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ABSTRACT: Publication of the rhodopsin X-ray structure has facilitated the development of homology
models of other G protein-coupled receptors. However, possible shifts of transmembrane (ENes,
expected variations in helical distortions, and differences in loop size necessitate experimental verification
of these comparative models. To refine a rhodopsin-based homology modelebheid receptor (MOR),

we experimentally determined structural-distance constraints from intrinsic and engineered metal-binding
sites in the rat MOR. Investigating the relatively high intrinsic affinity of MOR foPZ(ICso ~ 30uM),

we observed that mutation of Hi8 (TM7) abolished Z&" inhibition of ligand binding, while mutation

of Asp?16 (extracellular loop 2) decreased the effect ofZrsuggesting these residues participate in the
intrinsic Zré*-binding center of MOR. To verify the relative orientation of TM5 and TM6 and to examine
whether a rhodopsin-like aneurism is present in TM5, we engineered Zhinding centers by mutating
residues of TM5 and TM6 to Cys or His, making use of the nativeé¥ia TM6 as an additional Z-
coordination site. Inhibition of opioid ligand binding by Znsuggests that residues¥¢and Phé&’ in

TM5 face the binding-site crevice and form a metal-binding center witR°Hasmd Vaf® in TM6. This
observation is inconsistent with a rhodopsin-like structure, which would loc&té die the lipid-exposed

side of TM5, too distant from other residues making up th&Zrinding site. Subsequent distance geometry
refinement of the MOR model indicates that the rhodopsin-likeneurism is likely absent in TM2 but
present in TM5.

The u-, 0-, and k-opioid receptors are members of the computational technique5<{11). We developed at that time
rhodopsin-like G protein-coupled receptor (GPER)per- a computational approach for modeling the transmembrane
family, which transduce chemical and optical signals through 7 a-helical bundle of GPCRs that entailed an iterative
the cell membrane by activating intracellular G proteins. The distance geometry refinement with an evolving system of
opioid receptors are negatively coupled to cAMP production interhelical hydrogen-bonding constrain2) and applied
mainly through G (1) and play important roles in the it to the modeling of~30 different rhodopsin-like GPCRs,
modulation of pain perception and mood regulation. Clini- including theu-, 6-, and x-opioid receptors {3, 14). The
cally, opiates such as morphine are used as analgesics butalidity of our approach was confirmed by the publication
are among the most widely abused drugs, principally becauseof the crystal structure of rhodopsi8, (L5), which is in very
of their reinforcing euphoric effects, which are mediated close agreement with our ab initio mod&Pj, demonstrating
primarily through theu receptor ). a root-mean-square deviation (RMSD) of 2.88 A for 186

Except for the recently crystallized rhodopsa), tructural Co atoms.
data on individual GPCRs are limited; therefore, theoretical ~ The publication of the rhodopsin crystal structure has made
modeling remains an important tool for structufenction homology modeling of receptors from the rhodopsin-like
analysis of these receptors. Early computational models of family possible 16—18), and several opioid receptor models
GPCRs were largely based upon low-resolution electron based on the rhodopsin template have subsequently been
density maps of rhodopsin or high-resolution bacteriohodop- produced 19—23). It is known that the accuracy of com-
sin structures 4). During the mid to late 1990s, several parative modeling is highly dependent on the sequence
models of opioid receptors were proposed using different identity between the target sequence of interest and the
template sequenc@4, 25. The opioid receptor sequences,
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loop-modeling errors 24, 25. Misalignment, which is between correlated polar residues were used for the modeling
frequent in areas of low sequence identity and in regions of of the inactive conformation of tha receptor using the
distortions of secondary structure, is especially detrimental distance geometry refinement procedure, as described earlier
for accurate structural modelin@®). (12, 13).

The structural core of rhodopsin consists of seven @M
helices, a3 hairpin in extracellular loop 2 (EL2) attached EXPERIMENTAL PROCEDURES
by the conserved disulfide to TM3, and the peripheral helix ~ Materials. The pCMV expression vector containing the
8, which is conserved in the majority of rhodopsin-like coding sequence for the rat MOR was obtained from
receptors, as evidenced from multiple sequence alignmentsProfessor Huda Akil at the University of Michigan. Pfu turbo
(19). The N- and C-terminal fragments and the interhelical DNA polymeraseDpnl restriction endonuclease and XL1-
loops represent variable structural elements. Helix irregulari- blue super-competelischerichia colicells were purchased
ties are often present in the structuresdielical membrane  from Stratagene. COS-1 (African green monkey kidney cell
proteins, but their positions can vary among homologous line, SV40 transformed) cells were obtained from the
proteins 7). Examination of the rhodopsin X-ray structure American Type Culture Collection (ATCC), CRL-1650.
reveals a number of helix irregularities within the T Nucleotide primers, antibiotics, Lipofectamine Plus reagent,
bundle, including several kinks induced mostly by Pro cell culture media, and reagents were purchased from
residues, a fragment ofghelix in the middle of TM7, and  Invitrogen. fH]Naloxone and§H]DAMGO were purchased
o aneurisms in TM2 and TM510). An a aneurism, also  from Amersham-Pharmacia and NEN, respectively. The 96-
referred to as a bulge @7), represents a deformation in an  well Multiscreen-FC glass fiber filter plates (MAFCNOB10)
o helix caused by the insertion of a single residue (in were purchased from Millipore. All other reagents were from
rhodopsin, these are GRand Hig'! in TM2 and TM5, Sigma-Aldrich unless otherwise indicated.
respectively) and is characterized by the formation of two  Site-Directed MutagenesiSingle- and double-point muta-
hydrogen bonds of typei + 5 (28). However, the observed  tions of the rat MOR were generated from thipCMV
distortions may not be general structural features of the entireexpression vector using the QuikChange Mutagenesis Kit
rhodopsin-like family of GPCRs. (Stratagene, La Jolla, CA). Each mutation was verified by

For GPCRs, the sequence alignment in TM segments isSDNA cycle sequencing.
rather straightforward because of the presence of highly Cell Culture and TransfectionrCOS-1 cells were grown
conserved residues in each TM helix and in helix 8; however, to 80% confluency in Dulbecco’s modified Eagle's media
an insertion of extra residues in anhelix (o. aneurism) (high glucose) supplemented with 10% FBS and incubated
can produce a misalignment such as a register shiftio an at 37°C in 5% CQ. A total of 8 or 10ug per 75-cm flask
helix if the target receptor indeed lacks such a helical of theu-opioid/pCMV wild-type and mutant plasmids were
distortion. To make models suitable for rational ligand then transiently transfected into the cells using Lipofectamine
design, it is necessary to experimentally validate the accuracyPlus reagent (20 and 30L of Plus reagent and Lipo-
of the proposed models, especially in the area of helical fectamine, respectively).

distortions, the less conserved region of the EALRairpin, COS-1 Membrane Preparatiokivhole membrane prepa-
and other loop regions where the sequence alignment isrations for radioligand-binding studies were prepared simi-
unclear. larly to the established procedurei8). Briefly, 48 h after

Experimental validation can be achieved by the determi- transfection, the COS-1 cells were scraped into 50 mM Tris-
nation of interresidue distances. One method for such HCI at pH 7.4 containing 0.1 mg/mL PMSF (ice-cold) and
determination, the engineering of Zrbinding sites, has  homogenized using a Polytron homogenizer. After centrifu-
been widely used to study the relative proximity and the gation at 15008 for 30 min at 4°C, the membranes were
dynamics of transmembrane helices in GPCE534). The resuspended to a concentration of 0.2 mg/mL in the
choice of divalent zinc for the formation of metal-binding homogenization buffer. The concentration of membrane
sites was based on the lack of redox activity foPZrthe protein was determined using the method of Bradf@®) (
relatively rapid ligand exchange reaction, and the ability of with bovine serum albumin as a standard.
zinc to interact strongly with a variety of ligand types, Radioligand-Binding Assay3.he nonspecific opioid an-
including sulfur from cysteine, nitrogen from histidine, and tagonist fH]naloxone and the:-selective peptide agonist
oxygen from glutamate, aspartate, and wate%).( Each [BH]DAMGO were used for binding studies. For each data
intrinsic and engineered Zh-binding site provides a set of  point, 40-50 ug of the COS-1 membrane preparations in
distances known from the geometry of the tetrahedral sites200 4L of 50 mM Tris-HCI at pH 7.4 were used. The
(36, 37), which can be used as constraints for the distance membranes were incubated with 2b-aliquots of radio-
geometry refinement procedure. ligand in 50 mM Tris-HCI at pH 7.4 in 96-well polypro-

In the experiments reported here, we have studied anpylene microtiter plates. Radioligand concentrations 0f-0.1
intrinsic Zr*t-binding site of theu-opioid receptor (MOR) 20 nM were used for saturation binding studies. Zinc-effect
together with newly engineered Zncoordination sites  assays were carried out in the presence of 2 nM of
between TM5 and TM6 to assess the rhodopsin-basedradioligand and 0.1 nM1 mM of ZnCk. Nonspecific
homology model of the MOR in the problematic areas of a binding was determined in the presence @f\ unlabeled
f hairpin in EL2 and of ano. aneurism in TM5. The  naloxone. After the samples were incubated for 1.5 h at room
experimental distance constraints obtained between mutatedemperature, they were transferred to 96-well glass fiber filter
residues involved in the formation of the metal-binding sites plates, vacuum filtered, and washed withx2200 uL of
together with distance constraints derived from the rhodopsinice-cold 50 mM Tris-HCI at pH 7.4. Filter plates were
structure and the set gfspecific interhelical hydrogen bonds counted using a Wallac TriLux 1450 scintillation counter.
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TM1 and IL1

OPSD_BOVIN 34 PWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRT

OPRM_RAT 65 MVTAITIMALYSIVCVVGLFGNFLVMYVIVRYTKMET

OPRD HUMAN 46 LALAIAITALYSAVCAVGLLGNVLVMFGIVRYTKMKT

OPRK_HUMAN 56 PAIPVIITAVYSVVFVVGLVGNSLVMFVIIRYTKMKT

TM2 and EL1

OPSD_BOVIN 71 PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVF

OPRM_RAT 102 ATNIYIFNLALADALATS-TLPFQSVNYLMGTWPF

OPRD HUMAN 83 ATNIVIFNLALADALATS-TLPFQSAKYLMETWPF

OPRK_HUMAN 93 ATNIYIFNLALADALVTT-TMPFQSTVYLMNSWPF

TM3 and IL2

OPSD_BOVIN 106 GPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFG-
OPRM_RAT 136 GNILCKIVISIDYYNMFTSIFTLCTMSVDRYIAVCHPVKALDFRT
OPRD_HUMAN 117 GELLCKAVLSIDYYNMFTSIFTLTMMSVDRYIAVCHPVKALDFRT
OPRK_HUMAN 127 GDVLCKIVISIDYYNMFTSIFTLTMMSVDRYIAVCHPVKALDFRT

TM4 and EL2

OPSD_BOVIN 150 ENHAIMGVAFTWVMALACAAPPLV-GWSRYIPEGMQCSCGIDYYTPHEETN
OPRM_RAT 181 PRNAKIVNVCHNWILSSAIGLPVMFMATTKYRQG--SIDCTLTFSHPTW-YW
OPRD_HUMAN 162 PAKAKLINICIWVLASGVGVPIMVMAVTRPRDG--AVVCMLOQFPSPSW-YW
OPRK_HUMAN 172 PLKAKIINICIWLLSSSVGISAIVLGGTKVREDVDVIECSLQFPDDDYSWW
TM5 and IL3

OPSD_BOVIN 200 NESFVIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQES

OPRM_RAT 229 ENLLKICVFIFAFIMPVLIITVCYGLMILRLK-SVRMLSGS
OPRD_HUMAN 210 DTVTKICVFLF&FVVPILIITVCYGLMLLRLR-SVRLLSGS
OPRK_HUMAN 223 DLFMKICVFIFAFVIPVLIIIVCYTLMILRLK-SVRLLSGS

TM6é and EL3

OPSD_BOVIN 241 ATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQ---GSDFG
OPRM_RAT 269 KEKDRNLRRITRMVLVVVAVFIVCWTPIHIYVIIKALITIP-ETTFQ
OPRD_HUMAN 250 KEKDRSLRRITRMVLVVVGAFVVCWAPIHIFVIVWTLVDIDRRDPLV
OPRK_HUMAN 263 REKDRNLRRITRLVLVVVAVFVVCWTPIHIFILVEALGSTS-HSTAA

TM7 and IL4 (helix8)

OPSD_BOVIN 285 PIFMTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGKNP
OPRM_RAT 315 TVSWHFCIALGYTNSCLNPVLYAFLDENFKRCFR-EFCIPTSS
OPRD_HUMAN 297 VAALHLCIALGYANSSLNPVLYAFLDENFKRCFR-QLCRKPCG
OPRK_HUMAN 309 LSSYYFCIALGYTNSSLNPILYAFLDENFKRCFR-DFCFPLKM

Ficure 1: Sequence alignment of bovine rhodopsin and the+gtumand-, and human-opioid receptors. Secondary structure elements
were taken from the recent rhodopsin crystal structure (1gzm). The aneurisms are underliedd,residues are in bold (purple), and
residues in thé hairpin of EL2 are in bold italic (green). The row of polar residues from one side of TM2 are shown in blue. The mutated
residues participating in the formation of intrinsic and engineered-Bimding centers are shown in red.

Data Analysis.The saturation-binding results were ana- residues of the MOR has only a minimal affect on the binding
lyzed, andKp and Bmax values for the wild-type (WT) and  of naloxone and DAMGOA41). The membrane-bound helix
mutant receptors were determined using the LIGAND 8 adjacentto TM7 was included in the model, while the rest
module of RADLIG (Biosoft, Ferguson, MO). Saturation- of the C terminus, conformationally flexible in the rhodopsin
binding experiments were done in duplicate, and values for structure, was omitted. The side chains of the template were
Kp's were expressed as hanomolar$SEM (standard error  substituted by the residues of the modeled receptors using
of the mean)Bnax Values are expressed in picomoles per THREAD, taking the main-chain dihedral anglesgnd)
liter. Competition-binding assays were analyzed using Sig- and the side-chaig! angles from the template. Steric clashes
maPlot 7.0 (SPSS Science, Chicago, IL). All competition- between side chains were removed using alternative side-
binding curves were fit by nonlinear regressions, angh IC chain orientations from a rotamer librar2). Side chains
values were determined from the fitted curve. Average IC  of polar residues were oriented to maximize the number of
values reported for competition assays #r8EM based on ~ mutual hydrogen bonds. The visualization module of
two or more independent experiments, each done in dupli- QUANTA (MSI) was used for the manual adjustment of the
cate. side-chain rotamers to remove major hindrances and to form

Computational Modeling of MOR:he procedure includes  hydrogen bonds between proximal polar side chains.
two major steps: (1) modeling of the MORs using the  Distance geometry calculations of the receptor models
rhodopsin X-ray structure and (2) distance geometry refine- were performed with DIANA 43), using @3—Cg distances
ment of the receptor. The MORs were modeled using the between proximal residues (with an allaavé A deviation)
recent coordinates of bovine rhodopsin from the Protein Dataand angle constraints generated from the template, as
Bank (code: 1gzm)40) and the alignment of sequences of previously describedl@, 13). Interhelical hydrogen bonds
both proteins from GPCRDABLQ), slightly modified for the between polar side chains of the receptor were obtained from
loop regions (Figure 1). The 64 residues from the N terminus the initial model, validated by several iterative calculations
were omitted because it has been shown that deletion of theséo ensure consistency and added as additional interhelical
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Table 1: List of Receptor-Type-Specific Distance Constraints for the Distance Geometry Refinement of the MOR Models

Hydrogen-Bond Distance Constraints (2.9 A) between Side Chains and between Helices

proton donors proton acceptors proton donors proton acceptors
residues atoms residues atoms residues atoms residues atoms
Sef* Oy Thrs? oyl Asnis8 N2 Asnioo 001
Tyr?® On GlInt?* Oel Asnot No2 Sef% Oy
Tyr’® On Tyrt28 Ony Trpt®? Nel Asntoo 001
Asns No1 Gly®2 o) Thio? Oyl Tyr2? o}
AsnPé No2 Sef?9 (0] Thr208 Oyl Tyr??? o
Asnté No2 Asnti4 062 Arg?tt N#2 Sef?? Oy
Arg® N#2 Glu® Oe2 Glret2 Ne2 Gly?t3 o
Tyro® On Glu3® Oel Seft4 Oy Asp?1e 061
Lysto N¢ lle% (0] Seft4 Oy His®1® No1
Lysto0 N¢& Tyre (0] Lel?t? N Tyrl48 On
Asnto4 001 Thrtot Oyl Thr?20 Oyl Lys?9® o
Asnito4 No2 Tyrs% Oy His?23 No1 Phé o
Tyrlos On Asntes 001 Hig??3 Ne2 Glu?o Oel
Asnto® No2 Asntot 001 Asr¢30 No2 ThRv? Oyl
Asnto? No2 Thrts? Oyl Lys?33 N¢ Glu?® Oel
Thrlt8 Oyl Gly®2 o Arg?58 Ne Arg?s8 O
Thr20 Oyl llet4? (¢} Arg?58 N7l Sefét Oy
Glnt?4 Ne2 lle?ts o Arg?58 N#2 Asp7? 062
Glnt?4 Oel Tyr326 On Arg?7? Ne Sepbe Oy
Asnt?? No2 Sef4 O Trp?® Nel Asr#28 001
Thrt32 N Asnt?? 001 Thieo? Oyl GIuw?® Oel
Trpts Nel GIr?1® Oel Thr815 Oyl Asprié 062
Trpt3s Nel lg?15 o) Trpsts Nel Thi18 Oyl
Asnte? No2 Tyr?10 (0] His?1o Ne2 Tyrt28 On
Lyst4t Ne Met203 0 His®19 No1 Aspi6 062
Tyrl4o On Sef% Oy His319 No1 Asp16 001
Asnt>0 No2 Asptt4 001 Tyrs?6 On Aspt4’ 002
Thrt53 Oyl Set% Oy Asnp?8 No2 Asns0 001
Thrt57 Oyl Asntot 001 Asnis2 No2 Asptt4 001
Arg16s N72 Aspé4 001 Asris? No2 Sef>* Oy
Argles Ne Thr?7® Oyl Asrys? No2 Asry28 o
Argles N7l Th?™® Oyl Lys?# Ne Phess O
residues atoms residues atoms distances (A)
Disulfide Bond Constraints
CysHo Cs Cygt7 (07} 4.20
CysH0 CB Cyst? Sy 3.05
CysHo Sy Cygt7 G 3.05
Cysl40 Sy Cygt7 Sy 2.04
Zn?*-Binding Site Constraints for “Mutant” Receptor Model
Cys=* Sy Cys®7 Sy 3.90
Cyg=4 Cp His?%" (07} 8.50
Cys=* Cs Cys? CB 7.50
Cyg34 Sy His?%7 Ne2 3.50
Cys=* Sy Cys?0 Sy 3.50
Cys®7 Cs His?%7 Cj 6.50
Cys®7 Sy His?®” Ne2 3.40
Cys®7 Cp Cys’00 Cp 6.50
Cys®7 Sy Cys?0 Sy 3.80
Cysi00 Sy His?%7 Ne2 3.20

distance constraints (Table 1). In calculations with DIANA, sented in Figure 1, where an extra residue was added at the
the angles and the hydrogen-bond distance constraintsend of TM4, two residues were deleted from the turn of the
appropriate for helices ¢ = —70 to —50°, v = —50 to p hairpin, one from the end of EL2, one from the end of
—30°, upper limit for NH-+-O,_, distance is 1.9 A) and for ~ TM5, and one from helix8, one residue was added at the
f sheet = —150 to—90°, yp = +90 to+150°) were used, end of intracellular loop 2 (IL2), and three extra residues in
except in the case of Pro kinks anéneurisms. The standard EL3 formed a turn of the helix. In the calculated structure,
target function minimization strateg#) was used for the  the end of EL2 adjacent to TM5 was flexible, demonstrating
calculations. The target (scoring) function represents the sumseveral conformations that were different from the rhodopsin
of weighted violations of distance (upper and low) and structures.

dihedral constraints and the penalty for possible overlaps During the refinement procedure, theaneurism present
between contacting atoms. Several variants of loop-residuein the rhodopsin template was removed from TM2 based on
alignments with rhodopsin (1gzm) were tested during the following evidence. First, all sequences of opioid
distance geometry refinement for consistency with other receptors are one residue shorter than the rhodopsin sequence
distance and angle constraints. The final structure with the in this part of TM2, suggesting that the extra-residue insertion
lowest target function corresponded to the alignment pre-is unlikely in the opioid receptors. Second, all opioid
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A TM1 TM7 receptor 45), while the pattern of polar residues in TM2 of

melanocortin receptors and their involvement in ligand
binding @6, 47) indicate the absence of ananeurism in
TM2 of these receptors.

Four sets of distance constraints were used for calculation
of MOR models with two different geometries of TM5
(Table 2): one similar to the rhodopsin structure withoan
aneurism at Al (type-1 model) and another without the
o aneurism (type-2 model). The reference type-1 model with
rhodopsin-like geometry of TM5 was calculated without the
additional constraints derived from the incorporation of a
metal-binding site between TM5 and TM6. In the other three
sets of models, the additional distance constraints between
TM5 and TM6 were included in calculations, consistent with
the tetrahedral geometry of Zinbinding centers36): 6.5—

8.5 A distances betweenpcCpB atoms and 3.24.0 A
distance constraints between O, N, and S atoms of the
residues participating in the formation of Zrbinding sites
(Table 3). During calculations the side chains of residues in
positions 234, 237, and 300 were retained, such as in the
native sequence of the MOR, or replaced by cysteines, such
as in the engineered mutants. In all approximations, EL2 was
taken from the rhodopsin template (see alignment in Figure
1), as &3 hairpin with S-S bond between C{¥ and Cys'’

(48) and with Aspéforming an intrinsic ZA*-binding center
with His?'® from TM7, consistent with the experimental
observations described below.

. > Extracellul Cof TML. TM2. TM3. and TM7 of th For each distance geometry calculation, the five best
IGURE Z. EXtracellular part o , , , an (0] e i H
rat MOR. (A) Refined model with thg hairpin (EL2) connected structures with the lowest target functions were analyzed.

to TM3 by a disulfide bond between C§8and Cy&and to TM7 The sel_ection of the . best receptor mode_l among several
by an intrinsic ZA™-binding site formed by AsB® and Hi$®. alternatives was assisted by docking opioid ligands and
Exclusion of thea aneurism from TM2 allows the polar residues  examining which model(s) provided the best, most consistent
Thri?0, GIn'*, and Asi?’ to face the ligand-binding cleft. (B) fit. Ligand docking was performed manually using QUANTA
Unrefined model with ano aneurism in TM2, similar to the 5 jes, followed by the DOCK application incorporated
rhodopsin template, where the polar residuest?hGInt?4 and . . . .
Asni? face the lipid bilayer. in QUANTA. Docking was performed in a stepwise manner
using a set of opioid ligands. The first docking candidate
, . was the large rigid alkaloid norBNI, which binds to the MOR
receptors hav.e.a row of polar r(_aS|dues Iocat_ed' in+ 4, with relatively high affinity Ko ~ 10 nM). This was
andizj ’ et2345|tlons a:fz;'g one side of thehelix in TM2 followed by naloxone, used in the binding assay. The docking
(Thr '1%;1"1 ' la0r51d As '”O;he” receptor, the correspolnd- was directed by proposed electrostatic interactions between
ing Thit®, GIn'®, and Lys® of the 9 receptor, and ThF, the N* of the ligands and the conserved A&pn TM3 of

GIn'*, and Val*® of the « receptor). This row of polar o u receptors, by hydrogen-bond formation between the
residues is oriented toward the ligand-binding pocket if TM2 group of the ligand tyramine moiety and the conserved

has idealo helix geometry, as illustrated in Figure 2A but  4is297 in, TM6. and by the proximity between the second
faces the membrane lipid if am aneurism is retained in  n+ of norBNI’and Lyg%3 in TM6, a position occupied by
TM2 (Figure 28). IQQeed, Asfi” of the i receptor and the 297 the «-opioid receptor, an important residue for the
corresponding Ly$®in the o receptor have been shown t0  j,creased norBNI-binding affinity to thereceptor 49). The

be important for ligand binding4¢). These observations  i5mic coordinates of the refined model of the rat MOR
suggest that these polar residues in TMz.0ando-opioid (inactive state) with norBNI bound have been deposited on

receptors are oriented toward the ligand-binding pocket and ;- \wep site (http:/mosberglab.phar.umich.edu/resources/
indicate the absence of am aneurism in TM2. Recently index.php).

publishedd-opioid receptor models2Q, 21) and the auto-

matically generated models of other opioid receptd® ( RgsSULTS

retain theo. aneurism found in TM2 of rhodopsin, resulting

in the unlikely reorientation of a polar cluster toward the  An Intrinsic Zr#*-Binding Center in the MOR Is Formed
lipid bilayer (Figure 2B). Our alignment also differs from by His*'®and Asp'é. The zinc sensitivity of the WT receptor
the one proposed in these models, near the helix ends, helixand receptor mutants was evidenced by reduced radioligand
distortions, and in the loop regions. The presence or absencdigand binding in the presence of increasing amounts of
of distortions in TM2 appear to be receptor-specific and ZnCl,. The affinities of the intrinsic and engineered?Zn
therefore require experimental verification. For example, binding sites were assayed by inhibition éfi[naloxone or
cysteine-scanning mutagenesis data are consistent with th¢*H]DAMGO binding and the I, values for ZA" inhibition
presence of am aneurism in TM2 of the dopamine D2 (the concentration of Zngthat disrupted 50% of radioligand

GIn124*
™2 U\
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Table 2: RMSD between Distance Geometry Refined Models of Rat MOR (Model with the Best Target Function) and the Rhodopsin
Templaté

RMSD (A)
o aneurism  TM5—-TM6 residues 234, 237, within versus TM versus TM5-TM6 target
models in TM5 constraints and 300 model set of rhodopsifi of rhodopsid function
reference + — native 0.50+ 0.09 1.07 131 49.3
type-1 native + + native 0.67+ 0.07 1.22 1.44 54.7
type-1 mutant + + cysteines 0.6% 0.08 1.18 1.44 51.7
type-2 native - + native 0.63+ 0.06 1.17 1.38 67.7

a Sets of calculated models differ by the presence or absence @faaeurism in TM5, by the substitutions for residues in positions 234, 237,
and 300 for cysteine, and by the incorporation of additional distance constraints between TM5 and TM6 appropriate for the zinc-bifding sites.
all 291 G atoms, the pairwise superposition of four structures with the best moet.235 Gx atoms of TM fragments, helix 8, ag@ihairpin.
dFor 59 GQx atoms of TM5 and TM6.

Table 3: Endogenous and Atrtificially Created Zinc-Binding Centers in the MOR: Effect &f @m the Binding of the Radioligaidd

[®H]naloxone fHIDAMGO

mutants Kp (nM) Zn?t 1Cs0 (,uM) Kp (nM) Zn?t 1Cs0 (‘LtM)
uWT 1.8+0.3 32.6+ 3.7 (3) 1.1+ 0.33 62.2+ 3.8 (4)
H297Q nt nb 0.96+ 0.25 61.0+ 4.0 (2)
H319N 5.0+ 2.0 200.0+ 22.0 (2) nb nb
H223N/H319N 4.0+ 2.0 300.0+ 30.0 (2) nb nb
D216V 3.6+1.4 70.0+ 5.7(3) 0.9+ 0.6 175.0+ 9.3 (3)
N230H 1.2+0.2 32.5+25(2) 1.0+0.11 41.7+ 6.0 (3)
1234C 1.4+ 0.3 32,5+ 2.5(2) 1.3+ 0.12 40.0+ 5.6 (2)
F237H 28+ 1.6 25.0+3.0(2) 3.5+ 1.7 10.0+£ 1.1 (3)
V300C 1.3+ 0.2 20.0+ 1.6 (3) 2.5+ 0.89 21.0+ 1.4 (3)
N230H/1234C 1.4£0.7 32.0+ 1.7 (3) 0.58+ 0.06 16.0+ 0.9 (3)
1234C/V300C 2614 6.7+ 0.25 (3) 0.97+ 0.40 16.6+ 1.6 (3)
1234C/F237C 2.6t1.7 3.0+ 0.17 (4) 0.84+ 0.17 6.2+ 0.42 (3)
F237C/v300C 3.8:2.7 10.0+ 1.4 (3) 3.7+ 1.8 16.6+ 2.9 (3)
F237C/F241H 5& 2.8 45.0+ 3.7 (4) 0.94+ 0.2 16.44+ 2.2 (3)
1234C/F237C/H297Q nb nb 5%1.3 50.0+ 6.0 (4)
1234C/F237C/H319N 6.40.5 30.0+ 2.4 (2) nb nb

a Competition assays were carried out in the presence of 2°Hllh@loxone and 0.1M—1000 mM ZnC}. Nonspecific binding was determined
in the presence of 2 mM unlabeled naloxone. Values reportett 8EM based on two or more independent experiments (number in parentheses),
each done in duplicaté.nb = no displaceable, specific ligand binding observed.

binding) in the WT and in the mutants of the rat MORs are are consistent with these following observations: the H297Q
summarized in Table 3. mutant loses the ability to bind naloxone, but binding of

Although thex- andd-opioid receptors have been reported DAMGO is unaffected, while the H319N and H223N/H319N
to be relatively insensitive to 2n (33, 50), our results mutants bind naloxone with high affinity but do not bind
demonstrate that 2n significantly reduces naloxone and DAMGO.

DAMGO binding to the WTu receptor with 1Gy = 32.6 = It can be seen from Table 3 that the H297Q mutation has
3.7 and 62.2+ 3.8uM, respectively. To determine whether no effect on the Z#f sensitivity of DAMGO binding, an
any of the histidine residues present in the extracellular half indication that Hi$®” does not participate in the intrinsic
of the MOR contribute to this intrinsic, relatively high- Zn?"-binding site of the WT receptor. In contrast, replacing
affinity Zn?*-binding center, we examined the effect of the His®?in both the H319N single and H223N/H319N double
replacement of each of three histidines from TM6 &is mutant greatly reduced sensitivity of naloxone binding to
TM7 (His®9, and EL2 (Hi8?® by residues incapable of Zn?* (ICso values of 200 and 300M, respectively). These
chelating ZA*. The corresponding mutants were H297Q, results indicate that Hi¥ is the most likely coordination
H319N, and the H223N/H319N double mutants. The double site for Zr¥* in the nativeu receptor, while other extracellular
mutant was designed to verify the possible interaction histidines are not involved in Zh binding. Moreover, Hi&?
between residues H®&, located in EL2, and H&?, in TM7, remains distant from H#¥° as in the rhodopsin X-ray
which are distant in the rhodopsin-based modef<Cp structure. It is thus likely that one or more EL2 or TM3 Asp,
distance~ 19 A) but can approach each other if EL2 exhibits Glu, or Cys residues proximal to K also contributes to
rather high flexibility. the Zr#* binding of the WT receptor.

Differential effects on agonist and antagonist binding have  Recent cysteine-scanning mutagenesis of the dopamine D2
been reported for mutations of H297 and H319 in the receptor confirmed that EL2 of this rhodopsin-like GPCR
receptor. It has been reported that H297N substitution doespreserves @-hairpin-like conformation similar to rhodopsin
not affect DAMGO binding but decreases naloxone binding (53). We suggest that EL2 in the receptor can also retain
(51). In contrast, naloxone affinity for the H319Areceptor this g-hairpin-like structure with deletion of two residues
mutant is similar to that for theg WT, while DAMGO from the turn region (see alignment in Figure 1). In this EL2
affinity is greatly reduced52). As shown in Table 3, our  conformation, Asp® would be near HiE° and thus could
results for the H297Q, H319N, and H223N/H319N mutants participate, along with H&® in the endogenous 2n
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binding site. Indeed, the mutation of A3pto Val, the
corresponding residue in thé receptor, decreases the
inhibitory effect of Zr#* on both naloxone and DAMGO
binding (Table 3). These data suggest that residuedHis
and Asp* of theu receptor are, in fact, close to each other
and participate in the formation of the intrinsicZrbinding
site. In any rhodopsin-like model of thereceptor, no other

Fowler et al.

sensitivity of naloxone binding (l§ ~ 10uM) relative to

that of the WT and to the corresponding single mutants.
These observations correlate with the relative locations of
Asrg30 [e234 Phe&?’, and Vab from His2®”. While the first
residue pair is distant from Hi¥, the second pair is proximal

to His?®” and could form a tridentate metal-binding site. The
results for the F237C/F241H mutant are less clear because

aspartate, glutamate, or cysteine residues are in the vicinityof reduced naloxone binding in the absence of'Zn

of His®'®. The closest such residue, Agpfrom TM3, is
rather distant from H&° (CS—Cp distance~ 13 A) and
therefore is unlikely to be involved in 2h coordination.
An Engineered High-Affinity 2i-Binding Site Is Formed
by Residues 1234C, F237C, and V300C and’Hisf TM5
and TM6.To test the relative position of the flexible TM5

The results for the 1234C/V300C and 1234C/F237C double
mutants, in which a cysteine residue is incorporated into the
lle234 position, located on the lipid-exposed face of TM5 in
the rhodopsin template, are particularly interesting. As seen
in Table 3, the 1234C/V300C double mutant shows an
approximately 5-fold enhancement, while 1234C/F237C

and TM6 and to assess the structural features of the regionshows a 10-fold enhancement of the sensitivity t¢'Zior

of possible distortion in TM5 of the MOR near Afd
(corresponding to the aneurism in rhodopsin), we mutated
residues near A% in TM5 and TM6 to either Cys or His

both naloxone and DAMGO binding, suggesting that, in each
case, both mutated residues, along with?Hjsparticipate
in forming the Z@A"-binding center. It should be pointed out

(depending upon which replacement introduced the leastthat the nominal 510-fold increase in Z& sensitivity is a

distortion of the helices in our molecular model) to facilitate
possible ZA" binding, taking advantage, too, of the proximal
native Hig%” of TM6. The residues chosen for mutation
(Phes”, Phé*!, and VaP®) lie 2—4 helical turns from the
extracellular ends of TM5 and TM6. We also mutated residue
lle?34 in the second turn of TM5, which faces the lipid
environment in the rhodopsin-like structure but would be

considerable underestimate, because the effect is masked by
the presence of the intrinsic Zrbinding site. The participa-

tion of His*®’, assumed in the design of the experiments, is
confirmed by the lack of Z# sensitivity for DAMGO
binding displayed by the triple mutant 1234C/F237C/H297Q.
The involvement of [1&8#*in Zn?* binding indicates that Ifé*

is oriented away from the lipid environment in the MOR

reoriented toward the binding-site crevice in the absence of and toward the ligand-binding crevice, in direct contradiction

an o aneurism. By comparing the relative zinc affinities of
mutants of various residues up and down TM5 and TM6,
we were able to deduce the relative position of these two

helices and the proximities of their residue side chains. Then,

if a receptor mutant exhibits a lower 4¢€for Zn?* binding

of the prediction from the rhodopsin-based model.
Refinement of the Homology Model of the MOR Using
Experimental Distance ConstraintShe data obtained that
indicate proximity between residues FYTM7) and Asj3*®
(EL2), which participate in an intrinsic zinc-binding center,

than the WT, the mutated residues are considered to be inand between PR& (TM5) and Vaf® or His®®” (TM6),

close proximity to the native Hi¥". Evidence in support of
the role of Hig%" is described below.

In the absence of 2h, most mutant receptors studied
bound the nonselective antagonist naloxone angiibelec-
tive peptide agonist DAMGO witKp values similar to that
of the WT, indicating that the opioid-binding pocket was

inferred from the engineered metal-binding center, agree with
the observed distances of 8 A between G—Cp atoms of

the corresponding residues in the rhodopsin template.
However, the experimentally observed involvement of 1234C

in the artificially designed metal-binding center between TM5

and TM6 is inconsistent with the rhodopsin template, which

well-preserved in these mutants. Notable exceptions are theplaces I1é3in the lipid environment away from the ligand-

H297Q and 1234C/F237C/H297Q mutants, which lose the
capacity to bind naloxone, and the 1234C/F237C/H319N
mutant with no binding of DAMGO. For the single-residue
mutations of the TM5 and TM6 residues, the effect o/dZn
binding is generally small. However, introduction of a Cys
residue in place of V&, located one turn from Hi& in
TM6, decreases the ZhICs, for DAMGO binding by ~3-
fold, while incorporation of His in TM5 in place of P&,
opposite Hig*” of TM6, (~8-A CB—Cp distance in the
rhodopsin structure) decreases?ZmCso for DAMGO by
~6-fold. The Zi#" sensitivity of naloxone binding was also
increased for the V300C mutant but to a lesser extent.
Notably, the incorporation of a single His or Cys residues
in place of AsiA® or lle?34, both more distant from H#&’
(CB—CpB distance of 17.8 and 13.9 A, respectively, in the
rhodopsin structure), does not change*Zaensitivity of
naloxone binding.

A similar tendency is observed for the double mutants.

binding crevice and wheref&=-Cf distances between R&
and Hig%” and between IR84 and Vaf® (13.9 and 12.9 A,
respectively) are too large to allow participation in the same
Zn?*-binding site. However, IE* can be oriented toward
the ligand-binding pocket and could approach residue¥¥al
and Hig% in TM6 if the u receptor lacks am aneurism at
Ala?*Oor if there is an increased kink angle at Pfgoallowing

the extracellular part of TM5 to bend toward TM6.

To choose between these possibilities and to assess the
likelihood of the oo aneurism in TM5 of the MOR, the
homology model of the inactive MOR was refined by
distance geometry calculations as described in the Experi-
mental Procedures.

Four sets of models with (type 1) and without (type 2) an
o. aneurism in TM5 and with and without the structural
restraints between positions 23237—297—300 derived
from the Zr#™-binding studies described above were calcu-
lated (Table 2). All types of models superimpose well with

As can be seen in Table 3, the N230H/I234C double mutant the Go. atoms of the corresponding residues of the rhodopsin

shows no enhancement of Znsensitivity of the naloxone
binding relative to that of the WT. On the other hand, the
F237C/V300C double mutant demonstrates increaséd Zn

structure (using the alignment in Figure 1) with RMSD
1.2 A for 215 Gx atoms in TM helices, helix 8, and th#
hairpin in EL2 and with RMSD= 1.6-1.8 A for all 263
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Ficure 3: Comparison of the refined models of rat MOR. (A and B) Superposition of TM5 and TM6 of the type-1 models. Reference
model (gray color; the 8—Cp distances between residues 234 and 297 and between residues 234 and 300 are 13 and 12.4 A, respectively)
and refined model calculated with restraints between residues2®8#4-297—300, corresponding to the formation of the’Z+binding site

(blue color; the G—Cp distances between residues 234 and 297 and between residues 234 and 300 are 9 and 7.5 A, respectively). (C)
Superposition of TM5 and TM6 of the type-1 reference model (gray color) and the type-2 model, calculated aitineutrism in TM5

and with restraints between residues 2287—297—-300 (yellow color). Thex aneurism at Al&? is indicated in red.

corresponding @ atoms. The reference rhodopsin-like because of steric hindrances. Thus, the type-1 models, which
models, calculated without the additional Zsbinding retain theo. aneurism in TM5, provided fewer hindrances
restraints, had the lowest RMSP 1.1 A, compared to the  and better consistency for all structural restraints.
rhodopsin template. The pairwise RMSD for each helix of

the best reference structure are 0.87 (TM1, 31 atoms), 1.03DISCUSSION

(TM2, 29 atoms), 0.75 (TM3, 33 atoms), 1.05 (TM4, 24 - ] o
atoms), 1.27 (TM5, 28 atoms), 1.34 (TM6, 31 atoms), and _To test the _model of the MO_R, we u_t|I|zed the zinc-binding
1.10 A (TM7, 24 atoms), respectively, and have-A shifts site engineering method appll_ed earlier for GPC:B'@—(S_4).

in the extracellular parts of TM2, TM46, and the intra- ~ However, we observed that in the WT MOR Zrsignifi-
cellular part of TM7, with larger shifts in the loop regions. Ccantly inhibited naloxone and DAMGO binding with 4€
Alternative conformations of the less-constrained region values of 32.6+ 3.7 and 62.2+ 3.8uM, respectively. These
220-227 in EL2 were obtained for different suboptimal €Xperiments con_flrmed the early observatl_ons_ that micro-
structures. During calculations, theaneurism was removed ~Molar concentrations of Zn affected ligand binding for the
from TM2 (see the Experimental Procedures), which brought MOR, while d andk receptors were insensitive to Zn(50,

the polar residues GH#f and Asi? inside the TMa.bundle, 54 The micromolar affinity of the W receptor to Z#*
where they participate in the network of hydrogen bonds with May indicate the presence of at least a bidentate endogenous
Tyr’s (TM1), Tyri28(TM2), Tyr326 (TM7), and the backbone Zn?*-coordination site I|kely_ formed by histidine, cysteine,
of EL1 and EL2 (Table 2). Interestingly, for the models aspartate, or glutamate residug3)(

calculated with TM5-TM6 Zn?*-coordination restraints, the Recently, allosteric Zi-binding sites have been demon-
type-1 models were closer to the rhodopsin structure in the strated in different GPCRs. For example, the enhancing effect
intracellular half of TM5, while the extracellular end of TM5  of Zn?* to 5-adrenoreceptor activation was associated with
was shifted toward TM6 because of the concerted adjust-a high-affinity site (IGo ~ 5 uM) formed by Higt% Cys%,
ments of the backbone angles in the region-2241 and and GIi#?> from the intracellular ends of TM6 and TM5%).

an increased kink near Pfé to satisfy the additional On the other hand, the observed stimulatory effects of
constraints (Figure 3). Moreover, the target functions of the micromolar Z&* on the activation of the melanocortin MC1

5 best models of type 1 were 459 as compared to the receptor has been related to residues from the extracellular
target functions of 5470 for the 5 best models of type 2, part of the receptor: Cy& from EL3 and Asp!® from the
because of better side-chain packing between TM3 and theextracellular end of TM356, 57). The positive modulator
intracellular half of TM5. In the models of type 2, the entire effect of Zr*™ on tachykinin NK3 receptor activation was
TM5 was slightly shifted and the interactions between also attributed to the extracellular residues?Miand Hig*®
residues of TM3 and the intracellular part of TM5 were from the end of TM5 §8). Analogously, the intrinsic Z4i-
changed, causing the observed increase of the target functiorbinding site in the MOR may negatively regulate the receptor
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activity through the inhibition of the binding of the agonist Our calculations allowed the refinement of a comparative
and antagonists. model of the MOR based on the rhodopsin crystal structure
Our data indicate that in the MOR an intrinsic metal- to remove hindrances betwegrspecific side chains and to
binding center is formed by at least Ffisfrom TM7 and satisfy the hydrogen-bonding potential of interhelical polar
Asp?®® from EL2. Other opioid receptors are insensitive to residues of the: receptor. The calculations confirm that an
Zn?*, possibly because they do not have both of these a aneurism is absent from TM2 but is likely to be present
residues in thé and« receptors; the corresponding residues in TM5 of the opioid receptors. Further, the calculations
are His%“-val*®” and TyP3-Glu2%, respectively. In the: indicate that EL2 has @-hairpin-like structure and is inserted
receptor, Asptéis located in EL2, which can formhairpin between the TM helices, attached to TM3 by a €§€ys17
inserted between the TM helices and attached by a disulfidedisulfide bond and to TM7 by a 2Zh-coordination site
bond to TM3, as in the rhodopsin structure. In our previous formed by Hi§'®-Asp?'8. Moreover, the extracellular part of
models of the opioid receptors, we proposeg-hairpin- TM5 appears to be highly flexible, possibly because of the
like structure for EL2 of all opioid receptors based on the presence of the. aneurism at Al%° and the Pré#*induced
analysis of the side-chain propensities and the polarity patternkink, which facilitate a shift of TM5 toward TM6, to adjust
of the residues in the loop4d). Indeed, in theu-receptor the shape of the ligand-binding pocket. Previous observations
model based on the rhodopsin template (see alignment inhave also indicated high structural flexibility of TM5 as
Figure 1), Aspt®is located in the turn of thg hairpin that judged from the higheB factor for this helix in the rhodopsin
is close to Hid'® from TM7, enabling the formation of a  structure 62) and the broad pattern of accessibility observed
zinc-binding site between these two residues (Figure 2), for 10 consecutive residues in the extracellular part of TM5
consistent with our experimental observations. Thus, the of the dopamine recepto8). Similar helical motion could
rhodopsin crystal structure can be regarded as a suitablebe expected for TM6 near the binding pocket because of
template for the modeling not only of the seven T the presence of the conserved #tolndeed in theu-, o-,
bundle, but also of EL2 of the MOR. and «-opioid receptors, a wide area of accessibility was
To assess whether an aneurism exists in TM5 of the  recently demonstrated for the extracellular side of TG4 (
MOR and to investigate the interface between TM5 and  The implication of the studies presented here is clear: the
TM6, we utilized the zinc-binding site engineering method. rhodopsin X-ray structure is a suitable template for the
This method has been adapted for determining the proximity modeling of other GPCRSs, but it should be used with caution
of residues in a number of GPCRs, including residues in for the homology modeling of receptors with low sequence

several helices of the tachykinin NKeceptors30—32), the identity to rhodopsin, a category that includes most members
«-opioid receptors 33), rhodopsin §9), the f-adrenergic  within the rhodopsin family. To improve accuracy, the
receptor, and the parathyroid-hormone recepé).(More calculated models of each particular receptor should be

recently, metal-binding sites enhancing G protein activation verified experimentally, as in the example presented here,
have been artificially created between TM3 and TM7 of the especially for regions where distortions occur and for areas
f2-adrenergic 34) and the tachykinin NK receptors §2) of low homology where structural differences can be
and between TM2 and TM3 of the MC4 melanocortin expected. The described experimental verification of the
receptor 61). Moreover, proximity between TM5 and TM6  MOR model using experimental constraints derived from the
has been previously studied in Nl&nd«-opioid receptors intrinsic and the artificially designed 2hbinding sites in

by engineering a Zi-binding site at the juncture of EL2  the MOR shows that the rhodopsin template may be suitable
and EL3 @0, 33). The published data on engineered metal- for modeling not only the seven T bundle, but also for
binding sites between TM5 and TMB(, 33) correlate well  modeling peripheral secondary structure elements, such as
with the observed distances of 5:2.2 A between @ atoms the 8 hairpin in EL2 and the C-terminal helix 8.

of the corresponding residues in the rhodopsin structure.

However, these data do not provide information that allows ACKNOWLEDGMENT

a reliable conclusion about the presence or absence of the ) ]

aneurism in the middle of TM5, because the mutated residues Ve are grateful to Huda Akil for making the-receptor

in these studies are located near the extracellular end of TM5,€XPression vectors available to us and to Andrei Lomize for
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