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Abstract: A novel N-terminal-to-side chain cyclic dynorphin
A analogue lacking the basic N-terminus was designed
based on Ac[Lys?,Trp3,Trp*bp-Alaéldynorphin A-(1—11)NH,
(Wan et al. J. Med. Chem. 1999, 42, 3011—-3013). cycloN-*-
[Trp3,Trp*,Glusldynorphin A-(1-11)NH, showed similar «
opioid receptor affinity (Ki = 27 nM) and selectivity (K; ratio
(kluld) = 1/12/330) to the linear peptide and antagonized
dynorphin A-(1—-13)NH; at « opioid receptors. This is the first
opioid peptide cyclized through the N-terminus that retains
high opioid receptor affinity.

Opioid receptors (x, 4, and 0), which are distributed
throughout the central and peripheral nervous systems,
are involved in a variety of physiological processes.! One
of the most important functions of these receptors is in
analgesia. Mu opioid receptor agonists such as morphine
are used extensively for the treatment of severe pain,
but serious side effects, namely respiratory depression,
constipation, and physical dependence, are associated
with these agents. Therefore, ligands for other opioid
receptors have been explored in attempts to overcome
the limitations of current analgesics and for other
therapeutic applications.?

* To whom correspondence should be addressed. Tel: (785) 864-
2287. Fax: (785) 864-5326. E-mail: jaldrich@ku.edu.

T University of Maryland.

* Current address: Department of Pharmaceutical Sciences, College
of Pharmacy, University of Michigan, Ann Arbor, MI 48109.

8 University of Georgia.

"'University of Kansas.

10.1021/jm0256023 CCC: $25.00

Kappa opioid receptor ligands, both agonists and
antagonists, have been examined as both pharmacologi-
cal tools and as potential therapeutic agents.? Kappa
opioid receptor agonists produce analgesia without the
clinical side effects observed with « opioid agonists, but
the clinical utility of centrally acting « opioid receptor
analgesics has often been limited by psychotomimetic
effects.* Recently there has been considerable interest
in developing peripherally selective « opioid receptor
agonists as analgesics.25~7 Agonists for « opioid recep-
tors may also have other therapeutic applications,8-10
including the treatment of cocaine dependence.!1-13
Kappa opioid receptor antagonists are useful pharma-
cological tools for studying the functions of « receptors
at the molecular level, which in turn could be very
important in the development of new therapeutic agents.
Recently, evidence has also been presented that « opioid
antagonists may be useful in the treatment of opioid
addiction.1*

While a variety of « opioid receptor selective agonists
have been described,? reports of « opioid receptor
selective antagonists have been very limited. Most
studies have used the nonpeptide « opioid receptor
antagonist nor-binaltorphimine (nor-BNI),1516 put the
selectivity of this ligand for « opioid receptors in vitro
is only modest (K, ratio for u/k and 6/« in smooth muscle
assays = 20—35)17:18 and in vivo it exhibits a relatively
low potency and unusual pharmacokinetic properties (a
slow onset, time dependent selectivity, and a very long
duration of action) that complicate its use as a phar-
macological tool (see ref 19). Recently C5'-guanidino-
naltrindole (GNTI)1718.20 was reported to have greater
selectivity for « opioid receptors and increased potency
in vivo than norBNI1,1° but in vivo GNTI also has a slow
onset and long half-life with peak activity not observed
until after 24 h.1°

We are interested in developing conformationally
constrained peptides with antagonist activity at « opioid
receptors. Such constrained peptides are very useful in
identifying possible bioactive conformations and in
developing pharmacophoric models for receptor—ligand
interactions. Based on the novel acetylated chimeric
dynorphin A (Dyn A) analogue Ac[Lys?,Trp3,Trp*,p-Alag]-
dynorphin A-(1—11)NH;, (JVA-901, now called venor-
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H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-NH,
Dyn A-(1-11)NH,

CH3C(O)-Tyr-X-Trp-Trp-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH,

X = Lys; venorphin
X = Gly; [Glyz]venorphin

T;fr-GIy-Trp-Trp-G\u-Arg—Arg-IIe-Arg-Pro-Lys-N Hy
HN——CO

cyclo™O[Trp®, Trp* GIu®IDyn A-(1-11)NH,, 1
Figure 1. Sequence similarities between Dyn A-(1—11)NH,,

venorphin, [Gly?]Jvenorphin, and the head-to-side chain cyclic
Dyn A analogue cycloNS[Trp3, Trp*,Glu®]Dyn A-(1—11)NH,, 1.

phin, Figure 1) which exhibits antagonist activity,?! we
designed a constrained derivative cyclized through the
N-terminus as an antagonist at « opioid receptors. Here
we describe the synthesis and pharmacological profile
of this novel N-terminal cyclic Dyn A analogue.
Although a variety of peptide agonists for « opioid
receptors have been identified, including some with high
« opioid receptor selectivity,?2-25 the search for peptide
antagonists for these receptors met with limited success
until very recently. Early analogues exhibited weak
antagonist activity, residual agonist activity, and/or low
selectivity for « opioid receptors.2426-29 Using the “mes-
sage-address” concept,3°3! the acetylated chimeric Dyn
A analogue venorphin (Figure 1) was designed and
synthesized in our laboratory.2! This peptide shows
nanomolar affinity and selectivity for « opioid receptors
in binding assays and exhibits reduced efficacy and
antagonist activity in the adenylyl cyclase assay using
cloned « opioid receptors. Interestingly this peptide lacks
the basic N-terminal amine which appears to be critical

Table 1. Opioid Receptor Binding Affinities?
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for the opioid agonist activity of Dyn A.2” More recently,
Schiller and co-workers reported a des-amino analogue
of Dyn A-(1-11)NH,, dynantin, that shows high selec-
tivity and potent antagonist activity at « opioid recep-
tors.32 Substitution of Pro at position 3 of Dyn A-(1—
11)NH; also results in a peptide which is very selective
for « opioid receptors, but this analogue exhibits weak
antagonist activity.2> Selective peptide antagonists are
complimentary to nonpeptide antagonists as pharma-
cological tools to study « opioid receptors, and studying
these peptides may reveal distinct receptor—ligand
interactions that can be utilized in future ligand design.
The conformational flexibility of these linear peptides,
however, complicates the evaluation of possible spatial
relationships of pharmacophoric groups in the peptides.

Like most linear peptides, Dyn A is capable of
assuming a number of different conformations,33-3¢ and
the biologically active conformations of Dyn A are not
yet clear. This inherent conformational flexibility of Dyn
A, which permits the peptide to adopt different confor-
mations in different environments (i.e., in different
opioid receptor binding sites), may be one of the reasons
for the low « opioid receptor selectivity of Dyn A.39:40
To restrict the flexibility of Dyn A, various side chain-
to-side chain cyclic analogues of Dyn A have been
synthesized,*1=46 but none of these peptides have con-
strained the critical Tyr! residue. Also to date, none of
the reported cyclic analogues of Dyn A have shown
antagonist activity. Cyclic Dyn A analogues with an-
tagonist activity will be useful for comparison to cyclic
peptide agonists and the evaluation of possible differ-
ences in the bioactive conformations of opioid peptides
with different efficacies at « opioid receptors.

Since a basic N-terminal amine is not required for «
opioid receptor affinity or antagonist activity,?132 our

Ki ("M % SEM)

Dyn A(1-11) NH, analogues K u o Ki ratio («/u/d)
cycloNS[Trp3, Trp4,Glu], 1 26.8 +2.8 331+29 >8900 1/12/>330
[Gly?]venorphin 8.4+0.8 339 + 60 >10000 1/40/>1190
venorphin 19.8 £ 5.2 251 £ 22 5320 £+ 1130 1/13/270

a Radioligands: [*H]Diprenorphine, FH]IDAMGO ([p-Ala2,MePhe*,glyol]enkephalin), and [BH]DPDPE (cyclo[p-Pen?,p0-Pen®lenkephalin)
were used as radioligands in assays for «, x4, and 6 receptors, respectively. Results are average + SEM of n = 3 independent experiments.

Scheme 1. Synthesis of cycloN3[Trp3, Trp4,Glu’]Dyn A-(1—11)NH,, 1

H2N PAL-PEG-PS resin

DIC/HOBt Fmoc-AAs

Fmoc-Tyr(t Bu)-GIy-Trp-Trp-GIu(OPip)-Arg(Pbf)-Arg(be)-IIe-Arg(be)-Pro-Lys(Boc)NH

Piperidine

3%TFA/5%TIS in DCM

HoN-Tyr(t Bu)—GIy-Trp-Trp—GIr-Arg(be)—Arg(F’bf)-I|e-Arg(be)-Pro—Lys(Boc)-NH
COOH PyBOP/HOBt/DIEA in DMF

TFA + scavengers (Reagent B)

TIyr-GIy-Trp-Trp-GIr~Arg-Arg-lle—Arg—Pro—Lys-NH2
NH———CO
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hypothesis was that cyclization through a nonbasic
N-terminus could be used to restrict the conformation
of Tyr! while still retaining « opioid receptor affinity;
based on the activity of venorphin, the resulting cyclic
peptide was expected to be an antagonist. Therefore, the
novel N-terminal-to-side chain cyclic analogue cycloN-5-
[Trp3,Trp*,Glu®]Dyn A-(1—11)NH, (1, Figure 1) with a
nonbasic N-terminus was chosen for synthesis. Since
Leu® is a noncritical residue in Dyn A,*” the cyclization
was performed between the N-terminal amine and the
side chain of a glutamic acid residue incorporated at
position 5. The initial structure—activity relationship
(SAR) study of venorphin indicated that Lys at position
2 was not important for opioid receptor affinity,*® and
in fact Ac[Trp3,Trp4p-Ala8]Dyn A-(1—-11)NH; ([Gly?]-
venorphin) has higher affinity (Kj = 8.4 nM) and
selectivity for « opioid receptors than venorphin (Table
1).48 Therefore the N-terminal-to-side chain cyclic ana-
logue based on this venorphin derivative was synthe-
sized and evaluated for opioid receptor affinity and
efficacy.

The cyclic peptide was synthesized by solid-phase
synthesis on a PAL—PEG—PS (peptide amide linker—
poly(ethylene glycol)—polystyrene) resin using Fmoc (9-
fluorenylmethoxycarbonyl)-protected amino acids. The
side chain of Glu was protected as the Pip (phenyliso-
propyl) ester, and the peptide was synthesized as shown
in Scheme 1. Once the protected full-length linear
peptide was assembled, the N-terminal Fmoc group was
removed, followed by selective deprotection of the side
chain of Glu with dilute TFA (trifluoroacetic acid) (3%
TFA/5% TIS (triisopropylsilane) in DCM (dichloro-
methane, 2 x 1 h).*® The cyclic peptide was obtained
by cyclization on the resin using a 10-fold excess of
PyBOP (benzotriazol-1-yl-oxy-tris-pyrrolidino-phospho-
nium hexafluorophosphate)/HOBt (1-hydroxybenzotria-
zole)/DIEA (N,N-diisopropylethylamine) (1:1:2, 0.2 M)
in DMF (N,N-dimethylformamide) for 10 h. The peptide
was cleaved from the resin using Reagent B (88% TFA,
5% phenol, 5% water, and 2% TIS)*® and purified by
preparative reversed phase HPLC.5!

The peptides were examined for their opioid receptor
affinity as described previously*® using Chinese hamster
ovary (CHO) cells stably expressing cloned opioid recep-
tors (Table 1). cycloN3[Trp3, Trp*,Glu’]Dyn A-(1—11)NH,,
1, showed similar opioid receptor affinity and selectivity
as venorphin and only a 3-fold lower affinity for «
receptors compared to its linear counterpart [Gly?]-
venorphin. This is the first head-to-side chain cyclic
analogue of an opioid peptide that lacks the basic
N-terminal amine and still shows nanomolar affinity for
opioid receptors. Like venorphin, the cyclic peptide
showed very low affinity for 6 opioid receptors, resulting
in high selectivity for « over 6 opioid receptors. The
affinity of the cyclic peptide for u receptors was similar
to that of venorphin, so that the cyclic peptide and
venorphin exhibited similar selectivities for « over u
opioid receptors.

The cyclic peptide was evaluated for efficacy in an
adenylyl cyclase assay as previously described®? using
cloned rat « opioid receptors stably expressed in CHO
cells. Compound 1 exhibited negligible efficacy in this
assay (maximum inhibition 8 £ 8% (n = 2) relative to
Dyn A(1—13)NHy), considerably less than that exhibited
by the linear peptide venorphin (28 + 13% maximum
inhibition)?! and also less than [Gly?]Jvenorphin (15 +
5% maximum inhibition). Therefore the cyclic peptide
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Figure 2. Inhibition of cAMP production by cycloN5-

[Trp3,Trp4,Glu’]Dyn A-(1-11)NH;, 1 (v) and Dyn A (1—-13)-
NH, (O) in CHO cells expressing « opioid receptors and
reversal by cycloNS[Trp3, Trp*,Glu’]Dyn A-(1—11)NH; (@) of the
inhibition of cCAMP production by 10 nM Dyn A (1—13)NH..
Data are the mean + SEM of triplicate determinations from
a representative assay.

was evaluated for antagonist activity in this assay; it
completely reversed the agonist activity of 10 nM Dyn
A (1-13)NH; in a concentration-dependent manner
(Figure 2).

In conclusion, the first head-to-side chain cyclic
analogue of an opioid peptide that retains opioid recep-
tor affinity was prepared. cycloN>[Trp3,Trp4, Glu®]Dyn
A-(1—-11)NH,, 1, which lacks the basic N-terminal
amine exhibits nanomolar « opioid receptor affinity,
selectivity comparable to venorphin, and antagonist
activity in the adenylyl cyclase assay. cycloN-°[Trp3,-
Trp4,Glu’]Dyn A-(1—11)NH; is the first cyclic peptide
antagonist for « opioid receptors and is a promising lead
peptide which can be further modified and studied for
its interactions with « opioid receptors. These studies
are currently ongoing in our laboratory.
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