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The heptadecapeptide dynorphin A (Dyn A(1-17),
H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-
Lys-Trp-Asp-Asn-GIn-OH) was first isolated from por-
cine pituitary and recognized as a potent opioid
agonist.2~4 It is now well established that there are at
least three types of opioid receptors, namely, x4, o, and
x.5-7 However, the physiological and pharmacological
roles of these receptors still need clarification, thus
requiring the design and synthesis of highly potent and
selective ligands. Research in this area has expanded
rapidly in the past decade, with considerable effort
devoted to the development of 6 and u opioid receptor-
selective peptide ligands primarily based on
enkephalin 811 The potential of targeting the « opioid
receptor as an effector for analgesia has yet to be
explored in detail.1? Previous structure—activity studies
have shown that the truncated derivative, dynorphin
A(1-11)-NH;, retains the high binding potency of
dynorphin A at the « receptor. Thus we and others have
primarily used Dyn A(1—-11)-NH; as a template to
examine the structure—activity relationships of dynor-
phin 1314 Since Tyr! and Phe? are reported to be
important for opioid agonist activity, the effects of the
glycine residues in positions 2 and 3 of Dyn A on the
relative orientations of the two aromatic rings may be
biologically important.!® To assess these possible ef-
fects, we have substituted Gly® by D- and L-alanine
residues to form the linear peptides [D-Ala®]Dyn A(1-
11)-NH; and [Ala3]Dyn A(1-11)-NH,. We report here
that both analogues are very potent for « receptors and
very selective for « vs 4 and « vs 0 receptors. These
results suggest that substitution of lipophilic residues
and/or certain D-amino acids at position 3 of Dyn A(1-
11)-NH; may lead to novel Dyn A analogues which
exhibit enhanced selectivities for « receptors, while
retaining strong affinities.

Peptide Synthesis and Purification. Dynorphin
A analogues were synthesized by solid phase methods
that were reported previously for the synthesis of other
Dyn A analogues.!415 Side chain-protected N°-Boc
amino acids were purchased from Bachem (Torrance,
CA), whereas the other amino acids were synthesized
by standard methods in our laboratory. The synthe-
sized analogues were purified by RP-HPLC (linear
gradient of 10—90% acetonitrile in 0.1% TFA in water
over 40 min) and characterized by FAB-MS and amino
acid analysis. The purity of the synthetic peptides was
assessed by TLC (single spot in four different solvent
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systems, ninhydrin detection) and HPLC (one single
peak, UV detection at 280 and 225 nm, using two
different linear gradients).

Opioid Receptor Binding Affinities and Selec-
tivities in the Guinea Pig Brain (GPB). The pep-
tides were evaluated for their receptor binding affinities
at «, 0, and u receptors by measuring the inhibition of
binding of [*H]U-69,593 (N-methyl-N-[7-(1-pyrrolidinyl)-
1-oxaspiro[4.5]dec-8-yl]benzo[b]furan-4-acetamide) (),
[®H]eyclo[D-Pen2,p-Cl-Phe4,D-PenSlenkephalin (8), and
[FHIDAMGO ([D-Ala?,MePhe* Glyol5Jenkephalin) (4) to
opioid receptors in guinea pig brain (GPB) homogenates
(Table 1).1415 As shown in Table 1, substitution of Gly*
with D- and L-alanine lead to analogues 2 and 8 that
displayed high affinities at the central « opioid receptor
(ICs0 = 0.76 and 1.1 nM, respectively) similar to that of
Dyn A(1-11)-NH; (1) (ICs = 0.58 nM) and, rather
surprisingly, greatly enhanced selectivities for « vs u
and « vs d receptors (ICs¢ ratios of 350 and 1300 for 2
and 190 and 660 for 3, respectively, compared to 17 and
44 for 1), due to poor affinities for 4 and J receptors
(Table 1). The binding affinity obtained for analogue 3
differs somewhat from one previously published for
[Ala®]Dyn A(1—-13).16 No satisfactory explanation can
be given for this discrepancy except that this latter
study used a 1-13 analogue, a different radioligand, and
a much shorter incubation time in the binding assay
(30 min vs 180 min).

Analogue 2 is one of the most « receptor-selective
dynorphin-like peptides reported and can be compared
to [N-benzyl-Tyr!,D-Prol9]Dyn A(1-13)-NHj, a peptide
that exhibits so far the highest reported selectivity for
the central « vs 4 and J receptors (x/u/d K; ratio =
1/1070/6080).17 The fact that a higher « selectivity can
be observed with both analogues 2 and 3, by incorporat-
ing the two alanine enantiomers, suggests that an
important factor could be related more to the increase
in lipophilicity than to a specific orientation of the
methyl group of alanine. Another possibility is that
replacing an a-helix-breaking residue like glycine could
increase the a-helical content of the message segment
of dynorphin A, which has been postulated to be
important for « site selection.1®

Biological Activities in the Guinea Pig Ileum
(GPI). The « (and u) opioid activities of these peptides
were measured by their ability to inhibit the electrically
evoked contraction of the guinea pig ileum (GPI) (Table
2)1415 and the effect of the x4 opioid receptor antagonist
CTAP on the IC5o value.l® The results obtained in GPI
bioassay show that, as no shift in activity can be
observed upon addition of the 4 antagonist CTAP, all
analogues tested interact only or specifically with the
peripheral « receptors. Though they are still potent at
these opioid receptors, [D-Ala®]Dyn A(1-11)-NH; and
[L-Ala®]Dyn A(1-11)-NH; display somewhat lower po-
tencies than the standard 1 (ICs; = 8.1 and 1.7 nM,
respectively, for 2 and 3, vs 1.1 nM for 1).

Conclusion. It has been found that substitution of
Gly® with D- and L-alanine in Dyn A(1-11)-NH; (ana-
logues 2 and 3) resulted in a dramatic increase in
selectivity for « receptors, when compared to Dyn A(1—
11)-NH,. Though it still is not possible to say whether
these results are due to (1) an increase in lipophilicity
of the peptide, (2) a possible enhancement of the a-hel-
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Table 1. Opioid Receptor Binding Affinities and Selectivities
of Dyn A(1—11)-NH; Analogues in Guinea Pig Brain (GPB)
Homogenate

analogues of ICs0 am® selectivity
Dyn A(l—ll)'NHz K " d #/K &k

Dyn A(1-11)-NHz 1) 0.58 £0.03 9.90 £ 2.02 25.5+ 34 17 44

[p-Ala®]Dyn 0.76 £ 0.28 260 +£ 57 1000 + 422 350 1300
A(1-11)-NH; (2)
[Ala3]Dyn 1.10£0.40 210+ 40 73050 190 660

A(1-11)-NH; (8)

@ The radioligands used were [3HJU-69,593 (« receptor), [FH]DAM-
GO (u receptor), and [*H]cyclo[D-Pen? p-Cl-Phe¢,p-PenSJenkephalin
(0 receptor). Results are given + SEM.

Table 2. Bioassays with the Smooth Muscle Tissue of the
Guinea Pig Ileum (GPI)

ICs0 mmy
analogues of Dyn A(1—11)-NH; GPI shifte
Dyn A(1-11)-NH; (1) 1.1+03 ns
[D-Ala®]Dyn A(1-11)-NH; (2) 8.1+23 ns
[Ala3]Dyn A(1-11)-NH; (3) 1.7+0.2 ns

2 ns: no significant shift observed with 1000 nM CTAP used as
a u antagonist, Results are given + SEM.

ical content of the message segment of this peptide, (3)
a more favorable spatial arrangement of the relative
positions of the aromatic residues, or (4) a combination
of these different effects, they are highly interesting, as
they provide us with new lead compounds for further
enhancement of potency and selectivity. Several other
peptides, incorporating different modifications at posi-
tion 3, are currently being synthesized in our laboratory,
will be examined for their binding affinities and selec-
tivities, and also will be studied by circular dichroism
and nuclear magnetic resonance techniques, in order to
determine if conformational changes take place in these
analogues and if those changes can account for the
increased selectivity of these analogues for « receptors.

Acknowledgment. This work was supported by
grants from the National Institute of Drug Abuse
(DA04248 and DA06284) and the USPHS NS 19972.

References

(1) Symbols and abbreviations are in accord with the recommenda-
tions of the IUPAC-IUB Commission on Nomenclature (J. Biol.
Chem. 1972, 247, 977—983). All optically active amino acids are
of the L variety unless otherwise stated. Other abbreviations are
Dyn A, dynorphin A; GPB, guinea pig brain; GPI, guinea pig
ileum; HPLC, high-performance liquid chromatography; TFA,
trifluoroacetic acid; CTAP, cyclo-[D-Phe-Cys-Tyr-D-Trp-Arg-Thr-
Pen-Thr-NH,1.

Communications to the Editor

(2) Goldstein, A.; Tachibana, S.; Lowney, L. I.; Hunkapiller, M.;
Hood, L. Dynorphin-(1-13), an Extraordinary Potent Opieid
Peptide. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 6666—6670.

(3) Cox, B. M,; Opheim, K. E.; Teschenmacher, H.; Goldstein, A. A
Peptide-Like Substance from Pituitary that Acts Like Morphine.
2. Purification and Properties. Life Sci. 1975, 16, 1777—1782.

(4) Goldstein, A.; Fischli, W.; Lowney, L. I.; Hunkapiller, M.; Hood,
L. Porcine Pituitary Dynorphin: Complete Amino Acid Sequence
of the Biologically Active Heptadecapeptide. Proc. Natl. Acad.
Sci. U.S.A. 1981, 78, 7219—-7223.

(5) Miller, R. J. Multiple Opiate Receptors for Multiple Opioid
Peptides. Med. Biol. 1982, 60, 1—6.

(6) Wood, P. L. Multiple Opiate Receptors: Support for Unique Mu-
sites, Delta-sites, and Kappa-sites. Neuropharmacology 1982,
21, 487—-497.

(7) Paterson, S. J.; Roberson, L. E.; Kosterlitz, H. W. Classification
of Opioid Receptors. Br. Med. Bull. 1983, 39, 31—36.

(8) Hruby, V. J.; Gehrig, C. Recent Developments in the Design of
Receptor Specific Opioid Peptides. Med. Res. Rev. 1989, 9, 343—
401.

(9) Schiller, P. W. Development of Receptor-Specific Opioid Peptide
Analogues. In Progress in Medicinal Chemistry; Ellis, G. P.,
West, G. B., Eds.; Elsevier: Amsterdam, 1991; Vol. 38, pp 301—
304.

(10) Portoghese, P. S. The Role of Concepts in Structure-Activity
Relationship Studies of Opioid Ligands. J. Med. Chem. 1992,
35, 1927—-1937.

(11) Hruby, V. J. Design of Conformationally Constrained Cyclic
Peptides with High Delta and Mu Potency. In Opioid Peptides:
Medicinal Chemistry; Rapaka, R. S., Barnett, G., Hawks, R. L.,
Eds.; NIDA Research Monograph Series 69; NIDA: Rockville,
MD, 1986; pp 128—147.

(12) Milan, M. J. «-Opioid Receptors and Analgesia. Trends Phar-
macol. Sci. 1980, 11, 70—176.

(13) Chavkin, C.; Goldstein, A. Specific Receptor for the Opioid
Peptide Dynorphin: Structure-Activity Relationships. Proc. Natl.
Acad. Sci. U.S.A. 1981, 78, 6543—6547.

(14) Meyer, J.-P.; Collins, N.; Lung, F.-D.; Davis, P.; Zalewska, T.;
Porecca, F.; Yamamura, H. I.; Hruby, V. J. Design, Synthesis
and Biological Properties of Highly Potent Cyclic Dynorphin A
Analogues. Analogues Cyclized Between Positions 5 and 11. J.
Med. Chem. 1994, 37, 3910—3917.

(15) Kawasaki, A, K.; Knapp, R. J.; Kramer, T. H.; Walton, A.; Wire,
W. S.; Hashimoto, S.; Yamamura, H. L.; Porreca, F.; Burks, T.
F.; Hruby, V. J. Design and Synthesis of Highly Potent and
Selective Cyclic Dynorphin A Analogues. 2. New Analogues. J.
Med. Chem. 1993, 36, 750—1757.

(16) Turcotte, A.; Lalonde, J.-M.; St-Pierre, S.; Lemaire, S. Dynorphin-
(1-13). I. Structure-Function Relationships of Ala-Containing
Analogs. Int. J. Pept. Protein Res. 1984, 23, 361—367.

(17) Choi, H.; Murray, T. F.; DeLander, G. E.; Caldwell, V.; Aldrich,
J. V. N-Terminal Alkylated Derivatives of [D-Pro!’} Dynorphin
A-(1-13) Are Highly Selective for Kappa-Opioid Receptors. /.
Med. Chem. 1992, 35, 4638—4639.

(18) Schwyzer, R. Estimated Conformation, Orientation, and Ac-
cumulation of Dynorphin A(1—13)-tridecapeptide on the Surface
of Neutral Lipid Membranes. Biochemistry 1986, 25, 4281—4286.

(19) Pelton, J. T.; Kazmierski, W. M.; Gulya, K.; Yamamura, H. I;
Hruby, V. J. Design and Synthesis of Conformationally Con-
strained Somatostatin Analogs with High Potency and Specific-
ity for Mu Opioid Receptors. J. Med. Chem. 1988, 29, 2370—2375.

JM940665+



