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Solution conformations of 8-methyl-para-nitrophenylalanine® analogues of the potent §-opioid
peptide cvclo] D-Pen?, D-Pen’ \enkephalin { DPDPE) were studied by combined use of nmr and
conformational energy calculations. Nuclear Overhauser effect connectivities and >3 gncy; cou-
pling constants measured for the (28, 3S)-, (2S, 3R)-, and (2R, 3R)-stereoisomers of [ 3-Me-p-
NO,Phe* | DPDPE in DMSO were compared with low energy conformers obtained by energy
minimization in the Empirical Conformational Energy Program for Peptides (ECEPP/2) force
Jfield. The conformers that satisfied all available nmr data were selected as probable solution
conformations of these peptides. Side-chain rotamer populations, established using homo-
nuclear (*)y=#) and heteronuclear (3} y=c~) coupling constants and ">C chemical shifts, show
that the B-methyl substituent eliminates one of the three staggered rotamers of the torsion angle
x" for each stereoisomer of the 8-Me-p-NO,Phe®. Similar solution conformations were sug-
gested for the L-Phe*-containing (28, 3S)- and (2S, 3R)-stereoisomers. Despite some local
differences, solution conformations of L- and D-Phe*-containing analogues have a common
shape of the peptide backbone and allow similar orientations of the main §-opioid pharmaco-
phores. This type of structure differs from several models of the solution conformations of
DPDPE, and from the model of biologically active conformations of DPDPE suggested earlier.
The latter model is allowed for the potent (2S, 3S)- and (2S, 3R)-stereoisomers of [ B-Me-p-
NO,Phe*1DPDPE, but it is forbidden for the less active (2R, 3R)- and (2R, 3S)-stereoisomers.
It was concluded that the biologically active stereoisomers of [ 3-Me-p-NO, Phe* 1 DPDPE in the
5-receptor-bound state may assume a conformation different from their favorable conformations
in DMSO. © 1996 John Wiley & Sons, Inc.
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INTRODUCTION

cyclo[D-Pen?, D-Pen®]enkephalin (DPDPE), a
conformationally constrained synthetic analogue
of enkephalin with the amino acid sequence
H-Tyr'-D-Pen?-Gly3*-Phe*-D-Pen>-OH, has been
found to be one of the most selective and potent 8-
opioid peptides.' Several studies have been aimed
at obtaining possible solution and receptor-bound
conformations of DPDPE using both nmr spec-
troscopy?® and a variety of theoretical methods.*™?
It was shown that a limited number of conformers
are sterically allowed for the 14-membered disul-
fide ring of DPDPE,®!" while the acyclic tyrosine
residue and the phenylalanine side-chain moieties
retain considerable conformational mobility. Re-
cent x-ray studies'* revealed a conformational di-
versity in the acyclic part of DPDPE even in the
crystal state, since three molecules with different
orientations of the Tyr' residue were found within
the same crystal unit. Due to the mobility of these
critical functional groups, the establishment of an
exact three-dimensional arrangement for the é-re-
ceptor pharmacophore of DPDPE remains a chal-
lenging problem. Several conformation-activity
studies, ®~'*'3'% in which different series of 5-opioid
peptides were compared, resulted in different
models for the biologically active conformation
of DPDPE. Therefore, a second generation of
analogues,'®!” which were aimed at constrain-
ing the tyrosine or phenylalanine side chains of
DPDPE, are of a special interest for experimental
and theoretical conformational studies.

B-Methylated amino acids provide a way to ob-
tain a better understanding of the side-chain topog-
raphy of peptides required by the receptor in the
recognition processes. A bulky 8-methyl substitu-
ent is able to constrain conformational mobility of
the modified side chain and/or bias the popula-
tions of its x ! torsion angle rotamers.'!* DPDPE an-
alogues with g-methyltyrosine (8-MeTyr) and G-
methylphenylalanine (3-MePhe ) residues incorpo-
rated into positions 1 and 4, respectively, have
shown a wide variety of opioid receptor affinities
and selectivities, '*'” depending both on the chiral-
ities of stereoisomers and on the nature of ring sub-
stituents in the B-methylated aromatic residues. In
particular, the (28, 3S)-sterecisomer of [ 3-Me-p-
NO,Phe*}DPDPE was as potent as the parent pep-
tide in a é-opioid receptor bioassay, and considera-
bly more selective.'®

The goals of this study were to assess the nature
of the constraints imposed by the 8-MePhe* resi-
dues on the backbone and side-chain conforma-
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FIGURE 1 Structure of [ 3-Me-p-NO,Phe*]DPDPE.

tions of DPDPE analogues and to correlate the so-
lution structures of different stereoisomeric ana-
logues with their biological activities. As a part of
these efforts, a combined nmr and molecular me-
chanics study was carried out to determine solution
structures of the (28, 3S)-, (2S, 3R)-, and (2R,
3R)-stereoisomers of [ 3-Me-p-NO,Phe*] DPDPE
(analogues I-11I1, respectively; Figure 1). Extensive
sets of nmr data were obtained for these peptides in
DMSO-d,, including 'H and '*C chemical shifts,
homo- and heteronuclear coupling constants, tem-
perature dependence of amide proton chemical
shifts, and nuclear Overhauser effect (NOE) con-
nectivities. Comparison of the nmr data with cal-
culated characteristics of low-energy conformers of
analogues [-IIT allowed us to select their most
probable backbone conformations in DMSO.
Rotamer populations for 3-Me-p-NO,Phe* side
chains were calculated using homo- and hetero-
nuclear coupling constants, and '*C chemical shifts
measured for the S-methyl carbons. The solution
conformations proposed here for [3-Me-p-NO--
Phe*]DPDPE analogues are compared to models
of the solution,?*'® crystal,’* and biologically
active® conformations of DPDPE suggested in pre-
vious studies. Possible relationships between solu-
tion structures and é-receptor activities of these
peptides are also discussed.
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FIGURE 2 Phase-sensitive z-filtered 'H-TOCSY spectrum of [(2S, 3S }-8-Me- p-NO,Phe*]-
DPDPE in DMSO-ds. The experimental conditions are given in Methods.

METHODS

NMR Measurements

All nmr parameters used in the present study have been
obtained from one-dimensional (1D) and two-di-
mensional (2D) experiments?® performed at 310 K with
a BRUKER AM 500 spectrometer equipped with an
ASPECT 3000 computer and a 5 mm inverse probehead.
All homo- and heteronuclear experiments were carried
out on peptide samples dissolved in DMSO-d; at a con-
centration of 8 mg/0.4 mL for peptides I and III, and 4
mg/0.4 mL for peptide I1. The proton and carbon chemical
shifts were referenced to the solvent (2.49 ppm for the re-
sidual 'H signal of DMSO-d, and 39.5 ppm for the '*C
signal). Sequential assignment of proton resonances has
been achieved by the combined use of z-filtered total corre-
lated spectroscopy (TOCSY)?'#? and rotating frame
nuclear Overhauser effect spectroscopy (ROESY )% ex-
periments. As an example of the assignment protocol, z-
filtered TOCSY and ROESY spectra of peptide I are shown
in Figure 2 and Figure 3, respectively. The 'H chemical
shifts and the conformationally important homonuclear
vicinal coupling constants were extracted from the resolu-
tion enhanced 1D spectra or, in case of signal overlap, from

the highly digitized 1D traces of 2D z-filtered TOCSY spec-
tra. Proton detected heteronuclear spectroscopy, including
z-filtered carbon coupled heteronuclear single-quantum
correlation (HSQC)-TOCSY * and long-range HSQC?
experiments, was used for the assignment of carbon reso-
nances and for evaluation of long-range heteronuclear cou-
pling constants 3 J;«c for peptides I and I11. The low sam-
ple concentration of peptide II allowed only an assignment
of the protonated carbons by means of a one-bond hetero-
nuclear multiple quantum correlation 22 (HMQC ) exper-
iment. The experimental parameters of nmr experiments
are summarized below.

Z -Filtered TOCSY. Relaxation delay 1.2 s, duration
of isotropic mixing period (MLEV-17)% 50 ms, z-filter
delay 15 ms, "H 90° pulse 25.5 us, 256 experiments of 96
scans for peptides I and III, and 128 scans for peptide II,
size 4 K, spectral width in F, and F, 5376 Hz, quadrature
detection in Fy using TPPI,*® zero filling in both F, and
F, dimensions and multiplication with a squared cosine
function. For evaluation of coupling constants, a final
digital resolution of 0.3 Hz/point was achieved by in-
verse Founier transformation, zero filling and back trans-
formation of selected traces.
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FIGURE 3 Expanded fingerprint region of the ROESY spectrum of [(2S, 3S)-8-Me-p-

NO,Phe*] DPDPE in DMSO-d¢ showing the sequential connectivities.

ROESY. Relaxation delay 1.2 s, 'H 90° pulse 75 us
(spin-lock field strength of 3333 Hz), duration of con-
tinuous wave (CW) spin-lock pulse 200 ms, 256 experi-
ments of 192 scans, size 2 K, zero filling, and multiplica-
tion with squared cosine function in both dimensions.

HMQC. Relaxation delay 0.7 s, 200 experiments of
320 transients, size 2 K, spectral width 5376 Hz in 'H,
16000 Hz in *C dimension, 'H 90° pulse 16.5 us, '*C 90°
pulse 15.2 us, Tango spin-lock 4 ms pulses for suppres-
sion of 'H-'>C magnetization.

Selective Long-Range HSQC. Relaxation delay 0.7
s, 1 10 experiments of 640 transients, size 4 K, defocusing
delay 90 ms optimized for long-range couplings, spectral
width in '*C 5800 Hz covering the aliphatic carbon re-
gion, '*C 90° pulse 33 us with 10 dB attenuator.

Z -Filtered C-Coupled HSQC-TOCSY. Relax-
ation delay 0.7 s, 240 experiments of 480 transients, size
4 K, spectral width 5376 Hz in 'H, 16000 Hz in '*C di-
mension, 'H 90° pulse 16.5 us, 13C 90° pulse 15.2 us, 'H
90° pulse 25.5 us for MLEV-17, z-filter delay 15 ms. The
heteronuclear long-range coupling constants were ob-
tained by comparison of the corresponding multiplet

widths in the z-filtered homonuclear TOCSY and het-
eronuclear HSQC-TOCSY spectra.”®

Side-Chain Rotamer Populations

Populations of x! rotamers of Tyr' were estimated by
Pachler’s analysis of homonuclear *Jy«y# coupling
constants,®'3? using the stereospecific assignment of
protons deduced from chemical shifts and NOE patterns.
Rotamer populations of 8-Me- p-NO,Phe* side chain of
peptides I and I were calculated from the homonuclear
(3Jyen#) and heteronuclear (3Jyec») vicinal coupling
constants using the following equations®'~**:

et = P eyt + (1= P)-*Jyens;
Wnecy = PP Jyecr + (1 = P)-*Jyecy

where P and P’ are rotamer populations corresponding
to the antiperiplanar (ap) arrangements of the relevant
spins. The following standard values were used for anti-
periplanar and synclinal (sc) arrangements of spins*'—3:
® Jyen? = 13.6 Hz, *Jyeyr = 2.6 Hz, * Jycr = 8.5 Hz,
and *Jyecr = 1.4 Hz. An error of +5% for rotamer pop-
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ulations can be estimated from the inaccuracy of the cou-
pling constants.

The low sample concentration did not allow us to
measure the heteronuclear long-range coupling con-
stants for peptide 1I. The '*C chemical shift of the §-
methyl carbon of Phe? can be used, however, as a sensi-
tive measure of side-chain conformation, taking advan-
tage of the conformational dependence of y-substituent
effect.>** The contributions of the NH and CO substit-
uents to the 8-methyl '*C chemical shifts are given by the
following equation:

dgme = brer + 1o G+ Py 0%+ Pur-d %“rfl'i-l

where 8. is the reference g-methyl '*C chemical shift:
ke sgauche and 5§94, are the shielding parameters of
the relevant substituents in a gauche orientation to the §-
methyl carbon (—3.2, —5.1, and —8.3 ppm, respectively**),
and P-Py; are populations of corresponding staggered ro-
tamers. The &,; was assumed to be equal for peptides I and
11, and its value was calculated from the known S-methyl
carbon shift and rotamer populations of peptide I using the
above equation.

Energy Calculations

The energy calculations were performed using the Em-
pirical Conformational Energy Program for Peptides
(ECEPP/2) force field *** with standard rigid-valence ge-
ometry. The 8-methyl groups of 3-MePhe*, D-Pen?, and
D-Pen?® residues were considered as united atomic cen-
ters with the United Atom Conformational Energy Pro-
gram for Peptides (UNICEPP) parameters® for non-
bonded interactions. Valence geometry of the NO, group
has been optimized using the Assisted Model Building
with Energy Refinement (AMBER) force field*° for the
model benzyl-NO, compound, which resulted in a
C—N bond length of 1.490 A, N—O bond lengths of
1.201 A, C—N—0 bond angles of 118.5°, and a O —-
N—O bond angle of 123.0°. Atomic charges of +0.770
eu at N atom and of —0.433 eu at both O atoms were
calculated using Mulliken population analysis as imple-
mented in the MacroModel program.*' A dielectric con-
stant e = 45 was used to mimic to some extent the DMSO
environment.

Low-energy conformers (AE = E — FEni, < 10 keal/
mol) obtained in a previous study'® for four stereoiso-
mers of [3-MePhe*]DPDPE were considered as initial
conformations for the respective stereoisomers of [ 3-Me-
p-NO,Phe* 1 DPDPE. These conformers were energy re-
minimized after attachment of the p-NO, group to the
phenyl ring of 8-MePhe*. Initial conformations of the
Tyr' and 8-Me-p-NO,Phe* side chains were obtained
before energy minimization using the optimization pro-
cedure described in reference.’ Strong parabolic penalty
potentials with force constants of 1000 kecal/mol. A?
were applied during energy minimization to the inter-
atomic distances S—S and C#—S§ in order to maintain

standard S—S bond lengths and C*—S—S bond
angles,?” while a penalty potential of 10 kcal/mol-A?
was applied to the C?—CP* distance to simulate the bar-
rier of rotation around the S —S bond.”’

For each analogue under study a set of low-energy
conformers ( AE < 10 kcal/mol) was selected and classi-
fied according to backbone and disulfide bridge confor-
mations. The one-letter code of Zimmerman et al.*? was
used to classify backbone conformations, while disulfide
bridge conformations were distinguished by assignment
of trans (x' = 180° + 60°), gauche (+; x' = 60° + 60°),
and gauche (—; x' = —60° = 60°) rotamers for the side
chains of D-Pen? and D-Pen®. If a group of conformers
had common backbone and disulfide bridge conforma-
tions, the lowest-energy one was selected to represent this
group for comparison with nmr data.

The energy minimization, classification of conform-
ers, and calculation of their parameters related to nmr
data were carried out on a cluster of microVAX worksta-
tions. Visualization of resulting conformers was per-
formed on a Silicon Graphics Iris 4D/ 20G + workstation
using the MacroModel V3.6*' and SYBYL 6.0* molec-
ular modeling systems.

Comparison of the NMR and Energy
Calculation Data

Expected values of 3 Jyncen coupling constants were cal-
culated from ¢ torsion angles of low-energy conformers
using the Karplus equation with Bystrov parameters.**
We assumed the value of 2.0 Hz as a reasonable estimate
for the standard deviation of calculated * Jyncey caused
both by an uncertainty in parameterization of the Kar-
plus—Bystrov equation* and by ¢ angle fluctuations
within local energy minima. Therefore, conformers,
which satisfy inequalities | Joye — Jexp| =< 2.0 Hz for all
calculated 3Jyncen, were assumed 10 be in agreement
with the experimental coupling constants.*> We have as-
sumed, according to Ref. 20, the upper limits of 2.5, 3.0,
and 4.0 A for the interproton distances corresponding to
strong, medium, and weak NOE cross peaks, respec-
tively. Two alternatives of stereospecific assignment were
considered for a pair of methylene protons with nonover-
lapping resonances, while the shorter of two distances to
a pair of overlapping methylene protons was compared
with the corresponding NOE. Methyl protons were rep-
resented by a central carbon atom, the corresponding up-
per distance limits being extended by 1.0 A for each
methyl group.

RESULTS

NMR Data

Proton nmr data, including chemical shifts, cou-
pling constants, and temperature coefhcients of
amide protons measured for three stereoisomers of
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Table II ">C-NMR Data for Analogues I, Il and ITI (T = 310 K, DMSO-d;, & in ppm)*
e c* (o

Residue [ i1 1 I I I 1 11 I

Tyr! 53.4 53.2 53.5 36.6 36.2 36.4

D-Pen’ 59.1 58.8 60.4 51.9 b 51.5 25.3 24.8 22.7
27.3 27.6 27.2

Gly? 42.5 42.3 42.5

B-Me-Phe* 60.1 59.1 56.7 40.4 40.3 40.1 17.9 14.9 17.6
(1.3) (1.9)

D-Pen® 61.8 62.5 61.8 50.5 ° 50.6 24.5 25.0 229
27.2 27.1 264

2 Chemical shifts of Tyr' and 8-Me-Phe* aromatic carbons are 115.4/130.5 ppm and 123.2/129.0, respectively. The long-range
Juecr proton—carbon coupling constants (Hz) for analogues I and III are given in parentheses.
® Nonprotonated 8-carbons of D-Pen? and D-Pen® were not assigned because of the low sample concentration of analogue 11 (See

Methods).

[8-Me-p-NO,Phe*] DPDPE in DMSO-dg are sum-
marized in Table I. '*C chemical shifts obtained for
peptides I-IIl and long-range heteronuclear cou-
pling constants *Jyecv measured for analogues I
and III are given in Table II. ROE cross peaks ob-
served for peptides I-111 and classified according to
their relative intensities*® are listed in Table III.

Several nmr parameters indicate that the L-
Phe“-containing analogues I and II have a similar
well-defined backbone conformation in DMSO.
Extremely large differences both in chemical shifts
and in 3 Jyncen coupling constants observed for the
two diastereotropic « protons of Gly® suggest a
highly restricted conformation of the Gly* residue.

Table III NOEs Observed for Three Stereoisomers of [8-Me-p-NQO,Phe]DPDPE

From To NOE Intensities®
Residue Proton?® Residue Proton? 28,38 2S,3R 2R,3R
Tyr! aH D-Pen? NH s m $
D-Pen® aH p-Pen? NH w w w
D-Pen’ aH Gly? NH s s s
D-Pen’ aH D-Pen? ¥ m m m
D-Pen’ aH D-Pen? 5y w m m
D-Pen? NH D-Pen? v m m m
D-Pen? NH D-Pen? ¥ m w
Gly? aH Gly? NH m* w
Gly? o'H Gly* NH w w w
Gly? aH Phe* NH m° w
Gly? NH Phe* NH w
Phe* aH Phe* NH w m°©
Phe? aH D-Pen’® NH s
Phe* aH Phe* 5-Me w m m
Phe* NH Phe* B8-Me m
Phe* NH Phe* GH m w
Phe* NH p-Pen’® NH m w
D-Pen® aH D-Pen’® NH w w m
D-Pen® aH D-Pen’® vy m m m

2 High-field « protons of Gly® and y-methyl protons of D-Pen?* are denoted as « and v/, respectively.
® NOE cross-peak intensities are qualitatively classified as strong (s), medium (m), and weak (w).
¢ These cross peaks are overlapped.
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The very small *Jynce values observed for the
high-field « proton of Gly? in analogues I and II,
and the large * Juncey values observed for the low-
field « proton are consistent with two narrow re-
gions of ¢ torsion angles around %150°.** The low-
field shift observed for the « proton can be ex-
plained by the strong anisotropy effect*® of the
closely spaced carbonyl group of D-Pen?. Note that
a chemical shift difference of ca. 1.20 ppm between
two « protons of Gly? also has been observed for
DPDPE both in DMSO and in water.*'® How-
ever, the *Juncen coupling constants measured
for the Gly? residues of DPDPE,**'® and of the
(2S, 3S)- and (2S, 3R)-stereoisomers of [S-
MePhe*]DPDPE'® were not so extremely distinct
as those found for analogues I and II in the present
study. This comparison suggests that a more re-
stricted or slightly biased conformation of Gly> can
appear upon 8-Me-p-NO, substitution in the L-
Phe* residue. Low temperature coefficients of the
p-Pen® NH protons of analogues 1 and II, an NOE
between NH protons of 8-Me-p-NO,Phe* and D-
Pen?, and the absence of a detectable NOE between
C*H of 8-Me-p-NO,Phe* and NH of D-Pen® also
are indicative of a restrained conformation of the
disulfide ring in the (28, 3S)- and (2S, 3R )-stereo-
isomers of [ 3-Me- p-NO,Phe* | DPDPE.

In contrast, small differences between a-proton
chemical shifts and close values of *Jyncen cou-
pling constants observed for the Gly* residue of the
(2R, 3R)-stereoisomer may indicate either higher
conformational mobility of this residue, which re-
sults in similar time-averaged nmr parameters of
two « protons, or a single favorable conformation
with the ¢ angle of Gly? about +90°.** Several other
'"H-nmr parameters, including a strong NOE be-
tween C*H of 8-Me-p-NO,Phe* and NH of D-
Pen’, an NOE between NH protons of Gly® and -
Me-p-NO,Phe*, a high temperature coefficient of
the D-Pen® NH, and a low temperature coeflicient
of the Gly® NH indicate a different solution con-
formation of the 14-membered disulfide ring of the
D-Phe*-containing analogue III in comparison
with the two L-Phe*-containing analogues I and II.

Probable Solution Conformations of
Peptide Backbone

The energy calculations revealed 26, 27, and 26
conformers of analogues I, I1, and 111, respectively,
which differed either in backbone or in disulfide
bridge conformation and satisfied an energy cutoff
AFE < 10 kcal/mol. Comparing these conformers
with the nmr data, we first searched for structures

that satisfy all > Jyncey coupling constants for resi-
dues 3-5, and all distance constraints between
backbone C“H and NH protons in the cyclic parts
of the molecules. The backbone conformers se-
lected at this stage for analogues I, II, and III are
listed in Table 1Va, b, and c, respectively, which
also contain *Jyncey coupling constants and in-
terproton distances predicted by these conformers.
For comparison, Table I'V also includes the lowest
energy conformers (1) of all three analogues and
the conformers (2) of analogues I and 11, which are
close in backbone structure to the biologically ac-
tive conformations of DPDPE proposed else-
where.? As a second step, we eliminated those con-
formers that were in major disagreement with nmr
data for the acyclic parts of the molecules. Finally,
we compared interproton distances of selected con-
formers with the complete set of observed NOEs in
order to confirm their relevance as possible solu-
tion conformations and to check them for a consis-
tency with side-chain-related NOEs. Backbone and
disulfide bridge torsion angles of the most probable
solution conformations of analogues I-11I are given
in Table V.

The energy minimization of [(2R, 35)-8-Me-p-
NO,Phe*]DPDPE (analogue 1V) resulted in 24
low-energy conformations. Although analogue 1V
was not available for a comprehensive nmr study,
relative energies of its representative conformers
are included it Table IVc (in parentheses) for com-
parison with the respective conformations of ana-
logue III. Generally, the (2R, 3R )- and (2R, 35)-
stereoisomers have very similar backbone confor-
mations and differ by the favorable x ' rotamers of
the 8-Me-p-NO,Phe* side chains.

[(2S, 35)-8-Me-p-NO,Phe*| DPDPE (I). Con-
formers 3-8 in Table IVa predict *Jynee coupling
constants of Gly* and Phe* close to the experimen-
tal values, and >Jyncen of D-Pen’® at the upper
boundary of the accepted +2.0 Hz deviation from
the experimental value. Discussing nmr data we
concluded that ¢ angle of the Gly? residue in ana-
logues I and 1I should belong to one of the two nar-
row symmetric regions around +150°. Conformers
3-8 have positive ¢ angles about 150°. This allows
stereospecific assignment of pro-S and pro-R con-
figuration to the low-field « proton and high-field «'
proton of Gly?, respectively. Interproton distances
predicted by conformers 3-8 are in agreement with
nuclear Overhauser effects (NOEs) observed be-
tween backbone protons of analogue 1. Moreover,
in the ROESY spectrum of analogue I (Figure 2),
no cross peak was detected for the sequential pairs
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Table IV Comparison of Low-Energy Conformers of Three Stereoisomers of [3-Me-p-NO,Phe*|DPDPE
with "TH-NMR Data

NOE®? and Interproton Distances, A

AE®
Backbone Conformer® (kcal/mol) 3 Juncen (Hz,° Residue No.) C*H; — NH;,,, i = NH, -
NHi,y,
3¢ 4 5 1 2 3¢ 4 i=
2 pro-R  pro-S pro-R  pro-S 3 4
a. (25,35)-Stereoisomer,
Experimental Data 9.2 1.2 9.1 8.6 7.8 S s no m no no m
1. EE*C*A4 KX 0.0 9.4 7.2 6.8 5.6 9.7 23 23 3.7 2.7 36 36 26
2. EF*B*G E* 2.7 6.0 6.7 7.5 9.1 9.7 23 24 33 34 36 25 22
3. EF*D*G E* 3.1 3.8 0.4 7.8 10.0 98 23 23 3.6 2.7 36 40 25
4, A EXD*A E* 3.5 9.5 0.4 8.5 9.5 9.9 36 23 3.6 2.6 36 36 26
5. EE*D*4 F* 4.6 9.1 0.4 8.2 9.6 99 24 23 3.6 2.6 36 42 23
6. A¥F*D*A E* 5.3 9.1 0.4 8.2 9.4 99 31 23 3.6 2.6 36 40 23
7. A*F*D*G E* 6.0 4.3 0.4 7.8 16.0 98 31 23 37 2.7 36 40 22
8. E E*D*G E* 8.6 8.6 0.7 9.8 9.1 100 22 22 3.6 3.0 36 43 22
b. (28,3R)-Stereoisomer,
Experimental Data 9.0 0.7 8.0 8.7 81 m s no ov' no oV w
1. EE*(C*A F* 0.0 9.5 7.3 6.7 4.7 9.7 23 23 3.6 2.6 36 37 27
2. EF¥B*G E* 3.6 5.9 7.5 6.3 8.8 97 23 24 33 34 36 25 23
3. EF*D*A E* 2.8 3.8 0.4 8.4 8.7 9.8 23 23 3.6 2.6 36 42 25
4. AE*D*A E* 30 9.5 0.4 9.1 8.1 99 36 22 3.6 2.5 36 44 25
5. EE*D*4 E* 4.2 9.0 0.4 8.6 8.5 98 24 23 3.6 2.5 36 43 25
6. A*E*D*A E* 4.8 9.1 0.4 8.9 8.0 99 3.1 2.3 3.6 2.5 36 43 26
7. ATF*D*A E* 5.7 4.1 0.4 8.4 8.6 9.8 3.1 23 3.6 2.6 36 42 25
8. EE*D*G E* 9.0 8.6 0.6 9.6 98 100 22 22 3.6 2.9 36 43 22
9. A E*D*G F* 9.8 8.7 0.8 10.0 9.7 100 36 22 3.6 2.9 36 44 22
¢. (2R,3R)-Stereoisomer,
Experimental Data 9.0 59 6.8 9.6 8.5 S s w ovf s w no
1. EA*A A E* 0.0 5.6 7.5 6.7 8.0 9.6 23 35 3.6 2.9 24 24 32
0.0)
2. A E*A*D*E* 1.5 9.2 6.5 7.8 9.3 9.0 36 22 2.6 3.6 22 26 39
(1.7
3. EE*A*D*E* 2.4 8.7 6.3 8.1 9.3 9.0 24 22 2.6 3.6 22 25 38
(2.7)
4. AXE*A*D*E* 3.1 8.8 6.3 8.1 9.3 90 30 22 2.6 3.6 22 25 39
(3.4)
5. EE*A*D*E* 8.4 8.9 6.0 8.4 9.2 9.7 24 23 2.6 3.6 22 26 39
(8.6)

2 The one-letter code of Zimmerman et al.*? is used to denote the backbone conformation of each amino acid residue.

b Relative energies AE = E — E,;, for conformers of analogues I-11I. Relative energies for analogue 1V are given in parentheses
under the energies of respective conformers of analogue 1V.

¢ Expected values of >Jyncen coupling constants were calculated from torsion angles ¢ of low-energy conformers using the Karplus—
Bystrov equation.*

9 Intensities of cross peaks in ROESY spectra were qualitatively classified into the following grades: s, strong; m, medium; w, weak;
no, no detectable NOE was observed.

¢ Experimental *Jyncey coupling constants and NOE cross peaks are assigned to pro-R and pro-S o protons of the Gly? residues, so
as to achieve the best agreement with corresponding parameters of low-energy conformers. For the (2R,3R)-stereoisomer the assign-
ment is tentative.

fNOE cross peak cannot be definitely detected or assigned due to a resonance overlap.
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Table V Backbone and Disulfide Bridge Torsion Angles of Probable Solution Conformations of Three
Stereoisomers of [3-Me-p-NO,Phe|DPDPE

Stereoisomer, Conformers

PAYKAY 2S,3R 2R 3R
Residue Angle 5 8 5 6 8 3 5
Tyr! v 161 120 161 25 120 161 154
w 179 179 178 180 179 178 —175
D-Pen? ¢ 138 143 139 138 143 142 140
v —136 —125 —135 —134 —126 -130 —122
w —174 —164 -172 -172 —164 -169 —152
x! -171 88 -170 —171 89 —164 81
X2 —124 114 —127 —124 113 -159 124
Gly? ¢ 149 135 146 144 138 90 92
¥ —62 —34 —70 -72 -39 62 62
) 174 177 172 173 171 180 —171
B8-MePhe* ¢ -108 —138 —96 -92 -129 136 137
Y -59 -39 —66 —66 —62 -98 —102
) 178 175 -178 180 179 ~178 179
D-Pen® ¢ 126 117 128 126 122 139 131
¥ —150 —147 —146 —147 —146 ~140 —148
x! —68 —65 —65 —66 —64 -56 —66
X’ 88 153 87 88 154 85 147
£.C?-8-S-C* 109 —108 109 110 -109 121 -105

of protons Gly* C¥H - Phe* NH, Gly* NH-Phe*
NH, and Phe® C*H - D-Pen’® NH. All distances
predicted for these pairs of protons in conformers
3-8 are longer than 3.5 A, which validates the up-
per limit distances applied in this study. Conform-
ers 3-8 possess a similar backbone conformation
of the 14-membered disulfide ring and differ
mainly in the torsion angles ¢ of Tyr! and ¢ of D-
Pen?. The nmr data related to these torsion angles
allow us to exclude several conformers of the N-
terminal part of the (28, 3S)-stereoisomer I. Thus,
conformers 3 and 7 are incompatible with the
3 Juncen coupling constant of D-Pen?, while con-
formers 4 and 6 violate the distance constraint im-
posed by the strong NOE between the Tyr! C*H
and the D-Pen? NH. The conformers 5 and 8 satisfy
all the nmr data considered in Table IVa and,
therefore, we conclude that these conformers rep-
resent the most probable backbone conformation
of analogue I in DMSO. Superimposed stereoviews
of conformers 5 and 8 are shown in Figure 4.
Conformer 5 has a right-handed disulfide bridge
with the dihedral angle C°*—S—S—C? ~ 110°
and a frans rotamer for the D-Pen? x !, while the
conformer 8 has a left-handed disulfide bridge with
the angle C*—S—S—C? ~ —110° and a gauche
(+) rotamer for the D-Pen? x'. Generally, the x'

rotamers of D-Pen? can be distinguished by the rel-
ative intensities of NOEs between C*H, NH, and
~v-methyl protons of D-Pen?. The y- and v-methyl
resonances of the (2S, 3S)-stereoisomer are well
separated and give, respectively, medium and weak
NOEs with C*H, and two similar medium-inten-
sity NOEs with NH of D-Pen? (see Table I11). Both
conformers predict H*—C?” distances of 3.0 = 0.4

FIGURE 4 Superposition of the probable solution
conformations of [(2S, 3S)-8-Me-p-NO,Phe*]DPDPE
with right-handed (bold line) and left-handed (shadow
line ) conformations of the disulfide bridge.
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A, which are consistent with corresponding NOEs.
However, each conformer predicts one short (2.8
A) and one long (about 4.0 A) distance between
the NH proton and the fwo different -y-carbons of
D-Pen?. This pattern is not consistent with the two
medium-intensity NOEs, unless one assumes an
equilibrium between trans and gauche (+) rota-
mers of the D-Pen? residue represented by con-
formers 5 and 8, respectively. Therefore, we con-
clude that both right-handed and left-handed con-
formers of the disulfide bridge can exist in DMSO
in a dynamic equilibrium.

[(2S, 3R)-B-Me-p-NO,Phe*|DPDPE (II). 1ow-
energy conformers 3-9 of analogue II (Table [Vb)
satisfying the nmr constraints for residues 3-5 have
similar backbone conformations of the cyclic part
of the molecule. As for analogue I, nmr data on
the acyclic part of analogue II allow us to exclude
conformers 3 and 7, which predict too small
3 Juncen values for D-Pen?, and conformers 4 and
9, which are inconsistent with the medium-inten-
sity NOE between the C*H of Tyr' and NH of D-
Pen?. Conformers 5, 6, and 8 of Table Vb satisfy
all available nmr data and may be considered as the
most probable solution conformations for the (28,
3R)-stereoisomer II in DMSO. Two of them
(conformers 5 and 8 ) are very close to the probable
solution conformers selected for the (2S, 3S)-ste-
reoisomer, and possess, respectively, right-handed
and left-handed conformations of the disulfide
bridge. For the (2S, 3R)-stereoisomer the NOEs
observed between the NH and the two y-methyl
protons of D-Pen? differ in intensities (medium
and weak, see Table I11), and they are compatible
both with rrans and with gauche (+) rotamers of
the x ' angle of D-Pen?. Therefore, in contrast with
the (28, 3S)-stereoisomer I, the NOE pattern ob-
served for the (25, 3R)-stercoisomer Il does not re-
quire the assumption of an equilibrium between
two conformers of the disulfide bridge, although it
does not allow us to discriminate which of the two
conformers is preferred. Conformer 6 differs from
conformer 5 only in the ¢ angle of Tyr'. The sim-
ilar conformer of analogue I has been excluded as
incompatible with a strong NOE between the C*H
of Tyr' and the NH of D-Pen?. The medium NOE
observed for analogue I1 is consistent with an equi-
librium between conformers 5 and 6 in DMSO.
This may either reflect real difference in mobility
of the Tyr' residue in analogues I and II, or be at-
tributed to an inadequacy of the qualitative classi-
fication of NOE intensities.

[(2R, 3R)-B-Me-p-NO,Phe*| DPDPE (III). Four
low-energy conformers were found to satisfy the
NOE constraints and the *Jyncen coupling con-
stants for residues 3-5 of the analogue (conformers
2-5in Table IVc). A strong NOE between the Tyr'
C“H and the D-Pen? NH allowed us to exclude
conformers 2 and 4 with negative and small posi-
tive values of the Tyr' ¢ angle, respectively. Thus,
only conformers 3 and 5, which are in agreement
with all backbone NOEs and coupling constants,
can be considered as the most probable solution
conformations of the (2R, 3R )-stereoisomer III in
DMSO.

Conformers 3 and 5 have similar backbone con-
formations, but differ in the disulfide bridge con-
formation. As for analogues I and 11, the lower en-
ergy conformer 3 has a nght-handed disulfide
bridge with the dihedral angle C*—S—S—C*
~ 120° and a trans rotamer for the D-Pen? x',
while conformer 5 has a left-handed disulfide
bridge with the angle C*—S—S—C*? ~ —105°
and a gauche (+) rotamer for the D-Pen? x'. Two
medium-intensity NOEs observed between the
C“H and y-methyl protons of D-Pen? and only one
NOE observed between the NH and y-methyl pro-
tons of D-Pen? (see Table III) are consistent with
the H*—C” distances of 3.0 = 0.4 A and the
NH—C"” distances of 2.8 A and about 4.0 A pre-
dicted by either of the two x ' rotamers. Therefore,
the NOE pattern is consistent with either of the two
conformers of the disulfide bridge and does not re-
quire an assumption of a dynamic equilibrium be-
tween them.

Rotamer Populations of the Tyr' and
B-Me-p-NO,Phe* Side Chains

Determination of the x ' rotamer population for 8-
MePhe* was not a trivial problem, because only
one homonuclear 3Jyeys coupling constant was
available for this residue. For peptides I and III,
heteronuclear * Ji;«c~ coupling constants were em-
ployed for calculation of the 8-Me- p-NO,Phe* ro-
tamer populations as described in Methods. Lim-
ited amounts of peptide Il did not allow us to
measure the heteronuclear long-range coupling
constants. In this case we used the conformational
dependence of the 8-methyl '*C chemical shift, >+
which was calibrated using x ' rotamer populations
previously determined for analogue I. The result-
ing rotamer populations for the 3-Me-p-NO,Phe*,
as well as rotamer populations for Tyr ! determined
by Pachler’s analysis, > are given in Table VI. Ro-
tamer populations found for the Tyr' and Phe*
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Table VI Rotamer Populations of the Tyr' and Phe* Side Chains for DPDPE and {3-Me-p-NO,Phe‘|DPDPE

in DMSO
Rotamer Populations, %
Tyr! Phe*

Peptides P(g") P(7) P(g") P(g) P(z) P(g")
DPDPE? 39 60 1 69 17 14

I 51 39 10 63 0 37
11 53 36 11 60 34 6
111 45 45 10 39 7 54

2 Data for DPDPE in DMSO were taken from Ref. 3.

side chains of DPDPE in DMSO? are included in
Table VI for comparison.

DISCUSSION

B-Methyl derivatives of aromatic amino acids ini-
tially were designed as a tool to stabilize one of x '
rotamers with respect to two other rotamers, de-
pending on the chiralities at the C* and C* posi-
tions of the 3-methyl-substituted residue. The ro-
tamer populations found in this study for the three
stereoisomers of [ 8-Me- p-NO,Phe*] DPDPE, and
the almost identical populations obtained earlier
for the stereoisomers of [B-MePhe®]cholecys-
tokinin-8*” revealed a more complicated rotamer
equilibrium for the (-methyl substituted side
chains. Introduction of the second bulky substitu-
ent at the 8 position of phenylalanine does not sta-
bilize one particular x' rotamer, but it discrimi-
nates the x ' rotamer that places both g-substitu-
ents in a gauche orientation to the carbonyl group
of the same residue, i.e., a frans rotamer for both
erythro-isomers (2S, 3S) and (2R, 3R) of 8-
MePhe, a gauche (+) rotamer for the (25, 3R )-ste-
reoisomer, and a gauche (—) rotamer for the (2R,
3S)-stereoisomer (see Ref. 47). The two other ro-
tamers become almost equally populated upon -
methyl substitution. Therefore, this substitution is
a useful tool to discriminate a particular rotamer
for an aromatic side chain in order to examine, if
this rotamer is the one responsible for biological
activity. For example, all three rotamers of the
Phe* side chain of DPDPE are populated in water
and in DMSO.? In contrast, for [(2S, 3S)-8-Me-
p-NO,Phe*]DPDPE, which is almost as active as
DPDPE in the $-opioid receptor bioassay,'® the
population of the trans rotamer approaches zero. If

we assume the discrimination from the trans ro-
tamer to be a steric property of the (2S, 3S)-8-
MePhe side chain, independent of the environ-
ment, we can conclude that the rrans rotamer of
Phe* is irrelevant to the é-receptor activity of
DPDPE. Moreover, the most active (2S, 3S)- and
(2S, 3R)-stereoisomers of [B-Me-p-NO,Phe?]-
DPDPE (see Ref. 16) have only one common,
highly populated rotamer of Phe*, the gauche (—)
rotamer. Therefore, based on the results of this
study, the gauche (—) rotamer may be suggested as
the probable rotamer of the Phe* side chain in the
é-receptor-bound state of DPDPE and its active an-
alogs.

As a result of the combined nmr and molecular
mechanics study, a small number of low-energy
conformers have been selected as probable solution
conformations for each of the three stereoisomers
of [ 3-Me-p-NO,Phe*]DPDPE. It is interesting to
compare the probable solution conformations pro-
posed for the g-methylated analogues in this and
previous '® studies, and with the models for the so-
lution conformation of DPDPE suggested ear-
lier.2*!* Furthermore, comparison of the solution
conformations proposed here with the crystal
structure of DPDPE '* and the models of the bio-
logically active conformations’ can shed light on
relationships between conformations of DPDPE
analogues in different environments and in the re-
ceptor-bound state. Comparisons of pairs of con-
formers were performed by best-fit spatial match-
ing*® of all C* and C* atoms.

Comparison of the torsion angles in Table V re-
veals that the (28, 3S)- and (28, 3R )-stereoisomers
I and II have very similar backbone conformations
in DMSO. The same gauche (—) rotamer of the 8-
Me-p-NO,Phe* side chain was found to be most
populated for both analogues. Although minor
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FIGURE 5 Superposition of the probable solution
conformations of (2S, 3S)-stereoisomer with a gauche
(—) rotamer of Phe* (bold line) and (2R, 3R )-stereoiso-
mer with a gauche (+) rotamer of Phe* (shadow line).

differences in the conformational mobilities of the
Tyr! residue and the disulfide bridge moieties in
these two analogues could not be excluded with the
available nmr data, the conformational similarity
of analogues I and Il allows us to consider the lower
energy conformer 5 of analogue I (Tables IV and
V) as representative of the solution conformation
of both analogues. We will denote this conforma-
tion as conformer S. By analogous considerations,
we will assume conformer 3 of analogue 111 as rep-
resentative of the solution conformation of this an-
alogue and denote it as conformer R.
Superposition of conformers S and R shown in
Figure 5 reveals a similar backbone shape for the L-
and D-Phe*-containing analogues with rms devia-
tion of 0.64 A for all C* and C* atoms. Such a close
similarity could not be inferred either from the sub-
stantially different nmr parameters or from the
different sets of backbone torsion angles of the
probable solution conformers of the (2S, 3S)- and
(2R, 3R)-stereoisomers (see Table V). However,
the difference in torsion angles results mainly in a
rotation of the plane of the peptide group between
Gly? and 8-Me- p-NO,Phe* by about 120°, and in
an additional rotation of the ¢ angle of Gly® by
about 60°, These local conformational differences
allow the structures to accommodate both L- and
D-Phe? within the same overall backbone shape,
while different spatial positions of the C*H and NH
protons of L- and D-Phe* result in different patterns
of NOE. The difference of 60° in the ¢ angle of Gly*
is the reason for the considerably different * Jyncen
coupling constants observed for this residue in the
two stereoisomers. With the most populated x ' ro-
tamers of 8-Me-p-NO,Phe* [ gauche (—) for ana-
logue 1 and gauche (+) for analogue I11], the o-

amino groups and the aromatic rings of Tyr! and
Phe? of analogues I and 111 in the proposed solution
conformations can overlap almost completely (see
Figure 5).

Solution conformations of the four stereoiso-
mers of [ 3-MePhe*] DPDPE have been proposed
in a previous study '® utilizing a comparison of low-
energy conformers with experimental coupling
constants 3 Jyncer . Conformer S found in the pres-
ent study matches conformer 10 of [(2S, 35)-8-
MePhe*]DPDPE (Table III in Ref. 18) with an
rms = 0.43 A. A good match was found also for
conformer R and conformer 10 (Table 3 in Ref.
18) of [(2R, 3R)-8-MePhe*]DPDPE (rms = 0.47
A). Therefore, it may be concluded that similar
conformers of [ 3-MePhe*]DPDPE and [ 5-Me-p-
NO,Phe*]DPDPE contribute to their solution
equilibria in DMSO. On the other hand, compari-
son of the > Jyncen coupling constants observed for
the (2S, 3S)- and (2S, 3R)-stereoisomers in the
previous '® and the present studies allows us to sug-
gest that the polar NO, group restricts further the
conformational mobility of these stereoisomers in
solution.

Table VII lists the results of comparison of con-
formers S and R with several models of DPDPE con-
formations proposed by various authors.>>*'“'® The
first two columns of Table VII relate to two types of
conformers that were suggested for DPDPE in water
(conformers 4 and 20 in Table 3 of Ref. 18); the first
of them was assumed to be retained in DMSO. The
next two columns correspond to solution conforma-
tions of DPDPE derived from nmr studies and subse-
quent energy calculations by Hruby et al. (conformer
2'1in Ref. 2) and by Mosberg et al. (conformer III' in
Ref. 3). Then, three columns display results of com-
parison of conformers S and R to the three crystal
structures of DPDPE revealed by the x-ray analysis
(conformers 1-3 in Table 2 of Ref. 14). Finally, con-
formers S and R were compared to the “biologically
active” conformations (BAC) of DPDPE, proposed
recently as a result of extensive conformation-activity
studies of linear and cyclic é-selective opioid peptides
(conformers 1-3 in Table VII of Ref. 9). The rms val-
ues in the upper parts of each entry of Table VII cor-
respond to comparison of entire molecules, and those
in the lower parts correspond to comparison of cyclic
moieties only.

The data of Table VII show that conformer 20,
which was suggested in Ref. 18 as a model for solu-
tion structure of DPDPE in water, is, perhaps, the
most similar to both conformers S and R, out of all
other models of solution structure of DPDPE. It is
noteworthy that the 3Jyncen values predicted for
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5 Gly? residue by the models of Hruby and Mosberg
£ — i — = (¢ angles about —100° and 80°, respectively) are
o on ~ v < . .
= - substantially larger than the very small coupling
S constant observed for one of the « protons of Gly?
P in analogues [ and II. Therefore, none of these two
% 2 5 conformers suggested for DPDPE can contribute
Bl o] E ) with a considerable statistical weight to the confor-
Z Q = ~ 00 ) I~ ” X e
§ = E % R TR A I mational equilibrium of the (28, 3S)- and (28,
L < S % 3R )-stereoisomers of [ 3-Me-p-NO,Phe*]DPDPE
>o @ g in DMSO. Conformers S and R are nonsimilar to
b _ é the crystal structures of DPDPE, either. Again, the
& 2 kS crystal-like structure (¢ angle of Gly® is about
g s—| RRSE ‘g?_ 100°) is not consistent with the small > Jyncey cou-
o g amael o pling constants observed for analogues I and I1, and
£ “ 2 therefore cannot contribute to the conformational
o) 2 equilibrium of these analogues in DMSO.
Zﬁ S ‘g The above comparison enables us to conclude that
& § Ll Tgos £ the conformational mobility of the (2S, 3S)- and (28,
= E Nei=a| B 3R )-sterecisomers of { 3-Me-p-NO,Phe*]DPDPE in
% ] % DMSO is more constrained than that of the parent
= . . .
; 2 = peptide DPDPE. The diversity of models proposed as
£ 3 5 % solution conformations of DPDPE seems to reflect a
2 2| x| g So = | g complex dynamic equilibrium of DPDPE conformers
3 El T 5al 22w 8 : : : :
] ZR IR = Neea|§ 1n solution, which may depend on a particular solvent
7 § 5|~ & A s and experimental conditions. As a result of the S-
i = 5 2 methyl and p-NO, substitutions in Phe*, the solution
;’» % ~ 2 equilibrium for (28, 3S)- and (28, 3R )-stereoisomers
g, s £ 2 of [B-Me-p-NO,Phe*]DPDPE in DMSO is shifted
'§°: S - S8 LR % toward similar well-defined conformations that are
L ® 5 AR completely consistent with the nmr data. This type of
& £ < z
% 8 B structure, however, does not match most of the
85 £ models proposed for DPDPE in solution, as well as
2 < 5 £ the conformations of DPDPE found in crystal state."
b a§ i % = Tgew| £ The nmr data available for the (2R, 3R )-stereoisomer
2 o & E T mei==1 g does not exclude the possibility that other types of con-
% s v z formers can contribute to the solution equilibrium to-
£ £ ¢ gether with the solution structure suggested in this
s % = d
s .3 - - = study.
s = < L — . .
S & S| o| E cmmo | © The probable solution conformations of the L-
= Q| S| Fauox s 4 .. o
g9 S| 2l ¢ -S| g and D-Phe“-containing analogues are very similar
] E g S H and allow almost complete superposition of the
F ¥ S > main opioid pharmacophores, i.€., a-amino group
= 2 k= . § and aromatic rings of Tyr' and Phe®, as well as of
f-; = g e o = the substituent 8-methyl groups (see Figure 5). On
L3 g S8 2e= 5 the other hand, the (2R, 3R )-stereoisomer of [3-
s S 2 é e Me-p-NO,Phe*]DPDPE is 140 times less active in
§ z o ; the mouse vas deferens bioassay, than the (2S, 3S)-
t3 ;c;j 5 stereoisomer, and 50 times less potent in é-receptor
g g E £ binding assay, than the (2S, 3R )-stereoisomer.'®
S E S5l =84z g The only noticeable difference between solution
— = -—— - & conformers S and R is in positions of the Gly? car-
=4 S 5 ;
- = o P bonyl oxygen and the -Me- p-NO,Phe* amide hy-
= g = drogen. In principle, rotation of the peptide group
S s v between Gly® and 8-Me-p-NO,Phe* may cause a
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FIGURE 6 Superposition of the BAC of DPDPE (bold line) proposed in Ref. 9 with the
most similar low-energy conformations of { (28, 3S)-38-Me- p-NO,Phe* ] DPDPE (conformer 2

in Table [Va; shadow line).

loss of one or two hydrogen bonds to the receptor,
which can explain the 50-fold drop in é-receptor
affinity of the (2R, 3R)-stereoisomer. However, a
hydrogen bonding of the Phe? amide group to the
d-receptor is not probable, because Phe* N-alkyl-
ated analogues of enkephalin possess high é-recep-
tor potencies.*’ Therefore, the contradiction be-
tween similar solution conformations and different
biological activities of the L- and D-Phe*-contain-
ing stereoisomers suggests that the conformers that
are most populated in DMSO may not be relevant
to the é6-opioid receptor binding of these analogues.

Comparison of the putative biologically active
conformations of DPDPE’'> with the solution
conformations S and R revealed their pronounced
nonsimilarity, though with a more satisfactory
matching of the disulfide ring structures (see Table
VII). At the same time, low-energy conformers
very close to the BAC of DPDPE were found by
energy calculations for the (28, 3S)- and (2S, 3R)-
stereoisomers of [(3-Me-p-NO,Phe*]DPDPE (con-
formers 2 in Table [Va and b; see also Figure 6).
Although these conformers do not satisfy all of the
experimental *Jyncen values, and, hence, cannot
possess a considerable statistical weight in DMSO,
they may be favorable in another environment, for
example, at the binding site of the 6-opioid recep-
tor. In contrast, no conformer close to the BAC of
DPDPE was found for the D-Phe *-containing ana-
logues Iif and IV. Energy minimization of these
two analogues starting from the BAC model has
converged to the solution conformer R.

In summary, we can conclude that the model of
BAC proposed earlier® for DPDPE correlates with
the biological activity data on the B-Me-p-
NO,Phe*-substituted analogues of DPDPE better
than their solution conformations found in this
study. Therefore, the BAC may be considered as
tentative models of d-receptor-bound conforma-

tions for the (285, 3S)- and (2S, 3R )-stereoisomers
of [ 3-Me- p-NO,Phe*]DPDPE. The contradiction
between solution conformations and structure—ac-
tivity relationships of the 5-Me- p-NO,Phe *-substi-
tuted analogues of DPDPE may serve as a warning
against a noncritical acceptance of solution struc-
tures of peptides as models for their biologically ac-
tive conformations.
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