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To identify the peptide conformation that is preferentially secondary structural elements. The analysis of the average
properties of these compounds indicate the presence of somerecognized by the receptor, we have synthetized by solid-

phase method a series of deltorphin I analogs with increasing distinct conformational preferences that can be related to the
observed opioid receptor selectivities. Selectivity for the δ-selectivity for δ- and µ-opioid receptor. Structure-selectivity

relationship of these peptides were evaluated on the basis and µ-opioid receptors can be ascribed to the spatial
arrangement of the aromatic moieties. In addition,of receptor-binding properties and conformational features,

computed by two-dimensional NMR spectra and distance- substitutions in position 2 and 4 are important for the correct
arrangement and must be taken into account in the designgeometry techniques. These compounds in solution are

present with a large number of conformers with no defined of δ-opioid receptor-selective ligands.

Introduction Many conformational studies have been carried out to
explain the selectivity and affinity of opioid peptides for the
δ-opioid receptors.[1227] One of the most frequently used
approaches has been the introduction of conformationalFrom the examination of small peptides in solution, the
constraints into the peptide molecule by cyclization in orderidentification of the bioactive form (the conformation that
to reduce the number of accessible conformations andbinds to the receptor) is a very difficult task. For linear
consequently facilitate the theoretical and experimentalpeptides, there are a number of energetically comparable
characterization of the bioactive forms.[28231] Neverthelessconformations which coexist in equilibrium, conformations
NMR studies have demonstrated that, even though thewhich span the full spectrum of possible orientations from
number of low-energy conformations for a cyclized peptidefully extended to highly folded structures. Moreover the
is smaller than that of linear analogs, this number is stilllow-energy conformations of a particular peptide depends
significantly high. [32] Therefore, it is not possible to charac-greatly on the surrounding environment. This adds a
terize the receptor-selected conformation from studies offurther problem to the identification of the bioactive form,
just one analog. Rather, the form of the peptide preferredsince the most appropriate conditions (e. g., solvent, pH,
by each receptor type must be deduced from a comparisonionic strength, temperature) to describe the receptor-bind-
of the conformational features of structurally similar anal-ing site are not usually known. As a consequence of this
ogs, a family or series of ligands with high and low affi-molecular plasticity, the bioactive form of the peptide does
nities, ranging from nonselective to highly selective com-not need to be the predominate conformation at equili-
pounds for the receptor subtype under investigation.brium, but one that can dynamically accommodate the con-

formational requirements of the binding site in an induced Deltorphins are naturally occurring peptides with high
affinity and selectivity for the δ-opioid receptors. [33] [34]fit. However, a dynamically induced form should be acces-

sible with reasonable energy expenditure and therefore must Three deltorphins have been isolated from amphibian skin:
[met2]deltorphin or dermenkephalin (Tyr-met-Phe-His-Leu-derive from one of the lowest energy conformations ob-

served in the receptor environment. Met-Asp-NH2); [ala2] deltorphin I (Tyr-ala-Phe-Asp-Val-
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Val-Gly-NH2); and [ala2]deltorphin II (Tyr-ala-Phe-Glu- ([Aib4,Tyr5]DELT) and peptide C ([Aib2,4,Tyr5]DELT),

which all end at the C terminus with Tyr-Val-Gly-NH2. TheVal-Val-Gly-NH2). To understand the conformation-ac-
tivity relationships of the deltorphins a knowledge of their second series includes peptide D ([met2]DELT), peptide E

([Aib2]DELT), peptide F ([Aib2,4]DELT), peptide G ([Aib4]-conformational preferences in solution is fundamental.
Several NMR studies of deltorphins in DMSO and in DELT), peptide H ([Gly4]DELT) and peptide I ([Ala4]-

DELT), which all end at the C terminus with the DELTcryoprotective (DMSO/water) mixtures have confirmed that
these peptides most likely exist in solution as a mixture of sequence Val-Val-Gly. The strategy followed in designing

the analogs of the first series (peptides A, B, and C) wasdifferent conformers, interconverting quickly on the NMR
time scale. [2] [35] [36] Nevertheless, Tancredi et al. [37] have de- that of altering the hydrophobicity by substituting Val5 with

Tyr (peptide A) and introducing the helicogenic Aib residuerived a single [met2]deltorphin conformation which is in
good agreement with the NMR data, in particular with the at positions 2 and 4 (peptides B and C). In the second series

the substitution of the ala residue at position 2 with a metNOE measurements. On the other hand, Nikiforovich et
al. [38] [39] have proposed a model for the δ-receptor-bound (peptide D) or Aib (peptide E) residue could also provide

information on the conformational role of the amino acidconformation of an active cyclic analog of [met2]deltorphin
based on energy calculations which has little resemblance to residue located between the two aromatic rings of Tyr1 and

Phe3. Finally, in peptides F, G, H, and I changes in thethe [met2]deltorphin solution structure described earlier. [37]

Recently, Picone et al. [40] have reported the conformational hydrophobicity and in the anionic properties of side chains
were combined with conformational changes of the peptideanalysis of deltorphin I analogs containing Cα,α-dialkylated

residues, such as Aib, Ac3c, Ac5c, Ac6c, in position 2, 3 backbone by substituting positions 2 and 4 with the helic-
ogenic Aib residue or with the more flexible Gly, Ala resi-and 4. The NMR analysis combined with MD calculations

shows that Xaa3 analogs are highly structured in DMSO dues.
and in DMSO/water at low temperature, and there are sev-
eral different structures consistent with experimental NOEs.

Binding AssayComparison of the preferred solution conformations of
Aib3 deltorphin-I and Ac6c3 deltorphin I with two nonpep-

Table 1 shows that all peptides studied have Ki values
tidic δ-selective agonists illustrates very similar shapes and

for δ-opioid receptor in the nanomolar range, whereas their
topological orientations. [31].

selectivity for δ-opioid receptors ranged over two orders of
In order to better map out the pharmacophore and de-

magnitude, mainly because of large differences in their af-
fine the importance of each amino acid for receptor recog-

finity for µ-opioid receptors. On the basis of their residual
nition, an extensive study of 17 deltorphin-substituted anal-

µ-receptor affinity, the peptides could be classified into
ogs has been carried out. [41] These analogs varied greatly in

three types of ligands: ligands scantly recognized by µ-
their affinity and activity at the δ-opioid receptor. It was

opioid receptors (peptides A, D and E); ligands with mod-
observed that the residues at positions 2, 4, and 5 were key

erate µ-receptor affinity (peptides F and C), and nonselec-
for opioid receptor affinity and selectivity. [41]

tive ligands (peptides B, G, H and I) which possess similar
The objective of the present study is to develop a struc-

affinities for the µ- and δ-opioid receptors. Bioassays on
ture-activity relationship between the conformations of

GPI and MVD showed a good agreement with receptor
these analogs in solution and the observed biological pro-

binding results, demonstrating that all peptides are opioid
files. Analogs incorporating Aib (α-aminoisobutyric acid or

agonists.
α,α-dimethylglycine) residues in place of ala2 and/or Asp4

and modifications altering the hydrophobic/hydrophilic
character of the peptide have been examined by high resolu- NMR Analysis
tion NMR measurements and extensive distance geometry
(DG) calculations. The Aib residue was chosen based on its The solution conformations of seven analogs (peptides

A, B, C, D, E, F, G) of [ala2]DELT were studied by protonability to induce folding into linear peptides and therefore
imparting considerable conformational constraint. [42] [43] NMR in DMSO. For all samples the NH peaks were re-

solved with the exception of the NH resonances of Tyr1 andThe comparison of the conformational preferences ob-
served here with the pharmacological profiles will allow for Gly7. Identification of the complete spin systems for the

seven peptides studied were accomplished by homonucleara further understanding of the structural, conformational
and topological requirements for δ-opioid selectivity and J-correlated 2D techniques such as DQF-COSY and HO-

HAHA. These techniques readily allowed for the identifi-affinity.
cation of all spin systems but can not determine their posi-
tion in the sequence. To assign unambiguously AMXX9-

Results and Discussion type spin systems (Tyr, Phe, Asp) and their position in the
peptide sequence, sequential NOE effects between the back-Synthesis
bone protons were utilized.[44] Proton-chemical shifts are
summarized in Tables 224. The β-CH3 protons of ala inWe have synthesized nine analogs of [ala2]deltorphin I

(Table I). These peptides can be divided into two series. The peptides A,B and G and the side-chain protons of met in
peptide D are upfield shifted as it was found for the naturalfirst series includes peptide A ([Tyr5]DELT), peptide B
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Table 1. Affinity for opioid receptors and biological activity on guinea pig ileum (GPI) and mouse vas deferens (MVD) of deltorphin-

like peptides[a]

IC50 [n] Ki [n]
peptide MVD GPI δ µ κ δ/µ

[ala2]DELT 0.19 ± 0.01 1239 ± 203 0.54 ± 0.04 1985 ±224 5748 ± 480 2.7 3 1024

Tyr-ala-Phe-Asp-Val-Val-Gly·NH2
A. [Tyr5]DELT 2.21 ± 0.18 1460 ± 200 4.7 ± 0.59 3135 ± 297 2800 1.5 3 1023

B. [Aib4,Tyr5]DELT 0.16 ± 0.01 2.58 ± 0.3 2.03 ± 0.21 2.9 ± 0.3 185 7 3 1021

C. [Aib2,4,Tyr5]DELT 9.9 ± 0.7 480 ± 27 7.5 ± 1.92 96 ± 10 12300 5.2 3 1022

D. [met2]DELT 173 ± 40 1700 ± 390 170 ± 5.9 3142 ± 175 > 40000 5.4 3 1022

E. [Aib2]DELT 1.75 ± 0.27 > 2000 9.7 ± 0.91 2105 ± 159 > 40000 4.6 3 1023

F. [Aib2,4]DELT 2.8 ± 0.17 > 2000 4.8 ± 0.37 269 ± 34 26000 1.78 3 1022

G. [Aib4]DELT 0.3 ± 0.04 18.8 ± 2.5 0.57 ± 0.1 5 ± 0.3 3000 1.14 3 1021

H. [Gly4]DELT 2.62 ± 0.32 22 ± 3 7.35 ± 0.93 11 ± 1.2 2700 6.68 3 1021

I. [Ala4]DELT 0.76 ± 0.08 91 ± 21 1.2 ± 0.21 25 ± 2.7 4200 4.8 3 1022

[a] IC50, agonist concentration that produces 50% inhibition of the electrically evoked twitch; Ki, equilibrium dissociation constant of the
competing ligand; MVD, mouse vas deferens preparation; GPI, guinea-pig ileum preparation.

Figure 1. 400-MHz expansions of NOESY spectra in DMSO atdeltorphins. [2] This observation strongly indicates that the
298 K of [Tyr5]DELT (a), [Aib4,Tyr5]DELT (b) and [Aib2,4,Tyr5]-side chain of the second residue in these peptides is in close

DELT (c)
proximity to both aromatic ring systems of Tyr1 and
Phe3, [36] a low-energy conformational arrangement access-
ible to numerous dermorphin and deltorphin analogs. Val-
ues observed for 3JαCH-NH (Tables 224) are consistent with
reported values for a random-coil conformation, as one can
expect from a mixture of many conformers in fast equilib-
rium. However, it is worth pointing out that the tempera-
ture coefficients of the amide protons (Tables 224) are not
uniform along the sequence. The temperature coefficient of
the Tyr5 amide proton, in fact, in peptide B of the first
series (A, B and C), exhibits a temperature coefficient of
zero, suggesting the existence of some folded confor-
mations. In the second series of peptides (D, E, F, G) the
NH at position 5 shows a low temperature gradient in pep-
tides F and G, suggesting the involvement of this amide
proton in an intramolecular hydrogen bond. The measure-
ment of NOEs provided additional information concerning Distance Geometry
the preferred conformations of the peptides. All peptides
gave weak to medium NOE signals. In particular, some pep- In general, the conformational analysis of small peptides

by NMR is beset with a number of problems not encoun-tides distinctly showed diagnostically valuable inter-residue
effects, such as the NH-NH contacts typical of folded struc- tered in the study of other molecules of biological interest

(i. e. proteins, nucleic acids, glycosaccharides). Linear pep-tures (Figure 1 and Scheme 1).
The 324 NH-NH contact, not outlined for peptides C tides are naturally very flexible and can therefore quickly

adopt a large number of different conformations. Secondly,and F, could not be unambiguously identified since the
chemical shifts of these protons are not well resolved. the absence of secondary structural elements (i. e., α-helices,

β-sheets) and the high percentage of solvent-exposed re-Nevertheless all sequential CaH-NH NOEs, characteristic
of extended structures, are observed (Scheme 1). gions leads to small proton densities and therefore a small

number of NOEs are observed.These data reveal an apparent disagreement between
coupling constant results, which are indicative of a mixture To obtain structural information on the conformational

preferences of deltorphin analogs extensive DG calculationsof many conformations, and the NH-NH NOE effects,
which suggest the existence of rather defined structures. were carried out for peptides A, C, E, F and G. These calcu-

lations represent a rough approximation of the complexThis contradiction, however, can be partially explained by
noting that the existence of small amounts of folded con- conformational equilibria existing in solution and in ad-

dition allow for a thorough searching of the conformationalformers, characterized by short interproton distances, can
be evidenced, because of the strongly nonlinear dependence space consistent with the experimental observations. The

NOESY spectra for peptides B and D were poor of signifi-of NOEs on distances (i. e., the NOE goes as a function of
distance to the inverse sixth power). cant structural information to apply DG calculations.
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Scheme 1. Schematic diagram illustrating dNN and dαN NOE contacts

A. [Tyr5]DELT dNN F3-D4 D4-Y5 Y5-V6

daN Y1-a2 a2-F3 F3-D4 D4-Y5 Y5-V6 V6-G7

B. [Aib4,Tyr5]DELT dNN F3-U4 U4-Y5 Y5-V6 V6-G7

daN Y1-a2 a2-F3 F3-U4 2 Y5-V6 V6-G7

C. [Aib2,4,Tyr5]DELT dNN U2-F3 U4-Y5 Y5-V6

daN Y1-U2 2 F3-U4 2 Y5-V6 V6-G7

D. [met2]DELT dNN F3-D4 D4-V5 V5-V6

daN Y1-m2 m2-F3 F3-D4 D4-V5 V5-V6 V6-G7

E. [Aib2]DELT dNN U2-F3 F3-D4 D4-V5 V5-V6

daN Y1-U2 2 D4-V5 V5-V6 V6-G7

F. [Aib2,4]DELT dNN U2-F3 U4-V5 V5-V6 V6-G7

daN Y1-U2 2 F3-U4 2 V5-V6 V6-G7

G. [Aib4]DELT dNN F3-U4 U4-V5 V5-V6 V6-G7

daN Y1-a2 a2-F3 F3-U4 2 V5-V6 V6-G7

Table 3. Proton chemical shifts [ppm] at 298 K for peptides [met2]-Table 2. Proton chemical shifts [ppm] at 298 K for peptides [Tyr5]-
DELT, [Aib4,Tyr5]DELT and [Aib2,4,Tyr5]DELT DELT, [Aib2]DELT, [Aib2,4]DELT and [Aib4]DELT

[Tyr5]DELT, peptide A [met2]DELT, peptide D

AA NH αCH βCH γCH othersAA NH αCH βCH γCH others
Tyr1 8.08 3.95 2.72 (2,6)6.98-(3,5)6.67-OH 9.30 Tyr1 8.07 3.98 3.3322.83 (2,6)7.00-(3,5)6.67-OH 9.31

met2 8.48 4.40 1.3721.26 1.79ala2 8.36 4.38 0.65
Phe3 8.39 4.55 2.9022.60 (2,6,3,5)7.24-(4)7.18 Phe3 8.54 4.63 3.0422.63 (2,6,3,5)7.27-(4)7.20

Asp4 8.64 4.60 2.7022.51Asp4 8.52 4.52 2.6822.45
Tyr5 7.82 4.50 2.9022.75 (2,6)6.99-(3,5)6.62-OH 9.14 Val5 7.71 4.25 1.97 0.81

Val6 7.89 4.10 1.95 0.84Val6 7.96 4.12 1.98 0.8620.82
Gly7 7.99 3.65 NHt 7.2127.02 Gly7 8.06 3.63 NHt 7.2027.01

[Aib4,Tyr5]DELT, peptide B [Aib2]DELT, peptide

AA NH αCH βCH γCH othersAA NH αCH βCH γCH others
Tyr1 8.09 3.96 2.82 (2,6)6.99-(3,5)6.67-OH9.30 Tyr1 8.00 3.91 2.9722.77 (2,6)7.05-(3,5)6.70-OH 9.35

Aib2 8.31 2 1.2621.19ala2 8.37 4.32 0.70
Phe3 8.28 4.50 3.0322.64 (2,6,3,5)7.22-(4)7.18 Phe3 7.50 4.50 3.0822.86 (2,6,3,5)7.22-(4)7.17

Asp4 8.30 4.60 2.7322.54Aib4 8.15 2 1.2821.24
Tyr5 7.38 4.41 2.9722.79 (2,6)6.94-(3,5)6.60-OH 9.10 Val5 7.70 4.23 1.99 0.8320.80

Val6 7.86 4.09 1.97 0.85Val6 7.87 4.13 2.00 0.86
Gly7 8.05 3.65 NHt 7.1927.04 Gly7 8.07 3.6723.60 NHt 7.2127.03

[Aib2,4,Tyr5]DELT, peptide C [Aib2,4]DELT, peptide F

AA NH αCH βCH γCH othersAA NH αCH βCH γCH others
Tyr1 7.98 3.88 2.7722.97 (2,6)7.04-(3,5)6.72-OH 9.36 Tyr1 8.00 3.89 2.9622.80 (2,6)7.04-(3,5)6.71-OH 9.36

Aib2 8.45 2 1.2721.20Aib2 8.45 2 1.2321.20
Phe3 7.76 4.19 3.0922.91 (2,6,4)7.18-(3,5)7.25 Phe3 7.76 4.23 3.0922.94 (2,6,4)7.19-(3,5)7.26

Aib4 7.77 2 1.3321.30Aib4 7.72 2 1.2821.24
Tyr5 7.49 4.27 3.0122.82 (2,6)6.98-(3,5)6.60-OH 9.11 Val5 7.17 4.10 2.05 0.84

Val6 7.65 4.11 1.98 0.83Val6 7.62 4.09 2.03 0.85
Gly7 7.96 3.5823.65 NHt 7.1627.02 Gly7 8.02 3.61 NHt 7.1827.01

[Aib4]DELT, peptide G

In Tables 5 the comparison between relevant NOE-de-
AA NH αCH βCH γCH othersrived distances and the corresponding average calculated
Tyr1 8.05 3.95 2.84 (2,6)6.99-(3,5)6.67-OH 9.30

distances derived from the DG calculations is reported. In ala2 8.35 4.30 0.74
Phe3 8.30 4.55 3.0722.69 (2,3,5,6)7.25-(4)7.19Figures 226 40 structures refined with the DADD pro-
Aib4 8.19 2 1.35cedure calculations of the various peptides superimposed Val5 7.16 4.18 1.99 0.8320.77

with the backbone atoms N, Cα, C, and O are shown. The Val6 7.88 4.11 1.99 0.86
Gly7 8.04 3.63 NHt 7.1927.01analysis of the structures obtained for all peptides reveals

that no definite regular secondary structures can be ident-
ified and a large flexibility in the C-and N-terminal parts is
found. To obtain structural information we have computed between the NH in position 1 and the aromatic ring in posi-

tion 3 for all compounds analyzed with DG techniquesfrom the DG structures some average properties, that can
be used to explain the δ/µ selectivity for this class of com- are reported.

The results confirm that the structural elements of [ala2]-pounds. In Table 6 the average distance between the aro-
matic rings in position 1 and 3 and the average distance deltorphin I (i. e., ala2, Asp4 and Val5) are all necessary for
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Table 5. Relevant NOE-derived distances [Å] and correspondingTable 4. Temperature coefficients [ppb/K] and 3JNH-αCH [Hz] for

peptides [Tyr5]DELT, [Aib4,Tyr5]DELT, [Aib2,4,Tyr5]DELT, [met2]- average calculated distances derived from DG
DELT, [Aib2]DELT, [Aib2,4]DELT and [Aib4]DELT

[Tyr5]DELT, peptide A
measured calculated[Tyr5]DELT, peptide A [met2]DELT, peptide D

AA ∆δ/∆T 3J(NH-αCH) AA ∆δ/∆T 3J(NH-αCH) Tyr5 Hα Val6 NH 2.32 2.22
Tyr1 Hα Ala2 NH 2.32 2.53Tyr1 Tyr1

ala2 23.4 8.2 met2 23.2 8.4 Asp4 NH Tyr5 NH 2.50 2.56
Phe3 Hα Tyr5 NH 2.50 2.92Phe3 25.3 9.9 Phe3 25.1 8.9

Asp4 24.7 7.9 Asp4 23.8 7.6 Val6 NH Val6 Hβ 2.50 2.64
Tyr1 Hβ2 ala2 NH 2.50 2.21Tyr5 22.5 7.8 Val5 23.1 9.1

Val6 25.1 8.3 Val6 23.7 8.5 Tyr1 Hβ1 ala2 NH 2.50 2.23
Phe3 NH Phe3 Hβ1 2.50 2.50Gly7 24.7 Gly7 5.3
ala2 Hα Phe3 NH 2.57 2.45
Tyr5 NH Val6 NH 3.00 3.34[Aib4,Tyr5]DELT, peptide B [Aib2]DELT, peptide E Phe3 Hβ2 Asp4 NH 3.00 2.78
Tyr5 Hβ1 Val6 NH 3.00 3.46
Gly7 NH Gly7 Hα1 2.74 2.75AA ∆δ/∆T 3J(NH-αCH) AA ∆δ/∆T 3J(NH-αCH)

Tyr1 Tyr1 Gly7 NH Gly7 Hα2 2.74 2.74
Tyr5 NH Tyr5 Hβ1 3.00 3.14ala2 23.2 7.7 Aib2 22.7

Phe3 24.3 8.5 Phe3 23.0 8.3 Tyr5 Hβ2 Val6 NH 3.00 2.96
Phe3 NH Phe3 Hβ2 3.00 3.29Aib4 25.3 Asp4 24.8 8.3

Tyr5 0 7.3 Val5 23.2 9.0 Phe3 NH Asp4 NH 4.00 4.20
Tyr1 Hδ1 ala2 NH 3.32 3.29Val6 25.0 8.5 Val6 23.9 8.3

Gly7 24.6 Gly7 25.0 5.6 Tyr1 Hδ2 ala2 NH 3.40 3.34

[Aib2,4,Tyr5]DELT, Peptide C [Aib2,4]DELT, Peptide F [Aib2,4,Tyr5]DELT, peptide C
measured calculated

AA ∆δ/∆T 3J(NH-αCH) AA ∆δ/∆T 3J(NH-αCH)
Tyr1 Tyr1 Phe3 Hα Aib4 NH 2.39 2.40

Aib4 NH Aib4 βCH3 2.68 2.68Aib2 24.2 Aib2 23.6
Phe3 26.0 6.6 Phe3 25.3 7.1 Tyr1 Hα Aib2 NH 2.50 2.28

Aib2 NH Aib2 βCH3 2.35 2.68Aib4 22.2 Aib4 22.5
Tyr5 22.2 8.2 Val5 20.7 8.3 Aib4 NH Tyr5 NH 2.52 2.59

Tyr5 Hα Val6 NH 2.60 2.47Val6 22.4 8.2 Val6 23.0 8.1
Gly7 25.0 5.8 Gly7 25.1 5.7 Aib2 βCH3 Phe3 NH 3.35 3.35

Aib2 NH Phe3 NH 2.94 2.73
Tyr5 NH Val6 NH 3.00 3.02[Aib4]DELT, peptide G Tyr5 NH Tyr5 Hβ1 3.00 3.07
Aib4 βCH3 Tyr5 NH 3.35 3.36
Val6 Hα Gly7 NH 2.56 2.44AA ∆δ/∆T 3J(NH-αCH)

Tyr1 Val6 NH Val6 Hα 2.74 2.81
ala2 24.0 7.7
Phe3 25.5 8.6 [Aib2]DELT, peptide EAib4 26.4 measured calculatedVal5 0 8.6
Val6 25.0 8.3
Gly7 25.3 5.8 Aib2 NH Phe3 NH 3.03 2.98

Asp4 Hα Val5 NH 2.48 2.43
Asp4 NH Asp4 Hα 2.62 2.64
Phe3 Hα Asp4 NH 2.76 2.40full retention of the biological activity. In comparison with Tyr1 Hα Aib2 NH 2.36 2.31
Val6 Hα Gly7 NH 2.48 2.45the parent peptide, substitution of Val5 by a Tyr residue
Tyr1 NH Tyr1 Hα 2.52 2.55reduces δ-selectivity by a factor of 10 and replacement of
Val5 Hα Val6 NH 2.36 2.35

ala2 with both met or Aib residues further decreases the Val6 NH Val6 Hα 2.80 2.63
Val5 NH Val5 Hα 2.76 2.62affinity for δ-opioid receptors by a factor of 20 (for peptides
Phe3 NH Phe3 Hα 2.79 2.75D and E). In contrast, substitution of Asp4 by an Aib resi- Val6 NH Val6 Hβ 3.02 2.85

due or, to a lesser extent, with a Gly or Ala residue pro- Asp4 NH Val5 NH 2.98 2.86
Asp4 NH Gly7 NH 3.20 3.41duces more pronounced changes in receptor selectivity, as

seen in peptides B, C, F, G, H and I, which show an appreci-
[Aib2,4]DELT, peptide Fable increase in affinity toward µ-opioid receptors. The measured calculated

elimination of the side-chain carboxylic acid group, which
is supposedly involved in intramolecular hydrogen bonds Aib2 NH Aib4 NH 3.15 3.41

Aib4 NH Val5 NH 2.32 2.41with the N-terminal amino group, and substitution of Asp4

Val5 NH Val6 NH 3.85 2.95residue with an Aib residue, which is known to induce Val6 NH Gly7 NH 2.83 2.71
folded or helical structures, or with more flexible residues Tyr1 Hα Aib2 NH 2.72 2.64

Val6 Hα Gly7 NH 3.03 3.03(Gly or Ala), must be considered responsible for the sharp
Phe3 Hα Aib4 NH 2.53 2.53decrease in δ-opioid receptor selectivity. Val6 NH Val6 Hα 2.87 2.74
Aib4 NH Aib4 βCH3 2.77 2.78The conformational analysis reveals that the C-terminal
Aib2 NH Aib2 βCH3 2.80 2.82tripeptide fragment appears far more flexible than the N-
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Figure 2. The 40 structures refined with the DADD procedure cal-Table 5. (Continued)
culations superimposed with the backbone atoms N, Cα, C and O

of [Tyr 5]DELT (Peptide A)Val5 NH Val5 Hα 2.71 2.72
Val5 NH Val5 Hβ 3.03 3.06
Val5 Hα Val6 NH 2.63 2.56

[Aib4]DELT, peptide G
measured calculated

Tyr1 Hδ1 ala2 NH 3.41 3.42
Tyr1 Hδ2 ala2 NH 3.42 3.40
Aib4 NH Val5 NH 2.54 2.48
Val5 NH Val6 NH 3.12 2.89
Val6 NH Gly7 NH 3.37 3.45
Tyr1 Hα ala2 NH 2.41 2.51
Tyr1 ββ9CH2 ala2 NH 3.76 3.74
ala2 βCH3 Phe3 NH 3.83 3.86
Phe3 NH Phe3 Hβ2 2.31 2.33
Phe3 NH Phe3 Hα 2.73 2.54
Phe3 NH Phe3 Hα 2.53 2.54
ala2 NH ala2 Hα 2.83 2.79
Phe3 Hα Aib4 NH 2.54 2.58
Phe3 Hβ1 Aib4 NH 3.45 3.25
Aib4 NH Aib4 βCH3 2.97 3.01
Phe3 Hβ2 Aib4 NH 3.85 3.91
Val6 Hα Gly7 NH 2.33 2.21
Gly7 NH Gly7 Hαα9 2.65 2.64
Val6 Hβ Gly7 NH 3.18 3.32
Tyr1 NH Aib4 βCH3 3.65 3.70
Val5 Hα Val6 NH 2.53 2.61
Val6 NH Val6 Hα 2.99 2.90
Val5 NH Val5 Hα 2.79 2.69
Aib4 βCH3 Val5 Hα 4.98 5.12

Figure 3. The 40 structures refined with the DADD procedure cal-Aib4 β9CH3 Val6 Hβ 4.65 4.69
culations superimposed with the backbone atoms N, Cα, C and O

of [Aib 2]DELT (Peptide E)

Table 6. Average distance between the aromatic rings in position 1
and 3 (R12R3) and between the NH in position 1 and the aromatic
ring in position 3 (N1H2R3) for all compounds analyzed with DG

techniques

peptide sequence distance [Å] R12R3 distance [Å] N1H2R3

A. [Tyr5]DELT 12 10
C. [Aib2,4,Tyr5]DELT < 9 7.6
E. [Aib2]DELT 10211 9
F. [Aib2,4]DELT 10211 7
G. [Aib4]DELT 8 5

terminal sequence. The low-temperature coefficient of the
NH of residue 5 in both peptides F and G can be explained
on the basis of the DG analysis because of the NH interac-
tion with acceptor groups. The structures of the peptides
examined by DG calculations (Peptides A, C, E, F and G)
can be categorized in terms of topological features into
three different families. The first family of structures com-
prising peptides A and E (Figures 2 and 3) is characterized
by a bent conformation around the residue at position 2.
As a consequence, the two aromatic rings are at a distance
of about 11 Å, and the terminal N1H and the Phe3 are
about 10 Å apart. Substitution of ala2 with Aib leads to gands belong to the second family of structures in which the

aromatic rings of Tyr1 and Phe3 are still in close proximitya reduction in δ-opioid receptor affinity, showing that an
optimum size is achieved with a single methyl group of the (approximately 9 Å apart), but the methyl groups of the

Aib2 residue do not interact with the aromatic rings andchiral residue, whereas bulkier groups tend to interfere with
the onset of the required topology for δ-opioid receptor af- the distance between the N1H and the Phe3 is about 7 Å.

The topology of these rings grossly resembles that of thefinity. All these molecules are not recognized by µ-opioid
receptors (Table 1). The slightly less selective C and F li- first family of structures and consequently these ligands
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Figure 6. The 40 structures refined with the DADD procedure cal-Figure 4. The 40 structures refined with the DADD procedure cal-

culations superimposed with the backbone atoms N, Cα, C and O culations superimposed with the backbone atoms N, Cα, C and O
of [Aib 4]DELT (Peptide G)of [Aib 2,4,Tyr 5]DELT (Peptide C)

Figure 5. The 40 structures refined with the DADD procedure cal-
culations superimposed with the backbone atoms N, Cα, C and O

of [Aib 2,4]DELT (Peptide F)

the N1H and the Phe3. The structures are characterized by
one bend in the N-terminal part (Figure 6).

These structural findings are in agreement with the bind-
ing assays and the emerging topologies can explain the ob-
served receptor affinities. In line with other reports on
opioid peptide conformations, [45] [46] [47] our data can be in-
terpreted in terms of a simple model for δ/µ-opioid receptor
selectivity. Recognition at the δ-opioid receptor is achieved
by peptide conformations in which the distance of the two
aromatic rings of Tyr1 and Phe3 is at about 8 Å and the
molecule assumes an overall flat ellipsoid shape. On the
contrary, µ-receptor recognition is attained by topologies in
which the aromatic rings of Tyr1 and Phe3 are at a distance
larger than 12213 Å and in which the bulk of the hydro-
phobic C-terminal domain extends away from the average
plane of the rest of the molecule. In the series of peptides
under investigation these two topologies have been obtained
and to a certain extent modulated by the onset of specific
secondary structures, stabilized by the substitution of con-
strained or in an opposite manner, flexible, residues at posi-
tion 4.

continue, even if to a reduced degree, to show selectivity for
the δ-opioid receptor. The analysis of the structures reveals Conclusion
two bends centered about the Aib residues in position 2 and
4 giving rise to an S-shaped structure (Figures 4 and 5). We have studied a series of deltorphin I analogs designed

to investigate the influence of substitutions in positions 2Finally in the nonselective G ligand, the topological dispo-
sition of the two aromatic rings of Tyr1 and Phe3 nearly 8 and/or 4 in solution by NMR and DG techniques. We

found that these compounds in solution are present withÅ is combined with a short average distance (about 5 Å) of
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recorded. Zero-filling to yield a 2048 times 1024 real data matrixa large number of conformers with no defined secondary
and multiplication with Gaussian function were done before trans-structural elements. Nevertheless, the careful analysis of the
formation. NOESY spectra were acquired using a 300-ms mixingaverage properties of these compounds indicate the pres-
time. HOHAHA spectra were acquired using a 70-ms mixing time,ence of some distinct conformational preferences that can
the oscillatory coherence transfer was obtained by MLEV-17 pulsebe related to the observed opioid receptor selectivities. Our
sequence in low-power transmitter mode.

experimental results are in good agreement with the model
Distance Geometry: The distance-geometry calculations werefor the δ-opioid receptor-bound conformation proposed by

carried out with a modified version of the DGII program[52] [53]
Nikiforovich et al. [38] [39] based only on energy calculations.

following published procedures.[54] [55] [56] [57] Experimentally deter-Selectivity for the δ- and µ-opioid receptors can therefore
mined distances (calculated using the isolated two-spin approxi-

be ascribed to the spatial arrangement of the aromatic mation), which were more restrictive than the geometric distance
moieties. It must be noted that substitutions in position 2 bounds (holonomic restraints), [54] were added to create a distance
and 4 are important for the correct arrangement and must matrix. Distances between the upper and lower bounds, which also
be taken into account in the design of δ-opioid receptor satisfy the triangular inequality law, were then chosen randomly

using the random metrization procedure.[55] The structures wereselective ligands.
first embedded in four dimensions and then partially minimizedThe authors gratefully acknowledge M. U. R. S. T., the Ministry
using conjugate gradients followed by distance- and angle-drivenof University and of the Scientific and Technological Research, and
dynamics (DADD),[58] [59] the DADD simulation was carried out atthe National Council of Research (C. N. R.) of Italy, for their con-
1000 K for 50 ps and then there was a gradual reduction in tem-tinuous and generous support to this research. The authors thank
perature over the next 30 ps. The DADD procedure utilizes theDr. Gabriella De Vita for technical assistance.
holonomic and experimental distance constraints plus a chiral pen-
alty function for the generation of the violation “energy” and for-
ces. A distance matrix was then calculated from each structure andExperimental Section
the EMBED algorithm[53] used to calculate coordinates in 3D. The

Synthesis of Peptides: Nine deltorphin analogs were synthesized optimization and DADD procedure were then repeated. The me-
by the solid-phase method with an Applied Biosystems 430A auto- trization and refinement of 100 structures required approximately
mated peptide synthesizer (0.5-mmol scale, Fostercity, CA, USA), 12 h of cpu using a single processor of an SGI Indigo2 (R4400) at
using tBoc chemistry on p-methyl-BHA resin. Amino acid deriva- 180 MHz. Interactive modelings were performed using the Insight
tives, resins, all solvents and reagents used in solid-phase peptide II program from Biosym Technologies.
synthesis were purchased from Applied Biosystems (Fostercity, CA,

Binding Assays: Binding to δ-, µ-, and κ-opioid sites was assayedUSA) with exception of tBoc-ala-OH, tBoc-met-OH and H-Aib-
in crude membranes preparations from rat (µ and δ) and guineaOH that were Bachem (Bubendorf, Switzerland) and Fluka (Buchs,
pig (κ) brain at pH 5 7.4 in 50 m Tris-HCl buffer as previouslySwitzerland) products, respectively. tBoc-Aib-OH was synthesized
described. [60] The µ-binding site was selectively labeled withas described.[48] The syntheses were performed with the classical
[3H][ala2,Phe-(Me)4,Gly-ol5]enkephalin ([3H]DAGO, Amersham,protocols for the N-α-tBoc strategy. The peptides were cleaved from
UK, 0.5 n); the δ-binding site with (3,5-3H-tyrosyl)-ala-Phe-Asp-the resin with anhydrous HF (10 ml) and anisole (1 ml) as scav-
Val-Val-Gly-NH2, ([3H][ala2]deltorphin I, 0.3 n); and the κ-bind-anger, for 30 min, at 0°C. HF was then removed by vacuum evapo-
ing site with (5a,7a,8b)-(2)-N-methyl-N-[7-(1-pyrrolidinyl)-1-ration and the peptide resin completely dried under high vacuum
oxaspiro(4,5)dec-8-yl]-(3,4-3H)benzeneacetamide, [3H]U-69,593on a KOH trap. The residue was washed in diethyl ether and ex-
(du Pont de Nemour, NEN Division, Dreiech, Germany, 1 n).tracted with 50% acetic acid. The solvent was removed in vacuum
Competition curves were determined in triplicate and were calcu-and the crude peptides were lyophilized from water.
lated by fitting the displacement curves with the nonlinear re-

Peptide Purification: The crude peptides were purified by re- gression programme LIGAND,[61] using one-site or two-site mod-
versed-phase HPLC as previously described.[34] H2O and CH3CN els. The results are given as means ± S. E. of at least six separate de-
used for purification were HPLC grade and were supplied by Lab- terminations.
Scan Analytica (Dublin, Ireland). 2 FAB mass spectrometry, per-

Bioassays on Isolated Preparations: Preparations of the myentericformed with a VG ZAB 2SE double-focusing mass spectrometer
plexus-longitudinal muscle obtained from the small intestine of(Manchester, U. K.), equipped with a cesium gun operating at 25
male guinea pigs (4002500 g) and preparations of vasa deferentiakV (2 µA), confirmed molecular weight, and the fragment analysis
of mice were used for field stimulation with bipolar rectangularrevealed the desired sequence. 2 Capillary electrophoresis was also
pulses of supramaximal voltage, as described previously.[62]

performed with a Beckman System 2000 (San Ramon, CA, USA).

NMR Measurements: Samples for NMR measurements were
[1] C. Keys, P. Payane, P. Amsterdam, L. Toll, G. Loew, Mol. Phar-prepared by dissolving 628 mg of each peptide in 1 ml of neat

macol. 1988, 33, 5282536.99.98% [D6]DMSO obtained from Aldrich (Milwaukee, Wi, USA). [2] P. A. Temussi, D. Picone, T. Tancredi, R. Tomatis, S. Salvadori,
All spectra were acquired at 400 MHz with a VARIAN UNITY M. Marastoni, G. Balboni, FEBS Lett. 1989, 247, 2832288.

[3] H. O. C. ChewVillar, G. H. Loew, Biopolymers 1993, 33,400 spectrometer and processed with a SUN SPARC-STATION
6472657.330 using the standard VARIAN processing software. For 1D spec-

[4] P. W. Schiller, G. Weltrowsha, T. M.-D. Nguyen, B. C. Wilkes,tra 32264 scans were acquired with 16384 data points and pro- N. N. Chung, C. Lemieux, J. Med. Chem. 1992, 35, 395623961.
cessed with 32768. All measurements were run at 298 K and all [5] M. Goodman, D. F. Mierke, J. Am. Chem. Soc. 1989, 111,

348923496.chemical shifts refer to internal tetramethylsilane. Double quantum
[6] W. M. Kazmierski, R. D. Ferguson, A. W. Lipkowski, V. J.filtered COSY,[49] NOESY[44] and HOHAHA[50] spectra were ac-

Hruby, Int. J. Pept. Protein Res. 1995, 46, 2652278.quired in phase-sensitive mode using the States-Haberkorn [7] N. G. J. Delaet, P. M. F. Verheyden, D. Tourwe, G. Van Binst,
method.[51]. 2 For all spectra 512 FIDs, each of 2048 complex data P. Davis, T. F. Burks, Biopolymers 1992, 32, 9572969.

[8] M. A. Castiglione-Morelli, G. Saviano, P. A. Temussi, G. Bal-points, were collected. For each t1 increment 32264 transients were
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doni, S. Salvadori, R. Tomatis Biopolymers 1989, 28, 1292138. P. A. Temussi, R. Tomatis, Biochem. Biophys. Res. Commun.

1990, 169, 6172622.[9] Y. Ohno, M. Segawa, H. Ohishi, M. Doi, K. Kitamura, T. Ish-
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