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Abstract: The cyclic dynorphin A analogue [N*-benzylTyr!,
cyclo(D-Asp®,Dap®)ldynorphin A-(1-11)NH; (Dap = 2,3-diami-
nopropionic acid) exhibits nanomolar affinity (30 nM) and high
selectivity (K; ratio («/u/0) = 1/194/330) for «-opioid receptors.
This analogue antagonizes dynorphin A-(1—13)NH; at x-opioid
receptors in the adenylyl cyclase assay (Kg = 84 nM). This is
the first dynorphin A-based antagonist with modifications in
the C-terminal “address” domain that alter efficacy and thus
represents a novel selective «x-opioid receptor antagonist.

Opioid receptors are major targets for the manage-
ment of pain.! Clinically used opiates such as morphine
and its analogues exert their analgesic effects predomi-
nantly by stimulating u-opioid receptors.? However, the
clinical use of these agents for the treatment of chronic
pain suffers from severe side effects, most importantly
respiratory depression and addiction liability. The
complex pharmacology of opioid receptors poses a chal-
lenge to the development of analgesics devoid of un-
wanted side effects. Kappa-opioid receptor ligands have
been reported to have a lower tendency to cause
respiratory depression and physical dependence than
u-opioid receptor ligands,? and hence there is consider-
able interest in developing x-opioid receptor ligands as
clinically useful analgesics. Recent findings on the
analgesic effects of «-opioid agonists in inflammation
have triggered a new interest in developing analgesics
that may act through peripheral «x-opioid receptors.*?
Several other activities of xk-opioid agonists with poten-
tial therapeutic application include anticonvulsant and
neuroprotective effects,® pharmacological management
of cocaine addiction,” and the ability to down-regulate
HIV-1 expression in human microglial® and CD4%10
cells. The involvement of «-opioid receptors in these
various activities has made it important to better
understand «-opioid receptors at the molecular level.
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Endogenous opioid peptides have been employed as
lead compounds in the development of pharmacological
tools, including both receptor-selective agonists and
antagonists, to study opioid receptors.2 Dynorphin (Dyn)
A is an endogenous x-opioid receptor agonist.1! Chavkin
and Goldstein proposed the “message-address” concept
for Dyn A with the peptide divided into two domains.!!
The N-terminal sequence, which is identical with most
other mammalian opioid peptides, was proposed to be
the “message” sequence responsible for receptor activa-
tion, while the unique C-terminal “address” sequence
was postulated to be a potency-enhancing domain for
k-opioid receptors. We have used this concept to design
peptide-based antagonists for «-opioid receptors by
modifying the N-terminal “message“ sequence.

Antagonists at «-opioid receptors are important phar-
macological tools to study structural and functional
characteristics of these receptors. Kappa-opioid receptor
antagonists also have potential therapeutic applications
in the treatment of opiate addiction!? and depression.1?
However, only a few Dyn A-based antagonists that are
selective for «-opioid receptors have been reported. We
initially reported that the N-terminal acetylated Dyn
A analogue JVA-901 (Ac[Lys?,Trp34,n0-Ala®|Dyn A-(1—
11)NHy) exhibits antagonist activity at «-opioid recep-
tors,’* and we subsequently identified a second acet-
ylated Dyn A analogue arodyn (Ac[Phe!~3,Arg?D-
Ala8]Dyn A-(1-11)NHs) with antagonist activity that
exhibits higher «-opioid receptor affinity and selectiv-
ity.1% Schiller and co-workers have demonstrated that
replacement of Tyr! in opioid peptides, including Dyn
A-(1-11)NHs, by the 2',6'-dimethyltyrosine derivative
in which the positively charged N-terminal amino group
is replaced with a methyl group generally converts
opioid peptide agonists into antagonists.!6:17 Replace-
ment of Gly in position 3 by Pro has also been reported
to impart x-opioid receptor antagonist activity to the
resultant Dyn A-(1—11)NH; analogue.!® However, all of
these peptides are linear analogues of Dyn A-(1—11)
with modifications in the first four N-terminal residues
(the “message” sequence). Only one cyclic Dyn A-(1—
11) analogue, the N-terminal cyclic peptide cyclodyn
(cycloN*5[Trp?4,Glu®]Dyn A-(1—11)NHy) synthesized in
our laboratory,!® has been reported that exhibits an-
tagonist activity.

We were interested in exploring modifications in the
C-terminal domain of Dyn A-(1—11) to assess whether
such modifications could affect efficacy. Previously we
reported that [N*-benzylTyr!,pD-Prol°]Dyn A-(1—11) shows
weak agonist activity in the guinea pig ileum (GPI) and
partial agonist activity in the adenylyl cyclase assay
using cloned «-opioid receptors expressed on Chinese
hamster ovary (CHO) cells.20722 Several structure—
activity relationship (SAR) studies have shown that a
number of modifications in the C-terminal domain of
Dyn A-(1—11) are well tolerated without compromising
potency or selectivity at x-opioid receptors.23 We incor-
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1 N“-benzyITyr1-GIy-GIy-Phe-Leu-Arg-Arg-IIe-Arg-Pro-LysNH2
CONH-—

2 N“benzylTyr'-Gly-Gly-Phe-D-Asp®-Arg-Arg-Dap®-Arg-Pro-LysNH,

3 N*benzylTyr'-Gly-Gly-Phe-D-Asn®-Arg-Arg-Dap(Ac)®-Arg-Pro-LysNH,

Figure 1. Structures of cyclic and linear Dyn A analogues.

Scheme 1. Synthesis of Cyclic Peptide 2
Fmoc-NH-PAL-PEG-PS

Fmoc deprotection and coupling cycles

FmocD—A‘sp5—Arg—Ar‘g—Dapa—A‘rg—Pro—L s-NH-PAL-PEG-PS
) |
Pip Pbf Pbf Mt Pbf  Boc

i. 5% TFA, 5% TIS
ii. PyAOP, HOAt, DIEA

° NH

|
Fm ocD—Asp5—A|rg—Arg—Dap5—A‘rg—Pro—LYs—NH—PAL—PEG—PS
Pbf Pbf Pbf Boc

l Fmoc deptorection and coupling cycles

O,
NH

|
N-benzylTyr'-Gly-Gly-Phe-D-Asp®-Arg-Arg-Dap®-Arg-Pro-Lys-NH-PAL-PEG-PS

\
Pbf Pbf Pbf  Boc

l TFA + scavengers (Reagent B)
° NH
N“—benzyITyr1—GIy—GIy—Phe—D—Asps—Arg—Arg—DapB—Arg—Pro—LysNH2
2

porated several structural modifications in the C-
terminal domain of [N®benzylTyr!|Dyn A-(1—11) in
order to test our hypothesis that C-terminal residues
and/or the conformation of the C-terminal domain of
Dyn A-(1—11), while not a primary determinant, could
affect the efficacy of Dyn A analogues and therefore
result in x-opioid receptor antagonists. Our hypothesis
was based on an earlier SAR study of [Phe!]Dyn
A-(1-11)NH; analogues, where it was reported that
C-terminal modifications which had little effect on
x-opioid receptor affinity markedly affected agonist
potencies in the GPI and mouse vas deferens (MVD)
bioassays.2

We incorporated conformational constraints in [N*-
benzylTyr!]Dyn A-(1-11)NHp, 1, and evaluated their
effects on binding affinity and efficacy. Here we describe
the results for peptide 2 cyclized between the side chains
of D-Asp and Dap (2,3-diaminopropionic acid) in posi-
tions 5 and 8, respectively (Figure 1). A linear peptide
analogue, 3, with D-Asn and Dap(Ac) in positions 5 and
8, respectively, was synthesized and evaluated for
affinity and efficacy in the same assays to examine the
effect of substitution of amino acids in positions 5 and
8 on affinity and efficacy separate from the conforma-
tional constraint.

The cyclic peptide 2 was synthesized by the 9-fluor-
enylmethoxycarbonyl (Fmoc) solid-phase synthetic strat-
egy (Scheme 1). The peptides were assembled on a
poly(ethylene glycol)-polystyrene (PEG-PS) resin con-
taining the PAL [peptide amide linker, 5-(4-amino-
methyl-3,5-dimethoxyphenoxy)valeric acid] linker gen-
erally using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU) and N-
methylmorpholine as the coupling reagents. The side
chain protecting groups on the amino acids used in the
syntheses were Pbf (2,2,4,6,7-pentamethyldihydroben-
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Table 1. Opioid Receptor Binding Affinities of the Peptides
K; £ SEM (nM)®

peptide K u [ K; ratio («/u/o)
1 8.17 £2.16 849+ 16.5 474 + 47  1/10/60
2 30.3+1.9 5880+ 1420 >10000 1/194/>330
3 66.9+£59 1658 +£437 >10000 1/25/>142
Dyn A- 0.57+£0.01 1.85+0.52 6.18 £1.01 1/3/11

(1-11)NH,

¢ The binding assays were performed using cloned opioid
receptors expressed on CHO cells as described previously?® using
[*H]diprenorphine for -, [FHIDAMGO ([p-Ala2,NMePhe? glyol]-
enkephalin) for -, and [*PHIDPDPE (cyclo[D-Pen2,D-Pen’lenkephalin)
for d-opioid receptors. K; values are the average + SEM of 3—6
independent experiments.

zofurane-5-sufonyl) for Arg and Boc (tert-butyloxycar-
bonyl) for Lys; the hyperacid-labile protecting groups
2-phenylisopropyl (Pip)?> and 4-methyltrityl (Mtt)26 were
used to protect the side chains of Fmoc-D-Asp and Fmoc-
Dap, respectively. The peptide was assembled up through
D-Asp®, and the Pip and Mtt groups were selectively
removed using a mixture of 3% trifluoroacetic acid (TFA)
and 5% triisopropylsilane (TIS) in dichloromethane. The
cyclization between the carboxylic acid of D-Asp and the
free amine of Dap was carried out using 7-azabenzo-
triazol-1-yloxytris(pyrrolidino)phosphonium hexafluoro-
phosphate (PyAOP), 1-hydroxy-7-azabenzotriazole
(HOAL), and N,N-diisopropylethylamine (DIEA) in N,N-
dimethylformamide (DMF). After cyclization, the re-
maining amino acids, including N*-benzyltyrosine, were
coupled to complete the peptide sequence. N*-Benzyl-
tyrosine was synthesized separately in solution by
reductive amination of tyrosine tert-butyl ester with
benzaldehyde using sodium cyanoborohydride in an
acidic environment,?” followed by the deprotection of the
tert-butyl-protected carboxylic acid using TFA. The
linear analogue 3 was synthesized using Fmoc-D-Asn-
(Trt) (trityl) and Fmoc-Dap(Mtt) in positions 5 and 8,
respectively. Acetylation of Dap in position 8 was carried
out by selective removal of the Mtt group as described
above, followed by acylation using acetic anhydride in
DMF. The peptides were cleaved from the resin using
Reagent B containing 88% TFA, 5% phenol, 5% HO,
and 2% TIS.?8 The crude peptides were purified to
greater than 98% purity by preparative reversed-phase
HPLC using a binary solvent system consisting of
aqueous 0.1% TFA and acetonitrile containing 0.1%
TFA. The peptides were analyzed for purity by reversed-
phase HPLC and their molecular weights confirmed by
electrospray ionization mass spectrometry.

In radioligand binding assays using CHO cells stably
expressing k-, u-, and o-opioid receptors, the cyclic
peptide 2 exhibits nanomolar affinity and high selectiv-
ity for x-opioid receptors (Table 1). The cyclic peptide 2
has 2-fold higher affinity and 8-fold higher selectivity
for x-opioid receptors than the linear peptide 3. The
effect of N*-benzylation on x-opioid receptor affinity
varied with the parent peptide. N*-Benzylation de-
creased k-opioid receptor affinity only about 4-fold for
the [D-Asp®,Dap®] cyclic peptide (K; = 30 nM for 2 vs
8.0 nM for cyclo[D-Asp®,Dap®]Dyn A-(1—13)NH; pre-
pared previously in our laboratory??), while the same
modification to other peptides resulted in a much larger
decrease in k-opioid receptor affinity (14-fold lower
affinity for 1 vs Dyn A-(1—11)NHjy; 94-fold for the
corresponding [D-Asp® Dap?] cyclic peptide (data not
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Figure 2. Schild analysis of peptide 2 as an antagonist of
Dyn A-(1-13)NH; in the adenylyl cyclase assay using CHO
cells expressing «-opioid receptors. DR = dose ratio = ECs of
Dyn A-(1—-13)NH, in the presence of the indicated concentra-
tion of 2 divided by the ECsy of Dyn A-(1-13)NH; in the

absence of 2. Data shown are pooled data from three separate
experiments.

shown, K. A. Patkar, T. F. Murray, and J. V. Aldrich,
manuscript in preparation)). The functionalities in
positions 5 and 8 in both peptides 2 and 3 decrease
affinities for u- and J-receptors more than for «-opioid
receptors, resulting in enhanced selectivity for «-opioid
receptors compared to the linear peptide 1. The decrease
in affinity was particularly striking for the cyclic peptide
2 at u-opioid receptors, resulting in exceptional selectiv-
ity (194-fold) for x- over w-opioid receptors. The low
u-opioid receptor affinity of 2 is a result of combining
the N®-benzylTyr! modification with the [5,8] cycliza-
tion; the cyclic peptide cyclo[D-Asp®,Dap8]|Dyn A-(1—13)-
NH;, without the N-terminal modification has much
higher u-opioid receptor affinity (K; = 75 nM) than 2
and only modest selectivity (9-fold) for «- over u-opioid
receptors.??

The C-terminal domain of the peptides has a marked
effect on the efficacy observed in the adenylyl cyclase
assay using CHO cells stably expressing «-opioid recep-
tors. The linear parent peptide 1 exhibits 93 + 5%
maximum inhibition of adenylyl cyclase compared to the
standard agonist Dyn A-(1—13)NH,. Other linear [N¢-
benzylTyr!]Dyn A-(1—11)NH; analogues modified in the
C-terminal sequence exhibit similar efficacy in this
assay (73—96% maximum inhibition relative to Dyn
A-(1-13)NHsy; K. A. Patkar, T. F. Murray, and J. V.
Aldrich, manuscript in preparation). In contrast, the
cyclic peptide 2 and its linear counterpart 3 exhibit
negligible efficacy (<10% maximum inhibition relative
to Dyn A-(1—13)NHy) in this assay. The cyclic peptide
2 completely reverses the agonist activity of 10 nM Dyn
A-(1—-13)NH; in a concentration-dependent manner
(data not shown). Schild analysis3® of peptide 2 vs Dyn
A-(1—-13)NH; (Figure 2) yielded a Kp of 83.9 nM (8.81—
313 nM, 95% confidence interval); the Kg for the
nonpeptide antagonist norBNI (nor-binaltorphimine) in
this assay is 0.23 nM (0.0013—1.59 nM, 95% confidence
interval) as determined by Schild analysis. In the
adenylyl cyclase assay using u- and J-opioid receptors
with DAMGO and DPDPE, respectively, as the agonists,
peptide 2 at a concentration of 1 M did not cause a
significant shift in the agonist dose—response curves,
indicating that this peptide is a selective «-opioid
receptor antagonist.

These results indicate the importance of both the
residues modified and incorporation of the cyclic con-
straint in determining the «-opioid receptor affinity,
selectivity, and efficacy of these Dyn A analogues.

Letters

Cyclization to give 2 enhanced «-opioid receptor affinity
2-fold compared to the linear peptide 3 and increased
selectivity for - over u-opioid receptors almost 8-fold
due to a combination of an increase in - and a decrease
in u-opioid receptor affinities. Modification of positions
5 and 8 in the [N*-benzylTyr!] peptides is responsible
for the loss of efficacy, with both peptides 2 and 3
exhibiting negligible efficacy at «-opioid receptors in the
adenylyl cyclase assay.

The cyclic peptide 2 is a selective competitive antago-
nist at x-opioid receptors and only the second cyclic Dyn
A analogue reported that exhibits antagonist activity.
It is the first Dyn A-based antagonist with modifications
in the “address” domain that alter efficacy at «-opioid
receptors. Thus, this peptide is a novel «-opioid receptor
antagonist that will be an important lead peptide to
explore peptide—receptor interactions. We are currently
examining the SAR of this lead peptide in order to
enhance affinity and antagonist potency at «-opioid
receptors.
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