uM, respectively {5). However, (43). As discussed previously®), these results indicate that
the Hig analogue, unlike the parent peptide, had a higher the Phé side chain of JOM6 adopts teans orientation at
affinity for the V300C mutant, especially at increased theu-receptor binding site.
concentrations of Z1, which suggests the formation of the In the model of the inactive-receptor 15), Phé of JOM6
His'-Cys’°-His?%” metal coordination center. is close to Tr@'® (TM7), a residue that is important for
Interactions of Pheof JOM6 with Residues 213 and 315 selective binding of peptide ligands§—60). To test whether
in the Second (EL2) and Third (EL3) Extracellular Loops, the interaction between Phef JOM6 and Trg'® of the
Respectiely. These interactions were probed using several u-receptor is critical for the observed requirement for the
Phé-substituted analogues of JOM6, which all have binding trans orientation of the PHeside chain, we compared the
affinities lower than that of the parent peptide (Table 2). The binding of AEPhé-JOM6 andA?Phe&-JOM6 to the wild-
affinity of the His® analogue was lowK; ~ 106 nM), but type u-receptor and the W318L mutant (substitution with
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Table 3: Influence of the Restricted Ligand Side Chain Conformation on the Binding éfAPlatogues of JOM®6 to the-Opioid Receptor
and Its Mutant%

[*HIDAMGO JOM6 AEPhe JOM6 A?Phe JOM6
u-receptor Kp (nM) I1Cs0 (NM) Ki (nM) ICso (NM) Ki (nM) ICso (NM) Ki (nM)
wild type 1.14+0.33 0.9+ 0.08 (4) 0.32+:0.01 8.3 0.3 (3) 29+ 0.1 395+ 30 (3) 138+ 10
W318L 0.94+ 0.3 3.0+ 0.18 (3) 0.96+ 0.06 1000+ 4 (3) 319+ 15 395+ 20 (3) 96+ 6.7
D216V 0.9+ 0.6 0.24+0.03 (3) 0.06+ 0.01 4.0+ 0.3 (3) 1.2+0.11 200+ 20 (2) 64+ 6.2
S214A/D216V 1.3:0.7 0.3+ 0.02 (2) 0.114+0.01 nd ncP 300+ 21 (2) 118+ 8.0

a Competition assays were performed as described in the legend of TdlNotldetermined.

Table 4: Influence of the Ligand C-Terminal Group on the Binding of JOM6 Analogues te-Mpioid Receptor and Its Mutarits

[*H]DAMGO JOM6 JOM18
u-receptor Kp (nM) ICs0 (NM) Ki (nM) ICs0 (NM) Ki (nM) JOM18/JOMEK; ratio
wild type 1.14+0.33 0.9+ 0.04 (3) 0.32+ 0.01 4000+ 320 (3) 1400+ 112 4400
E229D 1.4+ 0.39 5.5+ 0.66 (3) 2.2+ 0.27 404+ 4.0 (3) 165+ 1.6 73
E229D/E310R 3.%&13 0.63+ 0.6 (2) 0.39+ 0.37 475+ 25 (3) 289+ 15 753

a Competition assays were performed as described in the legend of Table 1.

the residue present in thiareceptor). As summarized in  ~60-fold. Thus, the low affinity of the carboxylated peptide
Table 3, the W318L mutant retained affinity for the parent (JOM18) is likely due, in part, to electrostatic repulsion of
JOMG peptide K; = 0.96 nM, compared to 0.32 nM for the the charged C-terminus in the peptide and Zlin the

wild type), which indicates no significant structural changes u-receptor, a repulsion that is weakened in the E229D mutant
in the binding pocket. However, the-selective AEPhé- because of the shorter side chain of Asp versus Glu. On the
JOM6 analogue exhibited a 125-fold decreased binding other hand, the E229D/E310R double mutant has no ad-
affinity for W318L compared to that of the wild-type receptor ditional influence on ligand affinity, suggesting that the
(Ki = 319 and 2.9 nM, respectively). This suggests the GIu®' residue does not interact with the C-terminus of the
presence of some unfavorable interactions (probably inter- JOM6 ligand.

atomic overlaps) between the constrained side chain of Maodeling of JOM6 in Complex with the Aati Conforma-
AFPhé and the W318L residue. On the other hand, the tion of theu-Receptor The active conformation of the rat
binding of theA?Phé analogue to the wild-type-receptor u-opioid receptor in complex with JOM6 was calculated by
and the binding to the W318L mutant were similar. These distance geometry, as described in Experimental Procedures.

results suggest interaction between *ffpand thetrans
conformer of Phein the bound peptide, although the W318L
substitution alone was insufficient for producing binding
affinities typical for thed-opioid receptor.

Interaction of the JOM6 C-Terminal Carboxamide with
Glu?® in TM5. The pharmacological evaluation of opioid
peptides confirmed that the C-terminal free carboxyl group
of peptides favored)-selectivity, while amidation of C-
terminus increased-selectivity 67). It was suggested that
a negatively charged residue of thereceptor could have
unfavorable ionic interaction with the free carboxyl group
of the ligand. Examination of the model of the inactive
u-opioid receptor 15) suggested the presence of two acidic
residues in the extracellular part of thereceptor, Gle?®
(TM5) and GI#° (EL3). To probe whether these negatively
charged residues are responsibledeselective interaction

The shifts ofa-helices during activation were reproduced
by using a set of receptor-specific H-bonds and experimental
cross-linking constraints, permissive for activation of GPCRs
(Tables 5 and 6). Importantly, a majority of these constraints
are generally consistent with the model of the inactive state
and therefore only slightly modulate the positions of the
helices involved. By contrast, four disulfide bonds or a zinc
binding cluster between the intracellular domains of helices
5 and 6 was inconsistent with the inactive structure, and their
incorporation caused significant movement of TM6. These
latter structural constraints are especially important, because
they promote activation of receptors: binding oZmo the
native allosteric center that involves Glu (5.84)ys (6.27),

and His (6.31) residues was shown to improve the affinity
for the agonist in thgg,-adrenergic receptoBg), while the
formation of disulfide bonds between cysteines in TM5 (5.62)

with the C-terminal carboxamide of tetrapeptides, we mutated and TM6 (either 6.34, 6.35, 6.36, or 6.37) was strongly

Glu?® to Asp and GI&!® to Arg (residues present in the
o-receptor) and compared the binding affinities of the

coupled with the binding of the agonist to the ACM3
muscarinic receptoB@). These disulfide bonds and the metal

corresponding mutants to those of peptides with amidatedbinding center are structurally incompatible with each other.

and free C-terminal carboxylates, JOM6 and JOM18, re-

spectively (Table 4).

As summarized in Table 4, the replacement of the
C-terminal carboxamide with an ionizable carboxyl group
reduced the peptide affinity for the wild-typereceptor by
~4400-fold Ki = 1400 and 0.32 nM for JOM18 and JOMS6,
respectively). However, the affinity of the modified peptide
was partially restored~10-fold increase) in the E229D
mutant, while the affinity of JOM6 decreased6-fold,
resulting in an increase in the relative affinity of JOM18 by

Therefore, they were introduced independently in five
different calculations.

The five resulting models of the active state vary in the
positions of TM6 with maximal deviations for the residues
at the cytoplasmic end of TM6 ranging from 7 (model 2) to
11 A (model 4) relative to the model of the inactive
conformation. These models were tested for consistency with

4The residue numbering scheme uses the generic system of
Ballesteros and Weinstei8)(
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Table 5: H-Bonds Applied as Distance Constraints (2.9 A) for Modeling of the Active Conformation of the ®gibid Receptor Models

residues atoms location residues atoms location
D2 A2 D—A D—-A D A D—A D—-A
Sef4 Thré? Oy—0yl TM1-TM1 Asnisé Alas4 N62—-0 TM4—TM4
Thr?© Valb6 Oy1-0 TM1-TM1 Asntot Thrts? No2—-0y1 TM4—-TM3
Tyr’s Ql24p On—0e2 TM1-TM2 Trple2 Asnlto® Nel—001 TM4—TM2
Ser® Met"? Oy—0 TM2-TM2 Sei9 Asntot Oy—0 TM4-TM4
AsnPé Gly®? No1-0O TM2—-TM2 Thr207 Tyr2?7 Oy1-0 EL2—-EL2
Asneé Sef?? No62—-0 TM1-TM7 Tyr?10 Gly9° On—0 EL2-TM4
Arg®® Glu#® N72—0el TM1-hel8 Argtt Sep?? N#2—Oy EL2—EL2
Tyr Glud+® On—0el IL1—hel8 GIr#12 Gly?13 Ne2—0O EL2—-EL2
Lysto0 1% NE—0 IL1-TM1 GIn?12 Gly?14 Ne2—0O EL2—-EL2
Lys!o0 Tyr% N¢—O IL1-TM1 Thr28 Tyrt48 Oyl-0Og EL2—-TM3
Thrlot Asnto4 Oyl-061 IL1-TM2 Thr20 Glu??® Oy1—0el EL2—-TM5
Tyrlos Asp!é4 Ony—001 TM2—-TM3 His?23 Glus1o Ne2—0el EL2—EL3
Asnto? Thris? No62—-0y1 TM2—TM3 Thr22s Sep?? Oy1-0 EL2—-EL2
Thrt18 Asptt4 Oyl1-0 TM2—-TM2 Thr249 Val?45 Oyl-0 TM5—-TM5
Sef1? Alalls Oy—-0 TM2—TM2 Sept6 Arg?63 Oy—-0 IL3—TM5
Thrt20 Alat? Oyl1-0 TM2—-TM2 Arg?76 Asp?’? N#72—0062 TM6—TM6
Sef?s Leut2t Oy—0 TM2—TM2 V285N¢ Tyr?52 No62—0p TM6—TM5
Tyri2s Ql24p On—0e2 TM2—-TM2 Cys92 Asn’28 Sy—0061 TM6—TM7
Asnt37 Tyr?10 No2—-0 TM3—EL2 Thr294 |le29%0 Oy1-0 TM6—TM6
Asnt>0 Alats No2—0 TM3-TM2 Tyr?9° Sept? On—0Oy TM6—TM6
Asnto0 Aspt4 No62—001 TM3-TM2 Thrs07 Lys303 Oy1-0 TM6—TM6
Sefs4 Asnt50 Oy—0 TM3—TM3 His319 Asp?16 No1-062 TM7—EL2
Thrt60 Phebé Oy1-0 TM3-TM3 Asni?8 Sef5 No2—0Oy TM7—-TM3
Sefs2 Leutse oy—0 TM3—TM3 Sef? Asnis0 Oy—061 TM7—TM3
Arg6s Tyr3s36 N#71—-On TM3—-TM7 Asn32 Sef54 No2—0Oy TM7—-TM3
Argles Tyr252 N72—0y TM3—-TM5 Asrd32 Asri28 No2—0 TM7—-TM7
Argl6s V285N° N7©2—001 TM3—-TM6 Asn?42 Asp*40 N—0o1 hel8-hel8
Asnisé |05 N62—-0 TM8—TM2 Lys344 Phesse NE—0 hel8&-TM7
Asni&s Tyrlos No2—On TM4—-TM2 Arg34s Glu3* N71—0e€l hel8-hel8

aH-donors are marked as D and H-acceptors a8 e Q124E substitution was introduced to form &2Zhinding site between TM2 and -3
(36). © The V285N substitution leads to the constitutive activation of GPBR (

Table 6: Experimental Constraints Applied for Modeling of the Active Conformation of the:Rpioid Receptor Models

residues atoms (distances, A) location
S—S Bonds in the Receptor
Y96C Cy$ CB—CB (4.2), GB—Sy (3.05), —Sy (2.04) TM1-hels
Cysi40 Cyst7 CB—CpB (4.2), GB—Sy (3.05), —Sy (2.04) TM3-EL2
Cysi7 L254C @B—CB (4.2), B—Sy (3.05), I—Sy (2.04) TM3-TM5
K233C A304C @B—Cp (4.2), B—Sy (3.05), I—Sy (2.04) TM3-TM5
Tyries L254C @B—Cp (6.0) TM3-TM5
Val169 L254C @B—CB (6.0) TM3-TM5
1256C V282C (5) CB—Cp (4.2), GB—Sy (3.05), —Sy (2.04) TM5-TM6
1256C T279C (1) CB—CpB (4.2), GB—Sy (3.05), —Sy (2.04) TM5-TM6
1256C R280C (3) CB—CB (4.2), BB—Sy (3.05), —Sy (2.04) TM5-TM6
1256C M281C (4) CB—CpB (4.2), BB—Sy (3.05), —Sy (2.04) TM5-TM6
Zn?*-Binding Sites in the Receptor
Q124E V143H @1—-No1 (3.5) TM2-TM3
Aspt4? 1322C 1Sy (3.5) TM3-TM7
Aspt4? Y326H 0¥1-Ne2 (3.5) TM3-TM7
R258E D272C (2) Oel—Sy (3.5) TM5-TM6
R258E R276H (2) Oel—Ne2 (3.5) TM5-TM6
D272C R276H (B Sy—Ne2 (3.5) TM5-TM6
Zn?*-Binding Sites and H-Bonds between the Receptor and| Hiis-JOM6

His?97 Y1H Ne2—Ne2 (3.5) TM6-ligand
V300C Y1H S—Ne2 (3.5) TM6-ligand
His?97 V300C Ne2—Sy (3.5) TM6-TM6
G213C Y3H $—Ne2 (3.5) EL2-ligand
T315C Y3H S —Ne2 (3.5) EL3-ligand
G213C T315C $—Sy (3.5) EL2-EL3
Aspt4? Y1H 061—N (2.9) TM3-ligand
Gluze pPen4 @2-N1° (3.5) TM5—ligand

a Alternative cross-linking constraints between TM5 and -6 applied in mode& The model number is given in parentheggsiom the
C-terminal NH group of the ligand.

results of spin-labeling studieg23) that evaluated distances estimate the corresponding distances in all five models, the
between residues in TM3 (3.54) and TM6 (6-3.35) in spin-labeled cysteines were incorporated at positions 169
the inactive and active states of rhodopsin (Table 7). To (3.54), 276 (6.31), 277 (6.32), 278 (6.33), 279 (6.34), and
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Table 7: Distances between Nitroxide Spin-Labels, Attached to Residues in Positions 169 (3.54)-aR8@# 31-6.35) in the Five Models
of the u-Opioid Receptor, Calculated with Different Cross-Linking Constraints between TM5 and TM6

estimated distance in the models of active states (A)

labeled residues expected distance model P model 2 model 3 model 4 model 5

of theu-receptor  in the active state () (C256-C279) (E258-C272-H276) (C256-C280) (C256-C281) (C256-C282)
169-276 >16 (W) 14-16 14—-18 16-18 13-19 15-19
169-277 10-16 (M) 11-16 11-16 15-19 6—12 10-16
169-278 4-9 (S) 712 5-9 8-15 4-10 5-8
169-279 >16 (W) 15-17 14-15 57 16-20 16-18
169-280 >16 (W) 15-18 16-19 15-19 13-18 16-19
rmsd (A¥ 1.81 1.98 2.28 2.60 2.49

a Distances that deviate from expected values, defined in the spin-labeling st2@)iearé underlined® The cross-linking constraints between
TM5 and -6, included in calculations of each model, are given in parentifeBes.rmsd between inactive and actpieeceptor models (291,C
atoms).

280 (6.35) of each model, and the ranges@fN---N—O* Figure 4 shows the superposition of the active and inactive
distances were measured in the sterically allowed conformersstate models. The active conformation has a strongly shifted
of the maleimide labels. The strengths of interactions betweenTM6 (rmsd= 6.2 A for 38 C* atoms), slightly shifted TM1
nitroxide radicals in the experiments were divided into three and -3-5 (rmsd= 1.1-1.5 A), and minor movements of
categories 22) that can be defined as “strong”, “medium”, TM2 and -7 (rmsd= 0.8 A). TM6 moves away from TM3
and “weak” (S, M, and W, respectively). During activation and -7, and toward TM5; TM4 moves toward TM2, and helix
of rhodopsin, the strengths of the interactions of nitroxides 8 moves away from TM1. The changes occur primarily in
changed as follows for the five pairs of labeled residues the intracellular part of the transmembrane domain. The
indicated in Table 5 (169276, 169-277, etc.) 2): S— overall rmsd of the active and inactive conformations was
W, M— M, M—S, S— W, and M— W. In the crystal relatively small [2.49 A for all 291 €atoms of the-receptor
structure of rhodopsin (PDB entry 1gzm), the strong interac- (residues 64 354)]. The deviation from the TM domain of
tions (3.54-6.31 and 3.546.34) correspond to distances of the rhodopsin structure (PDB entry 1gzm) was 2.2 A for
4—10 and 5-7 A, respectively, while the medium interac- 212 common € atoms.
tions (3.54-6.32, 3.54-6.33, and 3.546.35) are observed The movements af-helices cause rotations of certain side
at 14-16, 13-16, and 9-13 A, respectively. Thus, the S, chains, whose conformers were changed to avoid interatomic
M, and W interactions can be assigned to distances-&, 4  hindrances, to optimize packing, or to maximize the number
10-16, and >16 A, respectively. A comparison of the of hydrogen bonds. Some of the rotating residues occupy
corresponding distances in the five different models of the the ligand binding pocket (AdfY, Met'®, GIw??°, Lys?
active state indicates that only the fifth model, calculated Trp?®3 Tyr?%, Lys303 and TrF8), while others form helix
with the 256-282 disulfide bridge, was completely consistent helix interfaces (Let? Arg'%, Asnt®, Lel?®? Tyr?®2 Mef>S,
with the expected values. This model has a greatly shifted Leu?®?, Lew?®, Lel?®?, Tyr?5 and Ph&9) or are situated in
TM6, provides a large cavity on the cytoplasmic surface of nonregular loops (PR& and Phé'®). Some of the rotating
the u-receptor for binding with G proteind 9), and has the  residues (Aréf® Tyr?%? Trp?®3 Tyr33%6 and Ph&9) are highly
greatest accessibility to water of residues in TM5 (5.61, 5.64, conserved in the GPCR family and may be crucial for signal
and 5.65) that have been shown to be important for transduction. The most important of these is a conserved
interactions with the G subunit 7). Therefore, model 5  residue from the binding pocket, P (6.48). The indole
was selected as the one most closely representing the activeing may play the role of a conformational “trigger” when it
conformation. changes its orientatiory{ ~ 0° instead 0f~60°) and breaks
During these calculations, we preserved the secondaryan H-bond with As#® that is present in the inactive
structure of the inactiva-receptor (similar to that in PDB  u-receptor 15). The ionic interaction between A% and
entry 1gzm; see Figure 1). Thus, it was assumed that theArg' (TM3), which may stabilize the inactive stag?], is
intracellular parts of TM5 and -6 remaia-helical after broken in the active state model. The rotation of &trtpads
activation. This assumption can be justified for the regions to formation of new H-bonds with the rotated ##(TM5),
involved in disulfide cross-linking (models 1 and-3 in Tyr3?6 (TM7), and possibly the G protein Gubunit in the
Table 7) by the results of spin-labeling experimertg)( active state. The H-bond between 3RI(TM6) and Arg®
For example, the mobilities of spin-labels attached to cysteineis also broken, allowing the shift of TM6 relative to TM3.
side chains in the region of residues 245 of rhodopsin This is consistent with the observed constitutive activity of
(corresponding to residues 27283 in TM6 of theu-recep- the T279K mutant and the decreased level of activation of
tor) undergo very small changes, and their accessibilities the T279D mutant of the-receptor 63). The disappearance
follow an a-helical pattern in the active state of rhodopsin of several H-bonds involving TM4 (ASPP—Asn'®®" and
(61). However,a-helical regions that form a metal-binding  Tyr'4°—Sef%") is associated with the tilting of TM4 in the
site (model 2 in Table 7) could partially unfold during active receptor. During the distance geometry calculations,
activation. Indeed, the last turns (25865) of TM5 and the  side chains of three aromatic residues in TM3 {#Phé>?,
first turn (270-273) of TM6 (6.25-6.28) adopt either a coil  and Ph&*® sometimes underwent a concerted rotation (their
or a-helical conformation in different crystal structures of yi angles simultaneously changed frerB0° to 18C), which
rhodopsin (rhodopsin residues 22836 and 242245 of produced an even more pronounced tilt of TM4. The
PDB entry 1f88 vs PDB entry 1gzm). preliminary calculations indicate that such models are more
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Ficure 2: Stereoview of the superposition of TM helices of the inactive MOR model (white) with the active-NIORI6 model (red).

JOMEG is colored magenta.
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Ficure 3: Stereoview of JOM6 (red) in the binding pocket of the active MOR (receptor residues are colored by element).

suitable for docking of morphine and oripavine alkaloid the lowest-energy structure of the tripeptide cycle (see

agonists. footnote 2) 43). The hydrophilic backbone of the peptide
Many side chain hydrogen bonds are rearranged as a resulinteracts with the polar area that is formed by T§rThr218,

of the helix motions. Some are broken during activation and Asp*’ and may be saturated with a few bound water

(AsntO4—Tyr336" Asnl09—Asn'8® Aspl4”*—Thri20 Asp4”— molecules. The N group of Ty# forms an ion pair with
Glu'?,  Aspt”"—Tyr3?6" Tyrl49—Sef9%"  Asp'50"—Asn®?8, Asp'” (TM3) and participates in an amir@romatic interac-
Aspt®4'—Argl6s, Argl6>—Thr?’®", GIu??9—Lys?3%", Arg?’""— tion with the proximal Ty¥® The aromatic ring of Tyr
Glud*¥, and Trg®®"—Asn??9), while others are newly formed  occupies a site formed by Tf, Phé>2 Phé%’, Trp?® His?"’,

in the active state model (TA—Asn'83 AsntS"—Sep?d, lle2%, and Vaf® at the bottom of the binding cavity. The

Sefr62—Tyr?%2, Arg®5'—Tyr?%2 and Ardg®"—Tyr3%6"). The hydroxyl of Tyr* forms H-bonds with Hi¥” (TM6) and with
asterisks denote residues whose replacement results irthe backbone carbonyl of A&, which is excluded from
constitutive activation of opioid receptors4 64—66). Most the system of intrahelical H-bonds in TM5 because of
of these residues form H-bonds stabilizing the inactive formation of ano-aneurism. The importance of AYp
conformation, which must be broken during the conforma- His?®’, Tyr'#8 and Trg® for binding of the peptide agonist
tional transition. has previously been demonstrated for opioid recept#s (
The arrangement of JOM6 inside the binding pocket of 74). The C-terminal carboxamide of the ligand is in direct
the u-receptor is presented in Figure 3. The peptide is in a contact with the COO group of GI#?° (closest distance of
bound conformation that was proposed previously and has~4 A), and not far from the positively charged groups of
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FiGure 4. Stereoview of the superposition of inactive (blue) and active (red) state modelsoféloeptor with incorporated antagonist
(norBNI, blue) and agonist (JOMS6, red), respectively. Only ligands and a few important residuescakteptor (Asp*’, Mett>, Glu?2s,

Trp?%3, His?%’, and Tr!8) are shown.

Lys39 and Hig® (~5—7 and 4 A, respectively). This
explains the influence of the E229D mutation on binding of
JOM6 and JOM18 (Table 4), the previously observed
participation of Ly§%in the ligand binding pocket, and the
adverse effect of H?&® mutations or modification of free
sulfhydryl groups by NEM on the binding of opiateg5].
The side chain of PHeinteracts with residues from
extracellular loops EL2, EL3, and TM7: G, Asp?§,
Phe?, Thit5, and Tr§'8 The binding site of the PReesidue

interatomic hindrances can be relaxed in the parent peptide,
but not in the more constrainei?Phé analogue, which
explains its poor binding to this mutant (Table 3). The
reorientation of Trg'® and Tyr®°residues may influence the
conformational changes in TM6 and -7 during activation.
This agrees with the observed influence of 3fpnutations
not only on ligand binding but also on activation of opioid
receptors §9).

Another residue that forms a contact with Plie the

is nonpolar and geometrically well-adapted for a planar model is the charged ASf5, which can form an intrinsic
aromatic group. Therefore, replacements with the chargedmetal binding center with Hi¢® (15). Substitution of Asp'®
imidazole or nonplanar aliphatic groups lead to peptides with With a nonpolar Val residue improves affinities for the parent

lower binding affinities for the wild-type receptor (Table 2).
However, the affinities are partially restored in the G213C/

peptide and ita\*Ph& andA?Phé analogues (Table 3), thus
pointing to this interaction. The coordination of Znions

T315C double mutant (Table 2), most probably because of would require the side chain of A3§ to change itsy.

a direct stabilizing interaction between thé-& group of

conformer and to occupy the area of space designed for the

Cys® and side chains of His, Leu, and other residues aromatic ring of Ph& which would interfere with binding

substituting for Phe as is apparent from inspection of the
active state model. ThAFPheé analogue of JOM6 has an
only slightly lower affinity for the wild-type«-receptor than
does the parent peptide, while the affinity afPhé is

of opioid ligands, as observed previousis).

DISCUSSION

In this study, we have examined the complex of the

significantly reduced (Table 3), because the Phe aromatic-opioid receptor with its cyclic tetrapeptide agonist, Fyr

ring is fixed in the properys ~ 180° conformer in the
E-configuration, versus thg; ~ 0° in the Z-configuration,
the latter resulting in adverse steric clashes.

The W318L mutant was designed for explorjmgversus
o-selectivity, with respect to the role of TS in selective

c(S-Et-S)p-Cys-Phé-p-Perf]NH, (JOM6), using mutagen-
esis, engineered metal-binding centers, and computational
modeling. The amino acid replacements were made simul-
taneously in the receptor and ligand to identify interacting
pairs of residues, whose effects on binding are strongly

binding of opioid ligands as had been suggested previously nonadditive. All peptide analogues of JOM6 examined here

(58—60). Inspection of a model of this mutant suggests

have previously been shown to hepioid receptor agonists

certain conformational rearrangements. The removal of the (37—41, 43) and thus are appropriate for probing the active

large Trp*8 side chain creates a large hole in the protein
core that can be filled by the spatially proximal aromatic
side chain of Ty#° from TM6 if it changesy; from —60°

to 180 (Tyr®®° faces the lipid, whery; = —60°). The
aromatic ring of the shifted T¥%¥ favors a different
(gauchet) conformer of the Lett® side chain, which
partially overlaps with PhHeof the ligand. The apparent

state of the receptor.

Native and engineered Znbinding sites have been widely
used to evaluate the relative proximity and the dynamics of
transmembrane helices in GPCRS,(33—36). These studies
have exclusively employed receptor residues. The approach
used in our study is novel in that both ligand and receptor
residues simultaneously participate in?Zrbinding. Two
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zinc-binding centers were engineered between the receptorThis explains some important observations. For example,

and peptide: HEJOM®6)-V300C-H207 and H¥$IOMG6)-

replacement of H&” with Asn had a larger impact on the

G213C-T315C (as described in the Results). Furthermore,binding of antagonists than agonis#®), while the D147A

it was found that the PRearomatic ring of the peptide
interacts with Trg*® (TM7), while its C-terminal carbox-
amide group interacts with GI#? (TM5). These structural

mutation had a significant adverse effect on the binding of
agonists, but not antagonist&lj. Furthermore, the presence
of a protonated amine is especially important for agonists:

constraints, together with the previously determined contact their binding is optimal at neutral pH, while antagonists and

between the carboxyl of Asfy (TM3) and the N group of
the ligand 67, 71, 73), were applied for distance geometry
modeling of the recepterpeptide complex. It is worth

partial agonists can also bind at alkaline pH, when their
amine moiety is predominantly unchargéd), The models
also explain the recent observation of Schiller and colleagues

mentioning that, although many residues have been shownthat elimination of the N-terminal amino group converts a

to affect the binding of opioid ligand$8,(4, 76, 77), specific

number of opioid peptide agonists to antagoni§).(

atomic contacts between opioid receptors and their ligands The rapid binding of agonist must be followed by slower
have previously been determined in only a few cases, suchrearrangement of transmembrane helices. The conserved

as cross-linking of the fumarate moiety of the irreversible
u-antagonisp-funaltraxamine to Ly&? (TM5) in the u-re-
ceptor {8) and the interaction of the norbinaltorphimine (nor-
BNI) N-17' basic nitrogen atom with acidic G (TM6)
in the «-receptor or with the corresponding K303E of a
u-receptor mutant19—81).

The binding of agonists triggers the activation of the

Trp®® residue plays a key role here. During activation, it
rotates to form an attractive “stacking” interaction with Tyr
of JOM6 (y, of Trp?®2 changes from~60° to ~0°). In the
inactive state model, the position of PPpis locked by
interaction with the cyclopropylmethyl group of norBNI
(Figure 4). The rearrangement of Tfpmust be accompanied
by an~20° counterclockwise rotation (as viewed from the

u-opioid receptor. The corresponding active state model with extracellular side) of TM6 to avoid a collision of T with

the bound peptide agonist was generated here by distancdM3. This opens up a polar crevice among TM3, -6, and -7
geometry using the structure of the inactive state of rhodopsinthat can be partially filled by water. The rigid-body rotation
and a large number of experimental constraints from disulfide of TM6 and formation of the water-filled cavity weaken the
cross-linking and design of metal-binding centers. These packing of TM6 with TM3 and -7. Therefore, TM6 moves

constraints were combined from different rhodopsin-like

to an alternative spatial position and associates with TM5,

GPCRs, assuming that they share a common conformationwhere the conserved Pi&(6.44) is positioned between TM3

(82) and activation mechanisr21). This approach has been
successfully applied foab initio modeling of rhodopsin,

and -5 instead of between TM3 and -7, as in the inactive
state. The helix movement is accompanied by the rotation

when H-bond constraints between polar residues wereof polar conserved residues on the cytoplasmic side of the

combined from 410 GPCR48§, 83). The structural similarity

o-bundle (Ard®®, Tyr?52 and Ty#?%) and the rearrangement

of GPCR active states can also be expected, since a numbeof the H-bond network between TM3 and TM3. The rigid-

of different GPCRs are activated by identical or similar
ligands B84). The cross-linking constraints were supple-
mented by interhelical hydrogen bonds and protdigand
contacts identified in this work.

The active state model of thereceptor can be compared
with a homology model of the inactive state that was
proposed previously 16). This comparison (Figure 4)

body movement of TM6 induces smaller shifts of all the
other helices near the cytoplasmic surface and opens a large
cavity that can be occupied by the C-terminahelix of the
G protein @7) (Figure 5).

Thus, GPCR activation would include at least two separate
steps: (1) the rapid binding of ligand, which is accompanied
by reorientation of several side chains in the binding pocket

suggests a specific activation pathway. The process begingsuch as Asff’, Met!®,, GIuw??°, Lys*3 Tyr?%, Lys*% and

with binding of the peptide agonist. The most important
residue of the peptide is Tymhose N and hydroxyl groups
form H-bonds with Asp*” (TM3) and Hig%, respectively
(the hydroxyl group also forms an H-bond with the backbone
carbonyl of Al#49. These interactions induce rotation of the
Asp*4’ side chain. In the inactive statg;(~ —60°), Asp*4’
forms H-bonds with TH#? GIn?4, and Ty#?%. In the active
state {1 ~ 180°), Asp*4” forms an ion pair (distance 6f3.5

A) with the agonist. Furthermore, agonist binding results in
reorientations of several other side chains (¥etGIu??°,
Lys?33, Trp?®s, Tyr?®9, Lys®%3 and Tr'®) and small shifts of
TM3—7 and EL2. The interactions of the antagonist (norBNI)
with the inactive conformation are quite different. Its
tyramine portion also forms an H-bond with Pfi§ but the
N+ group is distant from the carboxyl of Ak} (distance of
~7 R). The cyclopropylmethyl group of norBNI occupies
the space between T and Tye?6, which prevents the
reorientation of Asff” and formation of the corresponding
ion pair. In the inactive state, HfE forms more extensive
contacts with the ligand, while the ionic interaction between
the N group of the ligand and Asfy must be much weaker.

Trp®t8) and small movements of surrounding helices, and
(2) a large-scale, slower motion of TM6 that is simultaneous
with rotation of Trg®and several other side chains (L&
Arg'®s Tyr?52 Tyr326 and Phé?), closer to the intracellular
surface, which is accompanied by rearrangement of a
hydrogen bonding network (see the Results). Such a mech-
anism is supported by recent studies of multistep activation
in the 5-adrenergic receptor). Surprisingly, four alternative
disulfide bonds can be formed between TM5 and -6 in the
presence of the agonist (Table 5 and 3&8f. This suggests
some flexibility of TM6 in the active receptor. The existence
of multiple ligand-specific active states of the receptor with
distinct cellular functions has been proposed recently on the
basis of the results of fluorescent studies of the
adrenoreceptos(-7) and differential effects of cross-linking
on the activation of G proteins and kinas@$)(

This proposed activation mechanism and the model of the
activeu-receptor are in agreement with extant experimental
data that were not applied during our distance geometry
calculations. First, a significant movement of the conserved
Trp (6.48) residue has been detected in rhodopsin and
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leukotriene receptor28, 86, 87, 93). Second, the estimation

of interhelical distances using cross-linking, spin-labeling,
and fluorescence studies indicates that the intracellular end
of TM6 moves away from TM3 and TM7 and closer to TM5
(5, 22, 24—26, 32), while TM4 moves slightly closer to TM2
(17), exactly as in our model. For example, the experimental
distances between spin-labels attached to positions 3.54 and
6.31-6.35 correlate with the corresponding distances in our
model (Table 5). Moreover, the increase in thé -/
distances between residues 169 in TM3 (3.54) and 276 in
TM6 (6.31) from 7 to 14 A or between residues 274 in TM6
(6.29) and 342 in TM7 (7.59) from 9 to 15 A in the active
u-receptor model is in good agreement with the observation
that the corresponding disulfide cross-linking impairs signal
transduction 26). Third, our model of the active state
explains the experimentally observed changes in residue
mobility and accessibility: (a) decreased mobility of residues
in TM5 (positions 5.62 and 5.66) and increased mobility of
residues in TM6 (positions 6.33, 6.34, and 6.36))( (b)
increased accessibility of residues at the inner face of TM5
(position 5.64) and TM6 (positions 6.36, 6.37, 6.40, 6.41,
and 6.44) to chemical modificatior6{, 87), (c) shift of
residues at positions 6.33 and 6.34 from the vicinity of Arg
(3.50) to the more nonpolar environment at the hetbhBlix

6 interface 24, 88), (d) burial of Cys (6.27) in a hydrophobic
environment and its approach toward TM5),(and (e)
accessibility of the TM5 inner face (positions 5.61, 5.64, and
5.65) for interaction with the C-terminal peptide of thg G
subunit 7). Fourth, the decrease in the number of interhe-
lical H-bonds (see the Results) and the opening of the
o-bundle from the intracellular side could result in increased
flexibility and decreased stability of the active state, which
is in agreement with many observatios 9, 90). Interest-
ingly, interhelical H-bonds, broken in the active state model,
are formed by residues whose replacements are known to
produce constitutively active mutant$4 64—66, 76).
Consequently, increased structural instability could be ex-
pected for constitutively active mutants that involve H-
bonded polar residues, which indeed has been experimentally
demonstratedd@). Fifth, the proposed model of therecep-

tor with JOMG6 satisfies all specific receptaigand interac-
tions identified in this work and explains numerous mu-
tagenesis results (see above) and data on the distinct effect
of mutation on agonist or antagonist bindingd( 71, 77).
Finally, the receptor-bound conformation of the cyclic
peptide, which has been proposed previously solely on the
basis of conformationactivity relationships of the ligand
(43), is complementary to the receptor model.

It must be emphasized that our model of #epioid
receptor was constructed by distance geometry calculations
with various constraints, rather than by theoretical methods.
It appears to be completely different from the published
FiGURe 5: Top view (from the cytoplasm) of the-opioid receptor  theoretical models of the active state of rhodopsin and
mg%egfarethﬁe:ir::ae(;“vaeréAéﬁgxnaCigV?iéggncogorr;aetmgtsibga”%emetarhodopsin 1191, 92) with available atomic coordinates
functionally important residues, whose spatial poFs)itions change upon(pDB entrles_lln6 and lovi, re_spectwely)._ In .these models,
receptor activation (ASf7, Argls, Tyr252 Phes® Trp?®3 and almost all helices are largely shifted, resulting in rmsds from
Tyr339, are shown in licorice representations. (C) Side view of the the inactive rhodopsin transmembrane helices (PDB entry
fragments of four helices (TM3 and~%) of theu-opioid receptor  1gzm) of 5.7 and 4.3 A, respectively, i.e., much larger than
erde'S in the t'”aCt"éec(";rr‘]'t?é S”gcg‘\fgl"§ égil;g?nsw;t?é%rsed%%”?ﬂc the rmsd of 2.2 A for our model. These theoretical models

een, magenta, an , . - . : . X
gona”y imgortant residﬁes’ whgse Spa);ial position changes upon &€ |ncon5|s'ten.t _Wlth expgrlmental data discussed above that
receptor activations (Asf, Argl®s Tyr252 Phesd, Trp2%3 and pointed to significant motion of only TM61(). Moreover,
Tyr339), are shown in licorice representations. the rigid-body shift and rotation of TM5 in PDB entry 1ovl
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substantially changes the geometry of the binding pocket and 13
brings the residues that are important for agonist binding in
other GPCRsY) into the lipid.

In conclusion, this study represents the first detailed
structural analysis of the interactions of a peptide agonist
with theu-opioid receptor. The experimental constraints that
were obtained, together with published cross-linking data,
allowed modeling of the active state in a complex with the
u-selective peptide agonist, by distance geometry. The
resulting realistic model of thg-receptor [available from

our web site (http://mosberglab.phar.umich.edu/resources/
index.php)] can be applied as a structural template for 17.

experimental and modeling studiesof, 6-, and «-opioid
and orphanine opioid receptors with different peptide or
alkaloid agonists, and eventually for rational drug design.

Moreover, the proposed model can also serve as a structural 18.

template of the active state of other rhodopsin-like GPCRs,
while the crystal structures of rhodopsin provide the template ;g
for inactive receptors.
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