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Synthesis and Opioid Activity of Conformationally Constrained Dynorphin A
Analogues. 1. Conformational Constraint in the “Message” Sequence’

Seksiri Arttamangkul,$! Thomas F. Murray,® Gary E. DeLander,’ and Jane V. Aldrich*$/
College of Pharmacy and Center for Gene Research and Biotechnology, Oregon State University, Corvallis, Oregon 97331

Received October 7, 1994%

A constrained analogue of the opioid peptide dynorphin A (Dyn A) cyclized in the “message”
sequence was designed which may be compatible with the helical conformation proposed by
Schwyzer (Biochemistry 1986, 25, 4281—4286) as the conformation Dyn A adopts at « opioid
receptors. On the basis of molecular modeling with AMBER, we prepared the lactam cyclo-
[D-Asp?,Dap®IDyn A-(1—-13)NH:; (1; Dap = a,3-diaminopropionic acid) containing a four-atom
bridge between positions 2 and 5 as a possible constraint compatible with an o-helix, along
with the homologues with five- (2) and six-atom (3) bridges containing Dab (a,y-diaminobutyric
acid) and Orn, respectively, in position 5. All of the cyclic peptide analogues exhibited high
binding affinity for both « and u receptors and high potency in the guinea pig ileum (GPI)
assay. As ring size increased, a trend in receptor selectivity from slightly « selective (compound
1) to nonselective for x vs 4 (compound 2) to slightly u selective (compound 3) was observed in
the radioligand binding assays. The results in the GPI for antagonism of these peptides by
naloxone paralleled the results of the binding assays and indicated that compound 1
preferentially interacted with « receptors in this tissue. Novel byproducts were also obtained
from the cyclization reactions with HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) and characterized as [D-Asp?,X(Tmg)?]1Dyn A-(1—13)NH; (where X = Dap,
Dab, or Orn and Tmg = tetramethylguanidinium). All of the Tmg linear byproducts bound
with high affinity to ¥ and u receptors and also exhibited potent agonist activity in the GPL.
Circular dichroism spectra of compound 1 and the parent peptide Dyn A-(1—13)NH; determined
in 80% trifluoroethanol at 5 °C were consistent with some o-helical content in the peptides;
comparison of the A¢ at 222 nm suggested that compound 1 possessed slightly higher helical
content than Dyn A-(1—13)NH: under these experimental conditions. The cyclic Dyn A
analogues 1—3 described here represent the first Dyn A analogues constrained in the “message”

sequence with demonstrated high affinity and potency at « receptors.

Introduction

Since their discovery, considerable research has fo-
cused on understanding the physiological and pharma-
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cological roles of opioid receptors. Establishment of
clear-cut relationships between specific opioid receptors
and their distinct opioid effects has been complicated,
however, by the existence of multiple forms of both
opioid receptors and their endogenous ligands.! Three
opioid receptor types, the u, 6, and « receptors, are
generally accepted, and each of these receptor types has
recently been cloned.2~3 The endogenous mammalian
opioid peptides are also classified into three families,
the enkephalins, the dynorphins, and the endorphins.!
Although enkephalins have high affinity for 6 receptors,
dynorphins for « receptors, and endorphins for x4 recep-
tors, each of these ligands has significant affinity for
more than one receptor type. A major goal in opioid
research is the development of ligands highly selective
for each receptor type, since these ligands can be both
potential therapeutic agents and valuable pharmaco-
logical tools for understanding the biological effects
produced by different receptors. During the last decade
considerable effort has focused on the development of «
selective opioid agonists as potential analgesics without
the significant clinical side effects associated with
morphine and other u receptor selective analgesic
drugs.”® We are interested in developing potent and
selective ligands for « receptors as pharmacological tools
to study opioid receptor structure and function using
the endogenous opioid peptide dynorphin A as the
prototype.

Dynorphin A (Dyn A), a 17-amino acid peptide, is
postulated to be an endogenous ligand for « opioid
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receptors.” Dyn A has an identical N-terminal tet-
rapeptide sequence (the “message” sequence)10 to other
mammalian opioid peptides and exhibits remarkably
potent opioid activity.l! Dyn A-(1-13), the peptide
fragment first reported, is about 700 times more potent
than [Leulenkephalin and about 50 times more potent
than B-endorphin in the guinea pig ileum (GPI) assay.
Its unusually high potency is believed to result from the
C-terminal sequence (residues 6—13, the “address”
sequence) which directs this peptide to « receptors.1?
Dyn A-(1—-13) exhibits a similar receptor binding profile
to Dyn A,!2 and therefore Dyn A-(1—13) has often served
as the parent structure for developing analogues with
improved « selectivity. Several studiesl®13-16 have ex-
amined Dyn A fragments and amino acid replacement
to determine the relative importance and structure—
activity relationships for individual residues of Dyn A.

Dyn A is a highly flexible molecule which is capable
of assuming a number of different conformations, and
the biologically active conformations of this peptide are
still unclear. This conformational flexibility may be one
reason for the peptide’s low « receptor selectivity.
Conformational constraint is one approach which can
be used not only to restrict the flexibility of the peptide
molecule but also to provide information on the topo-
graphical requirements of receptors.l” In addition,
potent and selective ligands may be found when ap-
propriate conformational constraints are incorporated.

Conformational constraint by cyclization has been
successfully employed in the development of several
potent opioid peptide analogues, such as the selective u
and & receptor agonists H-Tyr-cyclo[D-Orn-Phe-Aspl-
NH;!8 and DPDPE (cyclo[D-Pen?,b-Pen®lenkephalin).!?
Several cyclic Dyn A analogues have also been synthe-
sized and evaluated for their biological activity, but
studies of constrained Dyn A analogues have been far
less extensive than those reported for # and ¢ selective
peptides. Only four Dyn A analogues have been re-
ported with a constraint in the “message” sequence of
the peptide. A disulfide bridge between D-Cys in posi-
tion 2 and L-Cys in position 5 produced a peptide which
is 5-fold more potent than the parent 13-mer in the GPI
assay,?? but tolerance studies suggested that it inter-
acted mainly with o receptors and had only minor
interactions with « receptors.?l A cyclic lactam, cyclo-
[D-Orn2,Asp®]Dyn A-(1—-8)NHjy, has also been prepared,
but the high sensitivity of this peptide to antagonism
by naloxone in the GPI (K. = 1.49 nM) suggests that
this peptide preferentially interacts with u receptors in
this tissue.??2 Two analogues containing cis- and trans-
4-aminocyclohexanecarboxylic acid as a conformational
constraint in place of Gly2-Gly® were prepared in our
laboratory.2? Although exhibiting some selectivity for
k receptors, the affinity of these analogues for « recep-
tors was only modest (Ki = 9—14 nM). Other cyclic
analogues have involved modifications in the “address”
segment.222¢-25 Several of the cyclic disulfide analogues
reported exhibited unexpected selectivities for the re-
ceptors in the central vs peripheral nervous system,2425
which suggested possible receptor differences between
these sites. Cyclic lactam analogues of Dyn A, cyclo-
[Orn®Asp®IDyn A-(1-13)NH;, cyclo[Orn?Asp!®]Dyn
A-(1-13)NHzs, and cyclo[Orn5,Asp!3]Dyn A-(1-13)NHs,
have also been prepared.22 These analogues showed
high affinity for u4 receptors, however, and antagonism
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of their opioid activity in the GPI by low doses of
naloxone suggested that these compounds did not
interact significantly with « receptors.

Using equilibrium thermodynamic and kinetic esti-
mations, Schwyzer proposed a helical conformation for
the N-terminus of Dyn A-(1—13) oriented perpendicular
to the membrane surface when the peptide interacts
with « receptors.?6 The a-helix was proposed to extend
from Tyr! through Arg® with the C-terminal residues
Prol®—Lys!3 in an unordered structure. We were in-
terested in stabilizing this suggested helical structure
of Dyn A through a lactam linkage. From our prelimi-
nary study of possible conformational constraints using
the molecular modeling program AMBER,27-2° we found
that a four-atom bridge containing an amide bond
between residues i (D-configuration) and i + 3 (L-
configuration) appeared to be ideal for spanning the
distance between C;a and C;+3at in an a-helix. We were
interested in incorporating this constraint into the
“message” sequence and therefore prepared the cyclic
analogue cyclo[D-Asp?,Dap®]Dyn A-(1—13)NH; (1; Dap
= q,8-diaminopropionic acid) containing the four-atom
bridge between the o carbons of residues 2 and 5. In
addition, the analogues with five- (2) and six-atom (3)
bridges were synthesized by incorporating Dab (a,y-
diaminobutyric acid) and Orn, respectively, into position
5 of the peptides in order to examine the effect on opioid
activity and receptor affinity of varying the bridge
length.
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During the formation of these relatively small (14- to
16-membered) lactam rings using HBTU, we obtained
another major peptide product in addition to the desired
cyclic peptides. We evaluated the cyclic peptides, along
with the unusual linear byproducts obtained from the
cyclization reactions, for their affinity for «, 4, and &
opioid receptors and for their opioid activity in the GPI
assay. The results of these assays are described below.

Results and Discussion

Chemistry. All of the cyclic peptides were synthe-
sized and cyclized on an MBHA resin. Cyclizations
performed on solid phase resins utilize pseudodilution
to favor intramolecular resin-bound reactions.3? This
methodology was selected in order to minimize forma-
tion of cyclodimeric or polymeric peptides which can
occur when cyclizations are performed in solution, even
if the solution is very dilute.! The Fmoc group was
selected for a-amine protection of the amino acids. The
side chain functional groups of the amino acids involved
in the cyclization reaction, D-Asp and Dap, Dab, or Orn,
were protected with fert-butyl and Boc groups, respec-
tively. The side chain protecting groups for Arg and
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Scheme 1
HaN-MBHA
13 cycles
Fmoc amino acids

tBu OtlBu B?cTcl)sT?s Tc|)s C|IZ C|IZ
Fmoc-Tyr-D-Asp-Gly-Phe-X-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-NH-MBHA

50% TFA + 2% anisole in DCM

TosTos Tos CiZ ciz
Fmoc-Tyr-D-Asp-Gly-Phe-X-Arg-Arg-le-Arg-Pro-Lys-Leu-Lys-NH-MBHA

HBTU/HOBYVDIEA (4/4/6)

1) 30% piperidine
2) HF + 10% anisole

2
o
Tyr-D-Asp-Gly-Phe-X-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-NH;
1-3
+
Tmg

Tyr-D-Asp-Gly-Phe-X-Arg-Arg-lle-Arg-Pro-Lys-Leu-Lys-NH,

4-6

Lys, Tos and Cl1Z, respectively, were chosen to be stable
to trifluoroacetic acid (TFA) treatment.

The synthesis of the linear peptide 7 was performed
on a PAL resin (peptide amide linker resin) using
standard Fmoc synthetic strategy. The side chains of
Fmoc amino acids used in this case were protected with
TFA-labile functional groups, namely D-Asp(OtBu), Tyr-
{(tBu), Lys(Boc), and Arg(Pmc).

The synthesis of the amino acid derivative FmocDap-
(Boc), 10, was performed via a modified Hoffmann
rearrangement. Starting with ZAsn, the aliphatic
amide was converted to an amine using [I,I-bis(trifluo-
roacetoxy)iodolbenzene3? and the free amine then pro-
tected with Boc using tert-butyl pyrocarbonate?? to yield
ZDap(Boc). After removal of the benzyloxycarbonyl
protecting group by catalytic transfer hydrogenation,3*
the Fmoc protecting group was introduced on the
o-amine using Fmoc-OSu?3 to give compound 10. At-
tempts to rearrange FmocAsn to give FmocDap di-
rectly gave lower yields and a product with lower purity.

The syntheses of 1-3 were performed according to
Scheme 1. After incorporation of the last amino acid
to the growing peptide chains, the tert-butyl protecting
groups were removed with TFA and the cyclizations
then performed on the resins using a 4-fold excess of
HBTU reagent (HBTU/HOBt/DIEA, 4/4/6 equiv). The
cyclization reactions all gave a negative response to
ninhydrin within 2—3 h. The N-terminal Fmoc protect-
ing groups were removed with piperidine and the
peptide amides then liberated from the resins using
liquid HF. Crude peptides were purified by gel filtration
on Sephadex G-10 followed by reversed phase HPLC.

Arttamangkul et al.

In all cases, two major peptide products were ob-
tained. Analyses of the purified peptides using FAB-
MS revealed that the desired cyclic analogues were
obtained along with byproducts having molecular weights
116 Da higher than the corresponding cyclic peptides
(Table 1). Amino acid analysis of the byproduct ob-
tained from the cyclization reaction to yield 1 gave a
peak which did not match Dap, and peptide sequencing
produced a peak distinct from that of Dap or Asp-Dap
in the fifth cycle. A similar result was observed in our
laboratory during an attempt to form the highly strained
10-membered lactam ring in cyclo[Dab?,D-Glu3,Leu®]-
enkephalinamide.3® In this case, characterization of the
products using amino acid analysis, peptide sequencing,
NMR, and high-resolution mass spectrometry indicated
that the products were [Dab(Tmg)2,D-Glu3 Leu5]-
enkephalinamide and the corresponding linear dimeric
peptide containing the tetramethylguanidinium (Tmg)
functionality, resulting from transfer of the tetramethyl-
uronium group from HBTU to the y-amine of Dab. This
side reaction was also observed during a backbone
coupling when HBTU reagent was added to the free
amine solution instead of to the carboxylate solution.3
The analytical data for the byproduct peptides obtained
following the cyclization reactions of the Dyn A ana-
logues were consistant with this identification as the
linear tetramethylguanidinium derivatives 4—6. A
detailed analysis indicates that the prevalence of this
side reaction is dependent upon the amino acid sequence
and the reagents used for the cyclization (S. Artta-
mangkul and J. V. Aldrich, unpublished results).
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Receptor Affinity and Opioid Activity. The pep-
tides were evaluated for their binding affinity at «, u,
and ¢ opioid receptors using competition binding assays
(Table 2). x Receptor affinity was determined in guinea
pig cerebellum, a tissue which is rich in « binding sites,3”
using [(H]bremazocine as the radioligand. To measure
u and ¢ affinity, [FHIDAMGO and [*HIDPDPE were
employed as selective radioligands for 4 and 6 receptors,
respectively, in rat forebrain membrane preparations.

All of the Dyn A analogues examined exhibited high
binding affinity for both « and u receptors (K; < 1 nM,
Table 2) and generally had moderate binding affinity
for 6 receptors (K; = 4—14 nM except for [D-Asp?]Dyn
A-(1-13)NHs, 7). These results are similar to those
observed for the parent linear peptide Dyn A-(1—13)-
NHs. At « receptors the binding affinities of compounds
1 and 2 were similar to that of the parent peptide, while
compound 3, which contains the largest ring size in the
series, exhibited a 3—4.5-fold decrease in « receptor
affinity compared to 1 and Dyn A-(1-13)NH;. Com-
pounds 2 and 3 had similar binding affinity at u
receptors as the parent peptide, while compound 1 had
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Table 1. Analytical Data for Dyn A-(1—13)NH; Analogues
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FAB-MS amino acid composition®
compd ¢g® (min) M+1) Tyr(1) Asp(1) Gly(1) Phe(1) X(1) Arg(3) 1Ile(l) Pro(1) Lys(2) Leu(1)
1 17.9 1615.9 0.96 1.01 0.99 1.00 0.99 3.03 0.97 0.91 2.01 1.02
2 17.1 1630.5 1.04 1.02 1.03 1.02 1.02 3.02 0.96 0.85 2.01 1.04
3 18.2 1643.9 0.79 1.06 1.16 0.86 0.96 3.12 1.03 1.02 2.00 1.04
4 15.3 1731.9 0.90 0.93 1.00 1.01 c 3.10 1.01 0.90 2.13 1.08
5 15.7 1745.8 0.89 0.91 1.00 0.99 d 3.04 1.01 0.81 2.25 1.11
6 16.2 1759.9 0.95 0.96 1.02 1.04 e 3.04 0.98 0.88 2.08 1.05
7 20.6 1661.0 1.05 1.04 1.05 1.04 3.14 0.90 0.76 2.00 2.01(2)

¢ Elution as described in the Experimental Section using the Vydac analytical column. ? Theoretical values are shown in parentheses.
¢ A peak was observed at 46.3 min which did not correspond to Dap (tg = 47.8 min). ¢ A peak was observed at 46.0 min which did not
correspond to Dab (¢g = 42.5 min). ¢ A peak was observed at 45.7 min which did not correspond to Orn (¢g = 40.8 min).

Table 2. Opioid Receptor Binding Affinities of Dyn A-(1-13)NH; Analogues

K; (nMy
compd no. analogues [*H]bremazocine [(HIDAMGO [*H]DPDPE K ratio («/u/d)
1 cyclo[D-Asp?,Dap’]Dyn A-(1—13)NH 0.22 + 0.002 0.49 + 0.016 10.2 £ 0.3 1/2.2/47
2 cyclo[D-Asp?,Dab5]Dyn A-(1-13)NH; 0.13 + 0.003 0.17 + 0.002 120+ 04 1/1.3/92
3 cyclo[D-Asp?,0rn®]Dyn A-(1-13)NH; 0.68 + 0.033 0.19 £ 0.001 141+ 0.2 3.6/1/74
4 [D-Asp?,Dap(Tmg)5]Dyn A-(1—13)NH; 0.21 + 0.003 0.16 £ 0.001 4.31 £0.28 1.3/1/27
5 [D-Asp?,Dab(Tmg)?]Dyn A-(1-13)NH; 0.14 £ 0.005 0.32 £0.01 7.52 £ 0.40 1/2.3/54
6 [D-Asp?,0rn(Tmg)3]Dyn A-(1-13)NH; 0.36 + 0.011 0.28 + 0.006 142+ 04 1.3/1/51
9 [D-Asp?]Dyn A-(1—13)NH; 0.45 + 0.07 0.013 £ 0.001 0.044 + 0.005 35/1/3.4
Dyn A-(1-13)NH; 0.15 £ 0.004 0.19 + 0.002 3.88 + 0.091 1/1.3/26
¢ K; + SE.
Table 8. Opioid Activity of Cyclic Dyn A-(1-13)NH; Analogues in the Guinea Pig Ileum

compd no. analogues ICs0 (nM)* relative potency (%)

1 cyclo[D-Asp?,Dap’|Dyn A-(1-13)NH, 0.16 (0.13—0.20) 138

2 cyclo[D-Asp?,Dab’]Dyn A-(1-13)NH, 0.23 (0.18—-0.31) 96

3 cyclo[D-Asp?,0rn3]Dyn A-(1-13)NH, 0.40 (0.30—0.54) 55

4 [D-Asp?,Dap(Tmg)5]Dyn A-(1-13)NH; 0.46 (0.36—0.58) 48

5 [D-Asp?,Dab(Tmg)5]Dyn A-(1-13)NH, 0.18 (0.14—0.23) 122

6 [D-Asp?,0rn(Tmg)?1Dyn A-(1-13)NH, 1.78 (0.92—3.46) 12

7 [D-Asp?]Dyn A-(1-13)NH; 0.46 (0.32—-0.67) 32

Dyn A-(1-13)NH; 0.22 (0.15—0.33) 100

2 95% confidence intervals are shown in parentheses.

2.5-fold lower affinity for these receptors. These modest
differences in affinities resulted in a trend in receptor
selectivity from slightly « selective (compound 1) to
nonselective (compound 2) to slightly x4 selective (com-
pound 8) as ring size increased. Since the differences
in affinities were relatively small, however, none of
these cyclic analogues exhibited a large preference for
either « or u receptors. Cyclization of the peptides
decreased binding affinity at 6 receptors 2.5—4-fold,
resulting in enhanced selectivity for x and u receptors
over o receptors. All of these cyclic peptides had similar
affinity for d receptors (K; = 10—14 nM), indicating that
ring size did not significantly affect affinity for these
receptors.

Introduction of a D-amino acid at position 2 in linear
analogues of Dyn A-(1—13)NH; results in compounds
that are either nonselective for « vs u receptors (D-
Asn?)!5 or u selective (D-Asp?, 7, and other D-amino acid-
containing analogues!5). Introduction of the negatively
charged D-Asp residue in position 2 reduced « binding
affinity 3-fold compared to the parent peptide but
enhanced affinity for u receptors, an effect also seen for
the D-Asn? analogue.! Interestingly the anionic residue
increased binding affinity for ¢ receptors almost 90-fold,
an effect not seen with the D-Asn? analogue. The 6
receptor’s preference for negative charges may explain
this effect.3®

Surprisingly, the Tmg linear byproducts exhibited
high binding affinity for « receptors, indicating that the

bulky and positively charged Tmg group at position 5
did not adversely affect binding to these receptors. This
functional group did have a significant adverse effect
on affinity for 4 and 6 receptors, however, decreasing
binding by 10—25-fold and 100—300-fold, respectively,
compared to compound 7. The longer length of the Tmg-
containing side chain in the 5 position reduced the 6
binding affinity of compounds § and 6 by 2- and 3-fold,
respectively, compared to compound 4. This effect of
chain length was not observed for « or x4 receptors. It
is interesting to note that compounds 4—6 exhibited
binding affinities for the three opioid receptor types
similar to the affinities of the corresponding cyclic
analogues. This may be due to electrostatic interactions
between the negative and positive charges of the D-
aspartate and the Tmg functional groups, which could
permit these linear peptides to adopt conformations
similar to those of the cyclic peptides at opioid receptors.

To determine in vitro opioid activities, the peptides
were tested for inhibition of electrically evoked contrac-
tions of the GPI (Table 3). All of the compounds
inhibited muscle contractions in a dose-dependent man-
ner with full agonist activity. Compounds 1, 2, and 5
exhibited high potency with ICso values (0.16—0.23 nM)
comparable to that of the parent peptide Dyn A-(1—13)-
NH,. Compounds 3, 4, and 7 also showed strong agonist
activity with potencies 30—60% of that of the parent
peptide, whereas compound 6 was a weaker agonist
(ICsp = 1.78 nM). Interestingly, the linear peptide
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[D-Asn?]Dyn A-(1—13)NHg, which does not have a nega-
tive charge, also exhibited decreased agonist potency
(ICs0 = 2.12 nM).15 As observed in the binding assays,
the ring size in the cyclic peptides had a slight effect on
opioid activity, with opioid activity in the GPI decreas-
ing slightly as the ring size increased. The potencies
of the linear [D-Asp?,Dap(Tmg)®’] and [D-Asp?,Dab-
(Tmg)?] byproducts were equal to or greater than that
of [D-Asp?]Dyn A-(1—13)NHs, 7. The length of the Tmg-
containing side chain in position 5 affected the GPI
activities; compound 5 was the most potent, whereas
compound 4 (shorter length) and compound 6 (longer
length) were 2.5- and 10-fold less potent, respectively.

Whether the opioid activity of the cyclic peptides was
mediated through « or u receptors was examined by
evaluating naloxone sensitivity. The K. values for

naloxone antagonism of compounds 1—3 and Dyn A-(1—

13)NH; were 64.9, 32.3, 17.1, and 64.0 nM, respectively.
These results parallelled those found in the binding
assays and indicated that compound 1 preferentially
interacted with x receptors in the GPI. The naloxone
K. for compound 3 indicated some « selectivity for this
compound in the GPI, a result which differs from that
reported by Schiller et al. for the u selective compound
cyclo[D-Orn2,Asp5]Dyn A-(1-8)NH; (K. = 1.49 nM).22
The difference between these two compounds in opioid
receptor selectivity in the GPI may be due to truncation
of the C-terminus in Schiller’s peptide and/or reversal
of the direction of the lactam bond. The 13-mer Dyn
A-(1—13) has been reported to be a more « selective
ligand than the 8-mer Dyn A-(1—8),1%12 and the direc-
tion of a lactam bond may be important in stabilizing
or destabilizing helix formation.3®

Conformational Analysis. Circular dichroism (CD),
a sensitive method for evaluating peptide secondary
structure, was used to examine possible conformations
of the cyclic peptides and Dyn A-(1-13)NH;. In aqueous
phosphate buffer (pH 7.4) at room temperature, all of
the cyclic peptides and Dyn A-(1—13)NH; exhibited CD
spectra typical of a random structure (data not shown).
Trifluoroethanol (TFE) was therefore utilized to deter-
mine whether secondary structure could be induced in
the constrained cyclic analogues or Dyn A-(1—13)NHs.
While lowering the temperature from 25 to 5 °C had
little effect on the CD spectrum above 200 nm of Dyn
A-(1-13)NH; in TFE, it decreased the A€ in this region
for compound 1 (data not shown), suggesting increased
stability of a helical structure at the lower temperature.
A comparison of the CD spectra of compound 1 and Dyn
A-(1-13)NH; determined in 80% TFE at 5 °C is shown
in Figure 1. Both peptides showed CD spectra indica-
tive of some helical structure, with minima at 222 and
205 nm and a large positive peak near 190 nm. The Ae
at 222 nm for compound 1 was somewhat more negative
than that observed for Dyn A-(1—13)NH: at 5 °C,
suggesting a slightly higher helical content in compound
1 compared to Dyn A-(1—-13)NH> under these experi-
mental conditions. While the helicity indicated by the
CD spectra of this cyclic peptide and Dyn A-(1—-13)NHs
in TFE appears to be modest, it suggests that it may
be possible for both compound 1 and Dyn A to adopt
partial helical structures at « receptors, as proposed by
Schwyzer.

NMR evidence supporting a partial helical structure
for Dyn A interacting with membranes has recently
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Figure 1. Circular dichroism spectra of cyclo[D-Asp?Dap®l-
Dyn A-(1-13)NH,, 1 (—), and Dyn A-(1-13)NH; (= -+ —) in
80% TFE at 5 °C.

been reported. On the basis of transfer nuclear Over-
hauser effects plus molecular modeling, Epand and co-
workers*’ proposed a membrane-mediated conformation
for Dyn A-(1—13) consisting of a short helical segment
from Tyr! to Leu’ plus a folded structure for residues
Ile8—Pro!?. Recently Kallick! examined Dyn A-(1-17)
bound to dodecylphosphocholine micelles by NMR and
found that the peptide adopts a helix from Gly® to Arg®.
We are conducting NMR studies of cyclo[D-Asp?,Dap®]-
Dyn A-(1—-13)NHa, 1, our constrained analogue proposed
to be compatible with an a-helix, to examine this
peptide’s conformation in more detail.

Conclusions

Compounds 1—-8 were synthesized in order to limit
the comformational freedom of Dyn A-(1—13)NH,. All
of these analogues exhibited high opioid receptor affini-
ties and potent opioid activity in the GPI. Cyclo[D-Asp?,-
Dap®]Dyn A-(1—13)NHs, 1, the constrained analogue
designed to be compatible with an a-helix, was a potent
agonist, and the high naloxone K, value for this peptide
in the GPI indicated that this peptide preferentially
interacted with « receptors in this tissue. This is in
contrast to the u selectivity found for cyclo[D-Orn2,Asp5]-
Dyn A-(1—8)NHs,22 the only previously reported Dyn A
analogue constrained via a lactam in the “message”
region. In the radioligand binding assays, compound 1
exhibited high affinity for « receptors and a slight
preference for « over u receptors. Increasing the ring
size to give compounds 2 and 3 tended to decrease
binding affinity and/or selectivity for « receptors. The
high affinity for « receptors and the high potency in the
GPI of these cyclic peptides suggest that they can adopt
the appropriate bioactive conformation for « receptors.
Interestingly, the novel Tmg byproducts, compounds
4—6, also exhibited high binding affinity for « receptors
and potent agonist activity in the GPI, indicating that
the bulky tetramethylguanidinium group did not inter-
fere with « receptor interaction and suggesting that
these analogues are also capable of adopting the ap-
propriate bioactive conformation at « opioid receptors.

Possible conformations of cyclo[D-Asp?,Dap®]Dyn A-(1—
13)NHo;, 1, and Dyn A-(1—13)NH: were examined by
circular dichroism. The CD spectra of these peptides
in 80% TFE at 5 °C (Figure 1) are both indicative of
some helical structure and suggest that 1 exhibits
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slightly greater helical content than Dyn A-(1—13)NHj;
under these experimental conditions. The constraint in
cyclic peptide 1 still retains some flexibility, however,
and therefore could be compatible with other folded
conformations (i.e., a 8-turn); this could account for the
peptide’s affinity for other opioid receptors. An ex-
tended conformation has also been proposed for the
N-terminus of Dyn A-(1-13), based on fluorescent
energy transfer of [Trp*]Dyn A-(1—13) in aqueous solu-
tion.2 However, the affinity and potency of the cyclic
peptides described here, particularly given the short
length of the bridges in compounds 1 and 2, would tend
not to support such an extended conformation as a
bioactive conformation for the N-terminus of Dyn A.

The cyclic Dyn A analogues described here represent
the first Dyn A analogues constrained in the “message”
sequence with demonstrated high affinity and potency
at « receptors. Thus these analogues represent inter-
esting lead compounds for further characterization of
structure— and conformation—activity relationships for
Dyn A at « opioid receptors, studies which are under
way in our laboratory. Although the conformation Dyn
A adopts at « opioid receptors is still uncertain, a helical
structure for part of Dyn A is a promising candidate for
this peptide's bioactive conformation at these receptors.

Experimental Section

Peptide syntheses were performed by solid phase synthesis
using a Milligen Biosearch 9500 automated peptide synthe-
sizer (Novato, CA), and HF cleavages were performed on a
Multiple Peptide Systems HF apparatus model 2010C (San
Diego, CA). Reversed phase HPLC was done on a Beckman
model 431A gradient system. The analytical HPLC columns
were a DuPont Zorbax Protein Plus analytical column (Cs, 300
A, 10 um, 4.6 mm x 25 cm) equipped with a Protein Plus guard
cartridge and a 214TP54 Vydac analytical column (Cq4, 300 A,
5 um, 4.6 mm x 25 cm). Preparative reversed phase HPLC
was performed on a Rainin gradient HPLC system using a
DuPont Zorbax Protein Plus preparative column (Cz, 300 A,
10 ym, 21 mm x 25 cm) with a Dynamax (Cy4, 12 ym, 21 mm
x 5 cm) guard cartridge. Amino acid analyses were performed
after hydrolysis of the peptides under standard conditions (6
N HCI plus 1.0% phenol at 110 °C for 20 h). Each amino acid
was resolved using a step gradient on a Beckman Spherogel
52C ion exchange column (4.6 x 15 cm) equipped with
postcolumn ninhydrin detection on a Beckman 126AA System
Gold HPLC amino acid analyzer. Peptide sequencing was
performed via Edman degradation on an Applied Biosystems
Model 475A gas phase protein sequencer. Both amino acid
analysis and peptide sequencing were performed by the
Central Services Laboratory, Center for Gene Research and
Biotechnology, Oregon State University. Molecular weights
of the peptides were determined by FAB mass spectrometry
in the positive mode on a Kratos MS50RFTC spectrometer in
the Department of Agricultural Chemistry, Oregon State
University. NMR spectroscopy was performed on a 300 MHz
Bruker NMR spectrometer in the Department of Chemistry,
Oregon State University. Elemental analysis was performed
by MWH Laboratories, Phoenix, AZ.

Amino Acid Synthesis. N°-(Fluorenylmethoxycarbo-
nyl)-N?-(tert-butyloxycarbonyl)-L-a,f-diaminopropi-
onic Acid (10). N°-(Benzyloxycarbonyl)-L-asparagine (Bachem)
was rearranged to N°-(benzyloxycarbonyl)-L-o,3-diaminopro-
pionic acid (56% yield) using [I,I-bis(trifluoroacetoxy)iodol-
benzene (Aldrich) as reported in the literature.®2 The crys-
talline ZDap obtained was then protected with Boc by a
standard method?®? using tert-butyl pyrocarbonate (Aldrich) to
give Ne-(benzyloxycarbonyl)-N?-tert-butyloxycarbonyl)-L-o,53-
diaminopropionic acid (75% yield). The Z protecting group was
removed by catalytic transfer hydrogenation using 10% pal-
ladium on carbon (Aldrich) and ammonium formate (Aldrich),3
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and then the Fmoc protecting group was introduced at the
o-amine using Fmoc-OSu (Bachem; 0.9 equiv) plus Na,CO; (1
equiv) in THF/H,0 (1/1).2 Crude 10 was purified by medium
pressure liquid chromatography on silica gel (grade 60, 230—
400 mesh, 60 A, Merck 9385) using first DCM followed by
DCM/MeOH/AcOH (95/5/0.1) at a flow rate of ca. 10 mL/min.
Purified 10 was precipitated from MeOH with H20 to yield a
fine white powder (87% yield): mp 97—100 °C; FAB-MS m/z
425.1(M —~ 1); TLC Ry (DCM/MeOH/AcOH, 85/10/5) 0.77; *H-
NMR (300 MHz, MeOH-dy) 6 1.45 (s, 9H, -C(CH3)3), 3.32 (m,
2H, BCHy), 4.25 (m, 2H, aCH, Fmoc-CHCH;0), 4.34 (d, 2H,
Fmoc-CHCH,0), 7.34 (m, 4H, Ar), 7.66 (d, 2H, Ar), 7.79 (d,
2H, Ar); [0]?p —4.3° (c 1.0, MeOH). Anal. (C23H36N20¢H20)
C,H,N.

Cyclic Peptide Synthesis. For syntheses of the cyclic
peptides, Fmoc amino acids (Bachem, Novabiochem, and
Bachem Biosciences (FmocDab(Boc)) were assembled on an
MBHA resin (Bachem; 0.23 mmol/g, 1% cross-linked poly-
(vinylstyrene)) using the HBTU (Amino Tech) coupling protocol
as previously described.®® After the last amino acid was
attached, the tert-butyl side chain protecting groups were
removed with 50% (v/v) TFA plus 2% anisole in DCM (5 min
and then 30 min). Following neutralization with 10% (v/v)
DIEA in DCM (3 x 30 mL) and washing with DCM (5x) and
DMA/DCM (171, 5x), cyclizations were carried out at room
temperature by the addition of HBTU/HOBLt (4.0 equiv of each)
in DMF containing excess DIEA (6.0 equiv). The reaction was
usually complete within 2—3 h, as determined by the Kaiser
test. The N-terminal Fmoc groups were then removed using
30% piperidine in DMA/toluene (1/1) and the peptide resins
washed with DMA/DCM (1/1, 10x), DCM (6x), and MeOH
(4x) and dried in vacuo over night. The peptides were cleaved
from the resin by treatment with liquid HF (10 mL of HF plus
1 mL of anisole/g of resin) for 60 min at 0 °C. After evaporation
of HF, the resin was extracted with Et;O0 (3 x 10 mL) and
then with 0.5 N AcOH (3 x 10 mL). The crude peptides were
obtained by lyophilization of the aqueous extracts.

Peptides were desalted by gel filtration through a Sephadex
G-10 column (2.6 x 16.3 cm) using 0.5 N AcOH. Following
lyophilization, the crude peptides were purified further by
reversed phase HPLC using a mobile phase gradient of 20—
50% MeOH in 0.1% TFA over 30 min at a flow rate of 20 mL/
min. In all cases two major peaks of peptides were obtained.
The pure fractions from each peak were collected and lyoph-
ilized. Homogeneity of the peptides was established by
analytical HPLC using a mobile phase gradient of 0—75%
AcCN in 0.1% TFA over 50 min at a flow rate of 1.5 mL/min.
All peptides were >98% pure, as judged from the HPLC elution
profiles.

Linear Peptide Synthesis. The linear peptide 7 was
synthesized by standard Fmoc protocol on a PAL resin
(Millipore; 0.27 mmol/g) as previously described.!* Following
cleavage of the peptide with Reagent K** (82.5% TFA, 5%
water, 5% phenol, 5% thioanisole, and 2.5% ethanedithiol), the
peptide was purified by reversed phase HPLC using a gradient
of 0—50% AcCN containing 0.1% TFA in 100 min at 10 mI/
min.

Circular Dichroism. Circular dichroism spectra were
recorded on a J-720 Jasco spectrometer (Japan Spectroscopic
Co. Ltd., Tokyo). The instrument was routinely calibrated
with (+)-10-camphorsulfonic acid for proper operation.** The
peptides were freshly prepared in aqueous buffer containing
10 mM potassium phosphate (pH 7.4) or in 80% (v/v) TFE
(Aldrich) in 10 mM potassium phosphate buffer. Concentra-
tions of the peptide solutions were determined by the guani-
dine hydrochloride method*® using absorbance of the same
stock solutions at 280 (¢ = 1280 M~lcm™!) and 190 nm.
Spectra were collected at 0.5 nm intervals in the range of 178—
260 nm and are the average of four runs. Spectra were
smoothed using a cubic spline algorithm.

Receptor Binding Assays and Smooth Muscle Assays.
Opioid receptor binding studies were performed as described
in detail elsewhere.!® Incubations of [*H]bremazocine (0.7—
0.8 nM) with guinea pig cerebellar membrane preparation®
were performed for 3 h at 4 °C, and incubations of rat
membrane preparations with [FHIDAMGO (0.3—0.4 nM) and
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[BHIDPDPE (2.4 nM) were performed for 5 h at 4 °C. ICs
values were determined by nonlinear regression analysis to
fit a logistic equation to the competition data and K; values
calculated from the ICs, values by the Cheng and Prusoff
equation,* using Kp values of 0.314, 7.63, and 0.055 nM for
[E(HIDAMGO, [*HIDPDPE, and [*Hlbremazocine, respectively.

The GPI assays were carried out as previously described.!®
A log dose—response curve was determined with Dyn A-(1—
13)NH, (Peninsula Laboratories) as the standard for each
ileum. K, values for naloxone were determined from the ratio
of ICs values obtained in the presence and absence of a fixed
concentration of naloxone (300 nM, added 20 min prior to
addition of the agonist). ICs; and K, values reported were
obtained from four to five replicates in different animals.
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