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NMR and Modeling Studies of a Synthetic Extracellular Loop Il of th®pioid
Receptor in a DPC Micelle

Li Zhang} Robert N. DeHavefA,and Murray Goodman*

Department of Chemistry and Biochemistry, bbsity of California at San Diego, 6223 Pacific Hall,
La Jolla, California 92093-0343, and Adolor Corporation, 371 Phoeili Pike, Malern, Pennsylania 19355

Receied September 14, 2001

ABSTRACT: This paper provides the first direct experimental evidence for the secondary structural features
of the putative second extracellular loop (ECL Il) of thepioid receptor through a synthetic peptide
mimic in a DPC micelle environment. These studies indicate that residtea N of the ECL Il peptide

adopt a well-defined helical structure analogous to that formed #y-Z21° of the native receptor.
Moreover, a3-turn around the B (D?'9) and D2 (D?19) residues represents another feature of the ECL

II. The NMR and fluorescent data also suggest the location of the two helical turns of TM V and the
approximate location of the C-terminal end of the TM IV of thepioid receptor. We modeled the

opioid receptor including the extracellular region of the receptor. The model of the ECL Il utilized the
information obtained from the NMR structural analysis of the ECL Il peptide in a DPC micelle solution
and the molecular dynamic simulations in a biphasic membrane environment. Our discovery of this
amphiphilic helical region in the ECL Il peptide by NMR and molecular modeling studies provides direct
evidence that the sequence of residu@gvC210 is likely to be the helical region that interacts with
Dynorphin (Dyn) A [Paterlini, G., Portoghese, P. S., and Ferguson, D. M. (1.89¥)ed. Chem. 40
3254-3262]. We believe that this work offers further insight into the structural characteristics of the
extracellular portions of the seven-TMopioid receptor.

Opioids are therapeutic agents for the management of pain,of the x receptor has not been determined because of the
which bind to the opioid receptors mainly distributed in the difficulties in the crystallization of membrane proteins.
peripheral and central nervous systems. khe:, and ¢ Investigations withe opioid receptor chimeras have shown
subtypes are the three major subtypes of opioid receptors.that the putative second extracellular loop (ECL Il) contrib-
These receptor subtypes display differential selectivity for utes substantially to thereceptor’s selectivity in Dynorphin
opioid ligands, and activation of the receptors leads to diverseligand recognition 1—3). In addition, the ECL Il domain
clinical effects. It is believed that the binding of opioids to contains eight acidic amino acids. Dyn A-{13), on the
these receptors initiates a descending noceptive controlother hand, includes five basic amino acids (from %
system by inhibiting the ascending pain tracts. In particular, Lys®®). Their removal 4, 5) or substitution by Ala§) causes
the k receptor is activated by the endogenous heptadecapepa marked decrease inselectivity, especially in the case of
tide Dynorphin (Dyn) A (1—17) (Tyr-Gly-Gly-Phe-Lebr Arg’. While residues 1217 in Dyn A (1-17) can be
Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-Trp-Asp®-Asn-Gin- truncated without a significant loss in bioactivity){ it is
OH). reasonable to speculate that Dyn A binds to theceptor

The k receptor, as well as theandd receptors, belongs ~ through Coulombic ipt_eractions. However, other investiga-
to the superfamily of G-protein-coupled receptors, which are tors, such as Paterlini and Ferguson et &), performed
integral membrane proteins presumed to have the commondocking studies based on a homology model ofitheceptor
structural motif of seven transmembrane (TM) helices, and have proposed that a helical domain of the ECL II
connecting loops, and long N- and C-terminal tails at the interacts with Dyn A (+10) through hydrophobic interac-
extracellular and intracellular domains. The X-ray structure tions.

Unfortunately, the structural data of thereceptor are
limited to theoretical models, because experimental tech-
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1 Abbreviations: ECL II, second extracellular loop; Dyn, Dynorphin; A o .
TM, transmembrane; DPC, dodecylphosphocholine; FMOC, fluoren- to its ligands, it is crucial to study the structural features of

ylmethoxycarbonyltBu, tert-butyl; Trt, trityl; Boc, tert-butyloxycar- the ECL Il of the« receptor under biologically relevant
bonyl; DMF, dimethylformamide; DIPEA, diisopropylethylamine;  conditions. An understanding of the molecular mechanism

HATU, O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa- ; in i ; ; ;
fluorophosphate; HFIP, hexafluoro-2-propanol; CD, circular dichroism; by which these Dynorphin ligands interact with and activate

DMPC, dimyristoylphosphatidylcholine; DHPC, dihexanoylphosphati- the«x receptor is an important step tqward _the deVebpmer_"t
dylcholine; MD, molecular dynamics; C&lcarbon tetrachloride. of novel drugs that have the potential to induce analgesia
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without causing the respiratory depression or addiction time of 1 h. After coupling of all amino acids, the amino
associated witly opioid receptor agonists such as morphine terminus was acetylated using a solution of dimethylform-
(9). amide (87%), dichloromethane (10%), acetic anhydride (3%),
Recent work by Yeagle et al. on rhodopsin suggested thatand hydroxyazabenzotriazole (12.2 g). The resin was then
it is feasible to elucidate the structures of the G-protein- Washed with dichloromethane and dried overnight under
coupled receptors by piecing together the structural domainsvacuum. Cleavage and deprotection were carried out using
(10, 11). Furthermore, Yeagle et al. successfully demon- réagent R (90% TFA, 5% thioanisole, 3% ethanedithiol, and

strated that the loops of rhodopsin are stabilized by short- 2% anisole) fo 4 h on theshaker. The peptide was cleaved
range interactions, which are determined by the amino acid from the resin to yield a carboxyamide terminus. The slurry

sequence 11, 12). A number of NMR studies of linear

was filtered through a 30 chsyringe packed with glass wool

peptides, corresponding to the natural sequence of the intradn the frontinto a 50 mL centrifuge tube. The filtered solution

and extracellular loops and termini of the receptors, were
reported by Yeagle et al18—17), Mierke et al. (8—22),

and othersZ3—25). Thus, well-designed synthetic fragments

of a receptor should be able not only to provide a reliable
method for identification of the structural features of the

loops but also to define the entry points of the loops at the
TM domains of the receptor2?).

Dodecylphosphocholine (DPC) micelles often are chosen
as “membrane mimics” for studying peptidmembrane
interactions by using high-resolution NMR techniques. The
zwitterionic phosphatidylcholine headgroup of DPC is similar
to that found in biological membranes. Like SDS, DPC forms
small micelles of 56-:60 molecules that rapidly reorient in
solution £6). The micelles are stable over a wide range of
temperatures and pHs, which is important for NMR inves-
tigations.

To explore the structural features contributing to the
specific binding of the ECL Il of the receptor to its selective
analogues, we synthesized a 33-amino acid peptide compose
of the sequence (residues 19%28) based on the ECL I
sequence of the humanopioid receptor. In addition to the
amino acid residues believed to constitute the ECL Il of the
receptor, this peptide included N-terminal and C-terminal
amino acids believed to reside, respectively, in the trans-
membrane IV and transmembrane V domains of the
receptor. G° in the ECL Il was replaced with A&°, to
increase the stability of the synthetic peptide. In addition,

the N-terminus was acetylated and the C-terminus amidated.

The sequence is A¥SL.GGTKVREDVDVIEASLQFPD-
DDYSWWDLFMKI??&NH,.

MATERIALS AND METHODS

Synthesis and PurificationThe synthesis of the ECL |l
peptide was carried out on a Milligen 9050 peptide synthe-

was then pipetted into a 500 mL cold diethyl ether solution
and stored overnight at20 °C. The precipitate of the crude
material that was obtained was collected on a sintered glass
funnel, dissolved in HFIP (hexafluoro-2-propanol), and
lyophilized to give an off-white powder.

The peptide was not purified by conventional RP-HPLC
because it did not dissolve well in the available organic or
aqueous phase solvents that were used for RP-HPLC. After
many attempts, the loop peptide dissolved in 70% formic
acid in a monomeric form without degradation. Thus, the
Superdex Peptide HR 10/30 column (Pharmacia Biotech
Products, Piscataway, NY) was used for the purification of
the loop peptide. The column molecular weight fraction range
(M;) was from 100 to 7000. The matrix was spherical and
composed of cross-linked agarose and dextran, with an
average particle size of 1a8n. The purification was carried
out at a flow rate of 0.4 mL/min to avoid exceeding the 220
psi maximum pressure of the column. An isotropic 70%
formic acid elution was carried out on an M-6000 Waters
Associates (Milford, MA) chromatography pump with an
injection volume of 25QuL at a concentration of 15 mg/
mL. UV detection at 280 nm was used throughout. The main
elution peak occurred at 21.26 min. The purified peptide was
lyophilized with diluted formic acid and then washed with
acetone to remove the formic acid. The washed product was
redissolved in 500 mM ammonium bicarbonate (pH 8.4) and
relyophilized to yield a white powder without aggregation.
The identity of the peptide was verified by mass spectrometry
and NMR, and was shown to have a purity levePd5%.

The monoisotopic mass is 3927.90, and the average mass is
3930.44 (MALDI mass spectrometry).

CD and Fluorescence ExperimeniSircular dichroism
(CD) spectra were obtained on a Cray 61 spectrometer at
20°C for the ECL Il peptide in four different solvents: DPC
micelle, DMPC/DHPC bicelleq7) (where [DMPC]/[DPHC]

sizer on a 0.2 mmol scale by the Fmoc solid phase method.= 0.5), HFIP, and an aqueous solution with phosphate buffer
All amino acids were free carboxylic acids with FMOC (pPH 6.8) (DMPC and DHPC denote dimyristoylphosphati-
(fluorenylmethoxycarbonyl) protection on the amine. Side dylcholine and dihexanoylphosphatidylcholine, respectively).
chains were protected usinBu (tert-butyl) ethers for Ser, ~ The mean residue ellipticity was calculated using a mean
Thr, and Tyr;tBu esters for Asp and Glu; Pbf (2,2,4,6,7- molar mass of 3930.44/33 (119.10 g/mol per residue).
pentamethyldihydrobenzofuran-5-sulfonyl) for Arg; Trt (tri- A Perkin-Elmer LS50B luminescence spectrometer (Per-
tyl) for GIn; and Boc fert-butyloxycarbonyl) for Lys and  kin-Elmer, Norwalk, CT) with an attached temperature
Trp (Novabiochem, San Diego, CA). The Fmoc-PAL-PEG- control unit was used for the fluorescence measurements.
PS resin (PerSeptive Biosystems, Hamburg, Germany) wasAll fluorescence spectroscopy experiments were conducted
used as the solid support. The Fmoc amino acids wereat room temperaturenia 2 mL fluorescence cuvette. The
dissolved in DMF (dimethylformamide) and DIPEA (diiso- concentration of the peptide in the DPC micelle sample was
propylethylamine). All coupling reactions were carried out 12.5uM. Fluorescence emission measurements were carried
using the coupling agent HATWD-(7-azabenzotriazol-1-yl)-  out by exciting the sample at 280 nm and monitoring
1,1,3,3-tetramethyluronium hexafluorophosphate (Perseptiveemission from 280 to 600 nm. Fluorescence excitation
Biosystems, Warrington, England), at 8D with a coupling measurements were taken by exciting irradiation from 200
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to 340 nm and monitoring at 341 and 352 nm. The spectradistance matrix). The DG structures were optimized by
of the solvents were subtracted from the sample spectra. simulated annealing and conjugate gradient minimization.
NMR ExperimentsThe NMR experiments were carried D_is_tancg restraints derived from the NOE intensities were
out on both Bruker DRX600 and AMX500 spectrometers. divided into strong £2.5 A), medium (2.5-3.5 A), and weak
The solutions of the ECL Il peptide were prepared at (3.5-5.0 A) bo_undary conditions. The cross-peaks that are
concentrations of 0:52 mM. The final concentration of the ~ ¢lose to the diagonal and overlapped peaks are only used
peptide for two-dimensional experiments was 1.9 mM with for the qualitative .estim_ation for the caICL_JIation. The DGII
144 mM dodecylphosphocholirtss (DPC-dss, Avanti Polar calculanons., starting with an extended linear chaln_of the
Lipids Inc., Alabaster, AL) and 50 mM phosphate buffer at ECL !l peptide (residues-133 or 196-228), resulted in a
pH 6.8 [1:9 DO/H,O (V/V)]. A 0.29 mM TSPé, (Isotec Inc., cluster of structures satisfying restraints derived from NMR
Miamisburg, OH) solution was added as an internal standard.SPectra.
The DPCdag micelle solution was first prepared, followed The family of structures deduced from the NOE restraints
by addition of the peptide, vortexing, and a short sonication displays common secondary structural features, but the
to ensure the homogeneity of the micelle solution. The experimental data do not allow the determination of the
micellar solutions prepared under these conditions were stablerelative topological arrangement of the peptide termini. We
over the time of these experiments, which required ap- carried out an explicit solvent simulation to determine the
proximately 3 months. Between the measurements, thetopological orientation and the depth of insertion of the ECL
samples were stored at20 °C. The samples were also |l peptide with the anisotropic, biphasic environment.
prepared in pure ED to avoid interference from the B Kessler et al. applied an@/CCl, mixture as a membrane
signal to obtain the full assignments of the proton spectra. mimetic during molecular dynamics (MD) to reproduce both
The spectrum of the sample with,® and DPCdss was the proper orientation of the amphiphilic and correct phase
acquired with a Bruker 600 MHz spectrometer equipped with preference of lipophilic organic molecule31j. Therefore,
a 5 mm TXI (H/C/N-D) triple-resonance probe and three- we have taken one of the representative lowest-energy
dimensional field gradients. The water suppression was conformations derived from NMR distant restraints for
carried out using a 3-9-19 watergate-pulse sequet;29). extensive MD simulations in a CZH,O biphasic box.
The NOESY experiments were performed at mixing times During the MD simulations, the two ends of the loop peptide
of 100, 200, and 270 ms at temperatures of 288, 298, 310,were fixed to the same distance as that between TM IV and
and 325 K for each mixing time. The TOCSY experiments TM V within the « receptor at the beginning of the
were performed at mixing times of 30, 50, and 70 ms at the simulation.

four temperatures given above to obtain the full assignments  The CHARMMm program (Molecular Simulations Inc.) was
of the proton spectra. The NMR data were processed on anysed for all the subsequent minimizations and MD simula-
SGI 02 workstation with Felix98 software. In all the tjons. A periodical boundary condition was applied in both
experiments, there were 4K data points collected for the minimijzation and MD simulations. The long-range forces
directly detected dimensions and 40812 data points  \ere handled by using a 14 A nonbonded cutoff and a
collected for the indirectly detected dimensions. Sinbetl 60 switching function. Shake restraints were applied to the bonds

shift or Sinbell 90 shift window functions were applled for Containing hydrogen so that a 0.002 ps time Step could be
both dimensions before data processing for TOCSY, DQF- ;sed.

COSY, NOESY, and ROESY. The second dimension was
zero filled to the same number of data points as the first
dimension, and baseline correction was applied to the secon

dlme_n3|on. AII_the proton chemical shifts were referenced with the center of the peptide in the origin of the biphasic
relative to the internal standard T$#{0 ppm). cell and several different initial positions. Thel-KS5
The'H homonuclear NMR experiments for the sample in sequence at the N-terminal end and thé W32 sequence
a DO/DPC4jsg solution were carried out with a Bruker 500  at the C-terminal end were modeled as TM helices.,CCl
MHz spectrometer equipped Wia 5 mm TXI(H/C/N-D) and HO of the solvent were deleted if they were within 2.8
triple-resonance probe. The;O/DPCdzs sample was pre- A of the heavy atoms of the ECL Il peptide. One thousand
pared after lyophilizing the sample in an,®/DPCdss steps of steepest descent minimization were performed
solution, and then equilibrated with pure@. The residual initially with convergence of 1 kcal/mol. If 30 ps of heating
water resonance was suppressed by direct irradiation (1 sland equilibration is not included, a total of 1 ns of MD
at the water frequency during the relaxation delay between simulation was carried out for the ECL Il peptide in the
scans for TOCSY and DQF-COSY experiments and also biphasic box. The interface and ECL Il peptide were stable
during the mixing time in NOESY experiments. during the 1 ns MD simulations. The simulations of the ECL
Molecular Modeling Conformations of the ECL Il peptide Il peptide in an explicit HO/CCl, solvent box have allowed
were calculated using the DGIl metho80 (Molecular  for the classification of a diverse range of peptidephasic
Simulations Inc., San Diego, CA). The DGII protocol starts Solvent interactions.
with bound smoothing, in which a triangular inequality The model building of the extracellular phase and TM
strategy is applied, followed by random metrization (i.e., domain of thec receptor involves a combination of structural
converting the distance matrix into a centroidal metric matrix) homology modeling and incorporation of the final conforma-
with the coordinates and appropriate distances obtained bytion of the ECL |l peptide in the biphasic box (for details,
angular embedding and majorization procedures (i.e., im- see the Supporting Information). We built TM regions of
proving the least-squares fit of these coordinates to thethex receptor based on the recently published X-ray structure

Separately equilibrated water and carbon tetrachloride
CCly) boxes were used for the construction of the biphasic
ell. The ECL Il peptide was placed in the simulation cell
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Ficure 1: CD spectrum of the ECL Il peptide in various solvents
at 20°C. The ECL Il peptide exhibits helical secondary structure
in various membrane mimetics and HFIP, while the structure in
aqueous solution is random.

of rhodopsin (1F88)32). The ECL | and ECL Il of thec
receptor were modeled from a database search since the

The refined ECL Il structure was manually docked to the
transmembrane domain by superposition of the overlapping
portions of TM IV and TM V. Because there is a disulfide
bridge between & at the top of TM Il and €0 (A?19 in

the ECL IlI, thea—a distance between these two residues
was used as a restraint for the further MD and energy
minimization of the modeling structure.

RESULTS AND DISCUSSION

CD and Fluorescence Studieg/e utilized a sequence
prediction algorithm 33) that predicted a high helical
propensity in the VAIEASLQ'"® and WPWDLFMKI 2 se-
quences of the ECL Il peptide. A useful start to the structural
analysis involves the use of CD to obtain a measure of the
overall secondary structural content of the peptide. The CD
measurement of the ECL Il peptide was carried out in organic

Zhang et al.

exhibits different degrees of helicity in a DPC micelle, a
DMPC/DHPC bicelle, and HFIP solvents, with characteristic
double minima in the CD spectra at 222 and 208 nm. In
contrast, the ECL Il peptide is disordered in an aqueous
medium. This demonstrates that the selection of the solvent
for the structural determination is critical, especially for
membrane proteins. We believe that DPC is a good choice
of solvent for carrying out the NMR studies for the partially
membrane-embedded ECL Il peptide.

By inspecting the sequence of the ECL Il peptide, we
found that the two tryptophans at the C-terminus should
provide information about the interaction of the ECL Il
peptide with the DPC micelle. Therefore, we carried out
steady-state fluorescence studies with the ECL Il peptide both
in an aqueous medium and in the DPC micelle medium. In
aqueous solution, there is one emission peak at 356 nm. In
the DPC micelle solution, there is a very broad emission
peak from 341 to 352 nm (Figure 2). The broad peak results
from two equal populations of two overlapping tryptophan
peaks of the ECL Il peptide, which are too close to be

are both short in length, four and nine residues, respectively.)éeparated' According to studies by Deber eta¥),(the blue

shifts of the Trp emission peaks demonstrate the effect of
the hydrophobic environment of the micelle, indicating that

the two Trp residues of the ECL Il peptide were at the

interface of the DPC micelle and,B solvent.

NMR Data and Secondary Structural Featurébe NMR
spectral assignments followed the basic principles from the
standard homonuclear NMR method35). Most of the
spectral overlap occurred in theeHNH region, which was
overcome by comparing data at different temperatures and
spectra acquired with only a DPG/D solution. Dispersion
of the Ho. and HS cross-peaks facilitated the assignment of
the resonance in the TOCSY and NOESY spectra. The
complete assignments for the ECL Il peptide are summarized
in Table 1 (Supporting Information). The line widths were
too broad for these spectra taken in the DPC micelle to
analyze the coupling constants adequately.

and aqueous solutions and in membrane mimetic bicelles The secondary shifts forddwere calculated by subtracting

and micelles. As shown in Figure 1, the ECL Il peptide

250
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341 nm-352nm
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100

Excitation at
280 nm

50

the Ho chemical shifts for the unstructured pepti®®,(37)

L A T

350

400
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Wavelength (nm)

FiGuRE 2: Steady-state fluorescence excitation and emission spectrum of the ECL Il peptide in DPC. One of the Trp residues is blue-

shifted from 352 to 341 nm. This indicates that it interacts with the hydrophobic interior of the DPC micelle.
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Table 1: Torsional Angles (rmsds) for the Backbone of the Loop Peptide in Degrees

Leut Gly? Gly3 Thrt Lys® Val® Arg’ Glu? Asp® Valt© Aspt! Valt? lets
¢ - —168 (87) —125(55) —106(38) —53(4) —58(3) —66(8) —57(2) —61(2) —62(1) —66(6) —61(3) —64 (1)
yw —20(90) —49(89)  41(76) 105(7) —47(4) —49(4) —46(4) —53(3) —45(3) —48(2) —48(5) —46(2) —53(5)
o 179 (2) 178 (2) —179(1) -177(1) 176(1) 176(0) 176(2) 176(1) 176(1) 176(1) 177(2) 176(1) 177(1)

Glu* Ala® Sef6 Leu’ GIn®® Phe® Pre®  Asp?  Asp? Asp?® Tyr?4 Sef® Trp?®

-57(5) -8
—47(2) -1

SIRSIASS

4(6) —119(20) —103 (18) —86(17) —118 (14) —67 (9) —63 (3) —75(5) —100(28) 22 (65)—74(2) —90 (21)

9(14) -64(16) 54(39) 89(8)  96(13)

164 (4)-53 (4) —45(25) —3(65) —60(9) 71 (14) —56 (14)

178 (1) —179 (1) —178(1) —179(1) —-179(2) —178(1) 179(1) 178(0) 179 (1) —177(2) 179(1) 179(1) 178(2)

Trp?’ Asp® Lew”®

Pheo Met3? Lys3? lle3s

ISIRSIRSS

77 (12) —69 (11) ~72(8) —55 (4) —64 (7) ~75 (22) -82 (14)

60 (46) —54 (7) —42 (6) —53 (4) —30(21) —47 (5) -39 (1)

179 (2) 175 (1) 178 (1)

175 (0) 176 (1) 178 (0)

0 B__

L} ||I|I| T |I
01

r-||r|\||‘ll -I u U \Ill T II U N U

{06
LGGTKVR

EDVDVIEASLQFPDDDYSWWDLFMKI

Ficure 3: Differences in the K secondary chemical shifts
observed and those reported for unstructured peptides for the ECLcompared with residues from the®¥A!® sequence. This
Il peptide in DPCésg (the chemical shifts of the ¢ds of S'¢ and
S$?5 cannot be unambiguously assigned).

from the expe

rimentally measuredd¢hemical shifts of the

Figure 4, the H—HN(i, i + 1) NOEs for the ECL Il peptide
reside in two main peptide segments$AAL and W—

I3, There is also a contiguous stretch of medium-range
oN(, i + 3) andof(i, i + 3) NOEs within the Y—A
region. These data support the presence of a predominantly
a-helical structure within the $-A° region. On the other
hand, at the C-terminus of the ECL Il peptide, there are few
i, 1 + 3 NOEs, which are indicative of two turns of a nascent
o-helix (38), which are present for only a small percentage
of the ensemble of structures or for only a short period of
time. In addition, the M—HN(i, i + 1) and H—HN(i, i + 1)
NOEs between B and ¥, and between B and Y#,
indicate a tight3-turn about the B? and 3 residues.

The NOESY spectra (Figure 5a,b) in the NH region at
both 310 and 298 K display a series of correlations of the
HN; to HV.4; type. In contrast, the NHNH NOEs from \f
to E? appear at 298 K and not at 310 K. This indicates that
the helix segment of residues®vAla'® unwinds partially
from the N-terminal end at elevated temperatures or is more
flexible at higher temperatures. In addition, both spectra
exhibit obvious line broadening for the C-terminal residues

suggests that C-terminal residues are in a different environ-
ment (DPC membrane) than the residues from the AAS
sequence and the rest of the ECL Il peptide.

ECL Il peptide. The consecutively negative values observed The interaction between the ECL Il peptide and the DPC
for V6—A15 and WPe—|33 (Figure 3) suggest the presence of micelle plays an important role in the conformation of the
o-helical structure in these two region36f. The relevant peptide. Fluorescence and NMR data suggest that starting
backbone NOEs are presented in Figure 4. As shown infrom W?21 or W?22 approximately seven residues at the

5 15 25
LGGTKVREDVDVIEASLQFPDDDYSWWDLFMKI
NN(,i+1) i — = IR
JE——

OoN(i,i+1) ] |

oN(i,i+3)
——
—
of(i,i+3) —
|
]

Ficure 4: Relevant NOEs detected from NOESY spectra at 298 and 310 K and utilized in the structure calculations. A shaded bar indicates
a cross-peak not unambiguously identified due to resonance overlap.
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1415 13/14

i

86 84 82 8.0 7.8 7.6 86 84 82 8.0 7.8 7.6
D1_ (ppm) D1_ (ppm)
a (310 K) b (298 K)

Ficure 5: Sequential NH-NH NOEs indicate the helical region fron?8 to A%19 (residues 6-15) and nascent helix at the C-terminus for
the ECL Il peptide (residues are labeled as the sequential numbers in the peptide sequence) at 310 (a) and 298 K (b).

C-terminus were inserted into the DPC membrane mimetics.
Evidence also indicates that the N-terminal residués; L
K5, are partially embedded in the DPC micelle. (13 L
interacts closely with the DPC micelles, supported by the
diminishing TOCSY transfer of the side chain fok. [(2) R

at the N-terminus most likely interacts with the phosphati-
dylcholine headgroups, which is demonstrated by the equiva-
lent line broadening of the side chains of Bnd K2 as
compared to that of K

The final refined structures (Figure 6) deduced from DG
and simulated annealing present a family of structures that
display a helical array from %o A® with an rmsd of 0.48
A for the backbone atoms. The peptide is relatively undefined
in the middle hinge region, because th€-9%° sequence
yields few NOEs. Following B} is a-turn spanning three
consecutive Asp residues{B-D%3) and Y?4. The C-terminus
of the peptide displays a helical turn tendency. Additionally,
the residues following ¥form a turn of approximately 30
from the N-terminus to accommodate the strong NOE
between the NH group of Rand methyl group of T The
rmsds of the backbone torsional angles for the ECL |l peptide
are reported in Table 1 for a cluster of 14 structures (Figure
6) to demonstrate the divergence of the structures and relativer, ; -c 6: Family of the final NMR structures derived from NOE
refinement of the different parts of the ECL Il peptide. distance restraints displaying the secondary structure feature of the

Extracellular Loop Il and thec Receptor The inclusion ~ ECL Il peptide.

of a greater number of residues in the ECL Il peptide in jnterface, the insertion points at the hydrophobic Jfblase
constituting the C-terminal end of TM IV may lead to gare residues Kat the N-terminus and 9% and W at the
creation of a stable and better anchored hydrophobic helix. c-terminus. The amphiphilic character of the helix of
However, the MD simulations in the biphasic box incorpo- residues ¥—A5 was demonstrated by the side chains of
rating the distance restraints at the two ends of the ECL Il residues ¥, V°, V2 and ¢ inserting into the hydrophobic
peptide in the initial stage of the simulations suggest a global cCl, phase. The other interactions of the peptide with.CCl
orientation with both termini projecting into the lipid are mainly through the hydrophobic interaction of the side
environment. chains of It and WP7—I%,

The final conformation of the ECL Il peptide in the The studies by Yeagle et al. on the loop structures of
biphasic box that satisfied NOE restraints is shown in Figure rhodopsin agreed with those by Dyson and Wright et al.,
7. Despite the initial placement of the ECL Il peptide at the who demonstrated that local secondary structure resulted
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Ficure 7: Final structure of the ECL Il peptide of theopioid
receptor in CCYH,0 solutions.

from short-range interactions and was dictated by the amino Ficure 8: Homology model of the receptor with an extracellular
acid sequencesl{, 12, 38). Tal_<|ng advantage of the phase, including tr?g extracellular loop FI)I (ECL 1) and short loops
secondary structural features which were deduced from ourof the ECL | and ECL III. The heavy atoms of C§&and Ala
NMR studies, we incorporated extra sets of restraints to (Cysypare in yellow.

mimic the native folding of the extracellular loop II to build

a model of the ECL Il with the receptor (ECL | and ECL Ill  sequence analysis and homology modeling of«tapioid
also included) and membrane environment. This model receptor 8). In light of the existence of an amphiphilic helical
suggests that the ECL Il covers the receptor in a liplike region in Dyn A (+17) from residue GRto Arg®, which
manner and the tip of the lip reaches over to the ECL | was previously studied by Kallick et al. in a DPC micelle
because of the restraints of a disulfide bridge betwe®h C  environment 89), the complementary helixhelix binding
and CG1°(A219. The amphiphilic helical region of the ECL  mode is a reasonable proposal for the binding of endogenous

Il'is close to TM Il and the ECL | (Figure 8). Dynorphin @). Moreover, the helixhelix interaction is
proposed to be hydrophobic in character because the binding
CONCLUSIONS of Dyn A (1-13) is essentially not affected by charge

It was the principal objective of this research to provide Neutralization of the ECL 1140).

direct experimental evidence for the secondary structural A A-turn around the B (D) and B (D*¥) residues
features of the ECL Il (residues 19@28 or 1-33 in the represents another feature of the ECL Il. The side chains of

ECL Il peptide) of thec opioid receptor through a synthetic these two aspartic acids are exposed to the aqueous medium.

peptide mimic in a micelle environment. We have determined 1he Significance of thig-turn in the ECL Il of thex opioid
the two helical turns of TM V and the approximate location "€Ceptor cannot be determined from our studies.
of the C-terminal end of TM IV of ther opioid receptor. It was proposed by Schwyzer in 19921 that membrane

The linear peptide did not completely mimic the conforma- €nvironment plays an important role in ligand bindidg)
tion of the ECL II within the receptor, because the N- Our results demonstrate the importance of the membrane

terminus of the peptide was too short to serve as a helical Mimetic environment for studying the conformation of the

membrane-tethering point. Nevertheless, we were able toSynthetic ECL Il peptide. The secondary structural feat_ures
build a model of the extracellular phase of theopioid of the ECL Il of thek receptor deduced from NMR studies

receptor, including the ECL Il of the opioid receptor based ~ Provide experimental evidence for the proposal of a mech-
on the secondary structural features determined by the NMR&NISM for association and activation of thepioid receptor

results, homology modeling, and extensive biphasic solvent [0 itS peptide ligandg). Our findings based on the implica-
box simulations. tions provide insights into discoveries using other G-protein-

The binding profile of thec opioid receptor is relatively ~ cOuPled receptors.

unigue among the_ o_pioid receptors, while those ofitlaed ACKNOWLEDGMENT

0 receptors are similar to each othd&).(Our results show

that the ECL 1l of thex receptor displays an amphiphilic We thank Prof. Charles Deber (University of Toronto,
helical region from V°! to A2 (C?1° in the original Toronto, ON) for his helpful discussions. Special thanks are
sequence), which is not present in thendd receptors. It due to Joseph Taulane for his aid with the CD spectrometer.
supports the idea that an amphiphilic helical domain of the We also express our gratitude to Professor Elizabeth A.
ECL Il interacts with Dyn A (+10), a model previously  Komives for the use of the Milligen 9050 peptide synthesizer.
proposed by Paterlini, Ferguson, and co-workers based onFinally, M.G. is indebted to Kerney J. Glover for his help
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in the synthesis and fluorescence studies in a bicelle solution 20.
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of the loop peptide.

SUPPORTING INFORMATION AVAILABLE

Resonance assignments and structural and modeling data.

This material is available free of charge via the Internet at 23.
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