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Abstract

Our research focuses on the development of potent and highly selective peptide
ligands for kappa (κ) opioid receptors and examination of the structure-activity
relationships (SAR) for activity at these receptors. Both κ opioid receptor agonists and
antagonists have potential therapeutic applications for a variety of diseases. Dynorphin
(Dyn) A is an endogenous heptadecapeptide agonist at κ opioid receptors. Dyn A-based
peptide antagonists could be useful pharmacological tools for studying κ opioid
receptors. Arodyn is an acetylated Dyn A analog identified in our laboratory that is a
potent and highly selective κ opioid receptor antagonist. One main purpose of this
dissertation research was to evaluate the role of the N-terminal ‘message’ sequence
(especially Phe1 and Phe3) of arodyn in κ opioid receptor affinity, selectivity and
efficacy. These two positions were substituted with other aromatic or nonaromatic
residues. The other main purpose of this research was to develop conformationally
restricted analogs of arodyn and Dyn A with high affinity and/or selectivity that can be
used to explore the structural and conformational requirements for interaction of these
ligands with κ opioid receptors, and to explore the SAR for agonist vs. antagonist activity
at κ receptors. Different cyclization strategies were explored for the synthesis of cyclic
arodyn and Dyn A analogs, including cyclization through lactam bond formation or ringclosing metathesis (RCM).

1

Chapter 1. Introduction

2

1.1 Background and significance
Since the discovery of opioid receptors, considerable research has been focused
on understanding their physiological and pharmacological roles.1 Opioid receptors belong
to the superfamily of G-protein coupled receptors (GPCR).2 Three different types of
opioid receptors, mu (μ), kappa (κ), and delta (δ), have been identified and cloned.1
Clinically used analgesic agents such as morphine are potent μ opioid receptor agonists
with some serious side effects, such as respiratory depression, physiological and
psychological dependence, and constipation.1 During the last two decades, considerable
effort has been focused on the development of κ selective opioid agonists, especially
those acting on the peripheral nervous system, as potential analgesics without the
significant clinical side effects associated with morphine and other μ receptor selective
analgesic drugs.3,

4

Further, κ receptor agonists have been shown to decrease the self-

administration of cocaine, and this could lead to new approaches for the treatment of
cocaine dependence for which there is currently no suitable therapy.5-7 Kappa agonists
can also be potentially used in the treatment of HIV-1 and HIV-1 related
encephalopathy8,

9

and as neuroprotective and anticonvulsant agents.10 Kappa opioid

receptor antagonists, on the other hand, may be useful for the treatment of opioid11, 12 and
cocaine13, 14 addiction and as antidepressant agents.15 Therefore, selective ligands for κ
opioid receptors are very useful for studying the functions of κ opioid receptors at the
molecular level, which in turn could be very important in the development of new
therapeutic agents.
Our research focuses on the development of potent and highly selective peptide
ligands, especially antagonists, for κ opioid receptors. Small molecule antagonists for κ
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opioid receptors exhibit extremely long half-lifes in vivo (e.g. several weeks to more than
one month), therefore limiting their use as pharmacological tools.16-19 In contrast, peptide
antagonists for κ opioid receptors are expected to have much shorter half-lifes in vivo.
The peptide ligands are also proposed to have different binding modes compared with
small molecules,20-22 and therefore peptide ligands can be complimentary tools to small
molecule ligands to study κ opioid receptors.
Dynorphin A (Dyn A, Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-LysTrp-Asp-Asn-Gln), a heptadecapeptide first isolated from porcine pituitary, is proposed
to be an endogenous ligand for κ opioid receptors.23 Dyn A is a potent opioid peptide, but
it is not very selective for κ opioid receptors and also exhibits significant affinity for μ
and δ receptors. Dyn A has an identical N-terminal tetrapeptide sequence (Tyr-Gly-GlyPhe) to most other mammalian opioid peptides while the C-terminal sequence is unique
to Dyn A. Based on these features, Goldstein and co-workers proposed the "messageaddress" hypothesis for Dyn A (Figure 1.1).24 According to this hypothesis the Nterminal “message” sequence is responsible for Dyn A’s opioid receptor activity, while
the C-terminal “address” sequence imparts affinity for κ receptors.

Figure 1.1: “Message-address” concept for Dyn A-(1-11) and arodyn
Dyn A-(1-11): Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys
Arodyn:

Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
"Message"

"Address"

Although a variety of peptide agonists (both linear and cyclic analogs) for κopioid receptors have been identified,1, 25 until recently the search for peptide antagonists
4

has met with limited success. Compounds in which the N-terminus was converted to a
tertiary amine with substitution of Tyr1 with a tertiary amine on the α-amino group such
as N,N-diallyl and N,N-diCPM (CPM = cyclopropylmethyl) derivatives are antagonists
that also show reasonable affinity and selectivity for the κ receptors.26-28 Dynantin, with
the Tyr residue replaced with the des-amino tyrosine derivative, (2S)-Mdp ((2S)-2methyl-3-(2,6-dimethyl-4-hydroxyphenyl)propanoic acid), shows high affinity and is a κ
selective antagonist.29 [Pro3]Dyn A-(1-11)NH2 is also identified as a highly selective
antagonist for κ opioid receptors.30
To date there are only two conformationally constrained Dyn A analogs reported
with

antagonist

activity

at

κ

opioid

receptors.31,

32

Cyclodyn

(cycloN,5[Trp3,Trp4,Glu5]Dyn A-(1-11)NH2) is the first cyclic Dyn A analog with
antagonist activity at κ opioid receptors.31 Recently, a cyclic Dyn A analog cyclized in
the C-terminal “address” domain, [Nα-benzyl-Tyr1,cyclo(D-Asp5,Dap8)]Dyn A-(111)NH2, was identified as a novel κ opioid receptor antagonist.32 Synthesis of novel high
affinity peptide κ opioid receptor antagonists with conformational constraints will aid in
studying the interactions of the peptides with opioid receptors.
Chimeric Dyn A analogs have been designed as κ opioid receptor antagonists.
Replacement of the N-terminal “message” sequence with a small μ opioid receptor
antagonist followed by a construction of a combinatorial library resulted in the discovery
of arodyn (Ac[Phe1,2,3,Arg4,D-Ala8]Dyn A(1-11)-NH2), a potent and highly selective
antagonist at κ receptors.33 A primary goal of this dissertation is to study the effects of
structural modifications of arodyn on κ opioid receptor affinity, selective, and efficacy.
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As a potent κ opioid receptor antagonist, arodyn is also a promising lead compound for
developing novel conformationally constrained κ opioid receptor antagonists.

1.2 Research projects and hypotheses
The main objective of this dissertation is to study the structural requirements for κ
opioid receptor affinity, selectivity, potency, and efficacy, of arodyn as well as Dyn A(111)NH2.
Arodyn is a potent and highly selective antagonist for κ opioid receptors. One
primary goal is to identify arodyn analogs with higher potency. Both linear and cyclic
arodyn analogs were designed and synthesized towards this goal. One analog previously
prepared, [NMePhe1]arodyn, shows higher affinity (2-fold) and selectivity (6-fold) for κ
opioid receptors than arodyn.34 During the synthesis of [NMePhe1]arodyn, however, the
arodyn (2-11) derivative was obtained as the major product.35 Analysis indicated that AcNMePhe was lost from the completed peptide sequence during acidic cleavage of the
peptide from the resin.35 Because of the remarkable pharmacological activity of this
compound, we studied the deletion reaction and synthesized stable analogs for the study
of structure-activity relationships (SAR) (Chapters 3 and 4).
Alanine scan analysis suggested that Phe1 and Phe3 were two residues that
contribute to arodyn’s κ receptor affinity,34 but initially it was unknown whether or not
Phe was the optimal residue in these positions. Therefore, a small combinatorial library
was designed previously where these two residues were substituted with other aromatic
or non-aromatic residues (Tyr, Trp, 2’-naphthylalanine (Nal(2’)), and cyclohexylalanine
(Cha), etc.) to optimize these two residues.35 To our surprise, several analogs exhibited
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inverse agonist or agonist activity, although most of arodyn analogs synthesized were
neutral antagonists for κ opioid receptors. The SAR for both agonist and inverse agonist
activity were investigated further (Chapter 5).
As a linear peptide, arodyn can adopt numerous conformations. Therefore, the
specific conformation responsible for receptor binding is unknown. Conformational
constraint by cyclization is one approach that can be used to restrict the flexibility of
peptide molecules, and therefore it is a valuable approach to study topographical
requirements for receptor interactions.25,

36, 37

In addition, cyclization of peptides may

provide potent and selective ligands for receptors when appropriate conformational
constraints are incorporated,37 because a well-fit pre-organized conformation decreases
the entropy penalty for receptor binding. Cyclic peptides are also often more stable to
peptidases than linear peptides.38-40 Arodyn itself shows a very short half-life of less than
2 minutes in rat brain homogenate.40 Furthermore, cyclization may also increase
membrane transport as well as metabolic stability as shown for some cyclic Dyn A
analogs.40
We first synthesized cyclic arodyn analogs through cyclization between a free
amine and a free carboxylic acid by amide bond formation. Cyclization was performed
between the side chain of D/L-Asp and the side chain of Dap (2,3-diaminopropionic
acid), Dab (2,4-diaminobutyric acid), Orn, or Lys. Base on the SAR of linear arodyn
analogs, we chose to cyclize the peptide between the 2 and 5, 5 and 8, and 2 and 8
positions. We used different configurations of amino acids and/or positions for the
cyclizations because different cyclizations can induce different conformations and
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therefore could result in ligands with different affinity, selectivity and/or efficacy for κ
opioid receptors (Chapter 6).
Ring-closing metathesis (RCM) has emerged as a very useful method of making
cyclic organic compounds as well as cyclic peptides.41-44 Compared with peptides
cyclized by amide bond or disulfide bond formation, there are some advantages of using
RCM for cyclization. The resultant carbon-carbon bond is more stable than an amide or
disulfide bond. Furthermore, in contrast to cyclization via amide or disulfide bond
formation, side chain functionalities can be maintained in peptides cyclized by RCM by
using appropriate amino acid side chains. For example, the aliphatic side chain of Leu
can be substituted with allylglycine (AllGly) for cyclization without changing its
functionality. Phe1 and Phe3 are two important aromatic residues in arodyn for receptor
binding.34 By using allyl-protected Tyr for RCM, we can constrain these important
residues while maintaining the aromatic functionality. Arodyn has three Phe residues in
the N-terminus, and therefore serves as a good model peptide to study the scope and
limitations of cyclization involving allyl-protected Tyr. Based on these assumptions, we
designed several strategies of synthesizing cyclic arodyn analogs by RCM (Chapter 7).
Dyn A can also adopt numerous conformations, and the biologically active
conformation at κ receptors is uncertain.45-48 This inherent conformational flexibility may
be one of the reasons that this peptide also exhibits significant affinity for μ and δ
receptors, leading to low selectivity for κ receptors. To restrict the conformational
mobility and enhance the metabolic stability, we also applied RCM for the synthesis of
Dyn A analogs cyclized between the side chains of AllGly substituted in positions 2, 5
and 8 of this peptide (Chapter 8).
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To be a potentially effective drug, a peptide is expected to be stable enough
following administration to reach the biological target. In collaboration with Prof. Susan
Lunte in the Department of Pharmaceutical Chemistry, we synthesized several Dyn A-(111)NH2 analogs with different modifications such as N-terminal acetylation or alkylation,
and cyclization. Several analogs exhibited significantly increased stability in plasma.
Enhancement of transport across a blood-brain barrier (BBB) model was also observed.
These pharmacokinetic studies will provide us fundamental knowledge of designing
promising peptide κ opioid receptors ligands as therapeutic drugs.
E-2078 (([NMe-Tyr1,NMe-Arg7,D-Leu-NHEt8]Dyn A(1-8)) is a stabilized Dyn A
analog that shows comparable affinity but lower selectivity for κ receptor affinity
compared to Dyn A.49,

50

E-2078 has greatly increased stability towards peptidases

because of several modifications.49, 51 It produces analgesia following both intravenous
(i.v.) and subcutaneous (s.c.) administration.52, 53 This is the only Dyn A analog that has
been through extensive pre-clinical and clinical evaluations. Therefore, this is an ideal
compound for the evaluation of the effects of modifications on the transport of Dyn A. In
order to synthesize the C-terminal ethylated amide Dyn A analog E-2078, we designed a
convenient method of synthesizing C-terminal alkylated amide peptides on the PALPEG-PS resin, a commonly used resin for synthesis of C-terminal amide peptides
(Appendix 1).
Dyn A, Dyn B and arodyn are similar to cell penetrating peptides (CPP) in
possessing a high number of basic amino acid residues. In order to study the translocation
of these peptides across the plasma membrane, we designed and synthesized fluorescent
analogs of these peptides containing 5-carboxytetramethylrhodamine (5-TAMRA)54-56
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attached to either the N- or C-terminus. From a synthetic point of view, attachment of a
fluorescent tag to the N-terminus is easier to accomplish. However, the N-terminal
residues of opioid peptides are critical for opioid receptor binding, and therefore the
attachment of a bulky fluorescent group can affect the pharmacological activity.
Therefore we also designed analogs where 5-TAMRA was attached at the C-terminus of
these peptides. A polyethylene glycol-like linker was used to attach Lys(5-TAMRA) to
Dyn A, Dyn B, and arodyn to minimize the influence of the bulky fluorescent tag on
interactions with the κ opioid receptors (Appendix 2).
Arodyn is a potent and highly selective antagonist for κ opioid receptors that has
very low affinity for μ opioid receptors. However, the study of the SAR shows that one
analog, [CH3OCO-NMePhe1,Nal(2)3]arodyn, exhibits much higher affinity at μ opioid
receptors (Ki = 51.5 nM), even though it still exhibits a slight preference for κ opioid
receptors (Ki ratio (κ/μ) = 1/2). We propose that at least three residues of the N-terminus
of this peptide are required for the high affinity to μ opioid receptors. The “messageaddress” concept24 suggests that the C-terminal “address” sequence of arodyn is
important for affinity at κ opioid receptors. Therefore, deletion of the “address” sequence
is expected to result in dramatically decreased affinity for κ opioid receptors. If the μ
opioid receptor affinity can be preserved, we can switch the selectivity from κ to μ opioid
receptors. The truncation of the C-terminal sequence also makes the peptides much
smaller. These truncated peptides might represent a novel pharmacophore for μ opioid
receptors.

Several

analogs

truncated

from

the

C-terminus

of

[CH3OCO-

NMePhe1,Nal(2)3]arodyn were designed and synthesized (Appendix 3). These peptides
are currently undergoing pharmacological evaluations.
10

1.3 Conclusions
These research projects will be discussed in detail in subsequent chapters. The
research described in this dissertation can enhance our understanding of the structural
requirements for κ opioid receptor affinity, selectivity, potency, and efficacy. The
conformationally constrained arodyn and Dyn A analogs synthesized by lactam bond or
RCM in this research will advance our knowledge of how arodyn and Dyn A interact
with κ opioid receptors. With the development of potent, stable peptide ligands and novel
drug delivery for peptides, some of these analogs could lead to the development of
therapeutic agents.
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Chapter 2. Literature Review

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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2.1 Opioid receptors
2.1.1 History
The interesting history of opioid receptors started over two thousand years ago.
The word “opium” is derived from the Greek word “opos” meaning juice. Opium has
been used as a medicinal agent for many centuries.1,

2

In 1805, Sertürner isolated the

major active ingredient in opium and named it morphine (1, Figure 2.1) after Morpheus,
the Greek god of dreams.3 Besides morphine, more than twenty other morphine-like
alkaloids, such as codeine and thebaine (2 and 3, Figure 2.1), were identified from the
latex of opium poppies.4 Early structural modifications of morphine resulted in the
discovery of some important compounds such as 3-ethylmorphine (4) and
diacetylmorphine (heroin, 5, Figure 2.1), which were used as medicines in the 19th
century.4 However, it was not until the mid-20th century that the pharmacological basis
for these compounds was established. Continuous efforts to discover “ideal” analgesics
with higher potency and fewer side effects led to the discovery of numerous new
morphine derivatives and compounds derived from other sources.5

Figure 2.1: Structures of morphine-like compounds
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Based on structure-activity relationship (SAR) studies, it was postulated for some
time that these morphine-like alkaloids bind to specific receptor sites to cause their
actions, and thus the concept of opioid receptors was proposed.6 It was also reasoned that
morphine and other synthetic analogs were not the endogenous ligands for the opioid
receptors, and that some analgesic substance must exist within the brain to respond to
environmental painful stimuli. However, it was not until the mid-1970s that the
technology was developed to prove these two hypotheses.

2.1.2 Classification of opioid receptors
Multiple opioid receptors were postulated by Portoghese7 and Martin8 in the
1960s. The first classification of multiple types of opioid receptors came from the
laboratory of Martin in 1976.9,

10

Based on behavioral studies in chronic spinal dogs,

Martin and his co-workers suggested the existence of three types of opioid receptors.
These receptors were identified according to the prototype drugs used in the study: mu
(μ) for morphine, kappa (κ) for ketocyclazocine and sigma (σ) for SKF 10047 or Nallylnormetazocine. The σ receptors were subsequently shown to not be opioid receptors
because the opioid antagonist naloxone did not reverse agonist effects at these
receptors.11 In 1977, Kosterlitz and his co-workers proposed an additional type of opioid
receptors, the delta (δ) receptors, based on studies with enkephalins in the mouse vas
deferens (MVD).12 More recently, a new opioid-like receptor was identified and cloned
based on cDNA sequence homology with the other three known opioid receptors.13 This
new type of receptor does not bind the classical opioid agonists or antagonists with high
affinity. Therefore this receptor was called the opioid-receptor like (ORL-1) receptor.

18

2.1.3 Endogenous opioid receptor ligands
In the mid-1970s, Hughes and co-workers were the first to isolate and purify two
pentapeptides, Tyr-Gly-Gly-Phe-Leu (Leu-enkephalin, 6, Table 2.1) and Tyr-Gly-GlyPhe-Met (Met-enkephalin, 7, Table 2.1), from mammalian brain tissue that have
morphine-like activities.14 These peptides were characterized in vitro as potent opioid
agonists in the guinea pig ileum (GPI) and the MVD bioassays. These compounds were
named “enkephalins” after the Greek word “kaphale” that means “from the head”.
Following the revolutionary discovery of the enkephalins, identification of other
endogenous opioid peptides such as β-endorphin,15 the dynorphins,16 and the
endomorphins,17 were reported (Table 2.1).
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Table 2.1: Endogenous opioid peptides
Peptide
Mammalian peptides
Leu-enkephalin (6)
Met-enkephalin (7)

Amino Acid Sequence

Selectivity5

Y-G-G-F-L
Y-G-G-F-M

δ>μ>>κ
δ>μ>>κ

β-Endorphin (8)

Y-G-G-F-M-T-S-E-K-S-Q-T-P-L-V-T-L-FK-N-A-I-I-K-N-Y-A-Y-K-G-E

μ≅δ

Dynorphin A (9)
Dynorphin B (10)
α-Neoendorphin (11)
β-Neoendorphin (12)

Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
Y-G-G-F-L-R-R-N-F-K-V-V-T
Y-G-G-F-L-R-K-Y-P-K
Y-G-G-F-L-R-K-Y-P

κ>μ>δ
κ>μ>δ
κ>δ,μ
κ>δ,μ

Endomorphin-1 (13)
Endomorphin-2 (14)

Y-P-W-F-NH2
Y-P-F-F-NH2

μ>>κ, δ
μ>>κ, δ

Nociceptin/orphanin FQ (15)

F-G-G-F-T-G-A-R-K-S-A-R-K-L-A-N-Q

ORL1

Amphibian peptides
Dermorphin (16)
Y-aa-F-G-Y-P-S-NH2
Deltorphin (17)
Y-m-F-H-L-M-D-NH2
2
[D-Ala ]deltorphin I (18)
Y-a-F-D-V-V-G-NH2
[D-Ala2]deltorphin II (19)
Y-a-F-E-V-V-G-NH2
a
Small letter indicates D-configuration.

μ>>δ>κ
δ>>μ>κ
δ>>μ>κ
δ>>μ>κ

The endogenous mammalian opioid peptides are derived from their precursor
proteins by proteases that recognize double basic amino acid residues just before and
after the opioid peptide sequences.18 There is a different precursor protein for each of the
major mammalian opioid peptides. Proopiomelanocortin is the precursor of β-endorphin
(8, Table 2.1) which has high affinity for both μ and δ opioid receptors. Proenkephalin A
is similarly hydrolyzed to generate Leu- and Met-enkephalin (6 and 7) that have a slight
preference for δ over μ opioid receptors. Prodynorphin is cleaved to produce multiple
dynorphin peptides, namely dynorphin (Dyn) A and B (9 and 10, Table 2.1), and α- and
β-neoendorphin (11 and 12 respectively, Table 2.1). These opioid peptides have high

20

affinity for κ opioid receptors; however, they also have high affinity for other opioid
receptors, resulting in only modest selectivity for κ opioid receptors. Most of the
endogenous mammalian opioid peptides share a common N-terminal sequence (Tyr-GlyGly-Phe) but different C-terminal sequences. This observation led Goldstein and coworkers to propose the message-address hypothesis for dynorphin.19 According to this
hypothesis, the N-terminal (or “message”) sequence is important for functional activity,
whereas the unique C-terminal (or “address”) sequence imparts affinity for κ receptor
types.
In 1997, the endogenous opioid peptides for μ opioid receptors endomorphin-1
and -2 (13 and 14 respectively, Table 2.1) were discovered. These two peptides show
extremely high affinity and selectivity for the μ opioid receptors.17 They have unique
sequences where the second amino acid is a Pro instead of Gly as is found in most other
mammalian opioid peptides. This substitution can restrict the conformational flexibility
of the peptide backbone, and stabilize the conformation that binds to the μ receptors.
Shortly after the identification of the ORL-1 receptor, two research groups found
a heptadecapeptide (15, Table 2.1) to be the endogenous peptide for this type of
receptor.20, 21 One of the research groups named this peptide nociceptin, as this peptide
was reported to produce hyperalgesia.20 The other research group named it orphanin FQ,
because it was the ligand for an orphan receptor and the first and last amino acids in the
peptide sequence are Phe (F) and Gln (Q), respectively.21 The main difference between
nociceptin/orphanin FQ and classical opioid peptides is that the first amino acid of this
peptide is Phe instead of Tyr as found in other mammalian opioid peptides. This partially
explains this peptide’s high selectivity for ORL-1 over classical opioid receptors.
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Peptides with opioid activity have also been isolated from sources other than
mammalian tissue (Table 2.1). Dermorphin (16), a μ receptor selective peptide isolated
from the skin of South American frogs, is about 100 times more potent than morphine in
in vitro assays.22 Later in 1989, the potent and highly δ opioid receptor selective peptide
agonists deltorphin, [D-Ala2]deltorphin I, and [D-Ala2]deltorphin II (17-19 respectively,
Table 2.1) were also isolated from frog skin.23-25 The unique feature of these amphibian
opioid peptides is that the second amino acid has the D-configuration. DNA only encodes
L-amino acids, so the D-amino acid arises from a post-translational modification.26
Another major difference from mammalian opioid peptides is that the important aromatic
residues Tyr and Phe in the amphibian peptides are separated by only one amino acid.
The discovery of these endogenous opioid peptides also promoted the use of the
term “opioid”. The term “opiate” was used extensively until the 1980s to describe any
alkaloids extracted from poppy pods and their semi-synthetic and synthetic counterparts.
The discovery of endogenous peptides that had pharmacological actions similar to
morphine prompted a change in nomenclature. In terms of structure, these peptides are
not directly related to morphine, but their actions are similar to these produced by
morphine. At that time, the term “opioid” was introduced, meaning opiate- or morphinelike in terms of pharmacological actions. A broad group of opium alkaloids, synthetic
derivatives related to opium alkaloids, and the many naturally occurring and synthetic
peptides with morphine-like pharmacological activities are now all called opioids. In
addition to having pharmacological actions similar to morphine, an opioid agonist must
be antagonized by an opioid antagonist such as naloxone to be classified as an opioid.
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2.1.4 Molecular pharmacology of opioid receptors
Opioid receptors belong to the rhodopsin subclass within the superfamily of G
protein-coupled receptors (GPCR) (Figure 2.2), which are characterized by the presence
of seven hydrophobic transmembrane (TM) helices, an extracellular N-terminus and three
extracellular (EC) loops, as well as an intracellular C-terminus and three intracellular (IC)
loops.27 The three major types of opioid recepors, μ, δ, and κ, were cloned and fully
characterized in the early 1990s. Delta opioid receptors from mouse were the first cloned
opioid receptors, reported by Kieffer et al.28 and Evans et al.29 Yusuda et al. subsequently
reported the cloning of both mouse κ and δ receptors.30 Later on, cloning of these three
opioid receptor types from a variety of species, including human beings, were reported.3133

These receptor proteins have very similar size and are highly conserved, especially in

the TM and IC domains (Figure 2.2). All three opioid receptors have almost identical
sequences in the second and third IC loops (Figure 2.2). This explains their overlapping
physiological functions. Sequencing of the cDNA insert revealed that there are 372
amino acids for mouse and rat δ opioid receptors, 380 amino acids for κ opioid receptors,
and 398 amino acids for rat μ opioid receptors. There is 97% sequence identity between
rat and mouse δ opioid receptors, suggesting a high degree of homology among species.34
There is about 61% amino acid sequence identity between rat μ and δ opioid receptors
and 61% amino acid sequence identity between mouse κ and δ opioid receptors.30 The
deduced amino acid sequences of opioid receptors revealed the presence of two cysteine
residues in the second and third EC loops that are linked by a disulfide bridge. This
disulfide bridge appears to be important for the structural stability of the ligand-binding
pocket of GPCRs.35 A conserved aspartate residue in TM III is thought to serve as the
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counter-ion for the positive charge which is present in most alkaloid and peptidic
opioids.36

36

Figure 2.2: Structural homology of the μ, κ, and δ opioid receptors
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2.1.5 Signal transduction mechanisms of opioid receptors
Opioid receptors are coupled to the Gi/Go family of G-proteins at their IC domain.
G-proteins are heterotrimers, composed of three subunits, α, β, and γ.27 Following
binding of an agonist, the opioid receptors undergo a conformational change, which
promotes the release of guanosine 5’-diphosphate (GDP) from the α subunit, followed by
binding of guanosine 5’-triphosphate (GTP) to the same location. This results in the
dissociation of the G-protein from the opioid receptor and the dissociation of the GTPbound α subunit from the βγ dimer. Then both the GTP-bound α subunit and the βγ dimer
can associate with various effector molecules to modulate biological functions.37, 38 This
activation is terminated when the GTP bound to the α subunit is hydrolyzed to GDP,
leading to the re-association with the βγ subunits to reform the G-protein heterotrimer.
There are many different isoforms of α, β, and γ subunits. αi or αo isoforms of the α
subunit couple with opioid receptors. Activation of the opioid receptors can inhibit
adenylyl cyclase (AC) activity, which results in decreased production of cyclic adenosine
monophosphate (cAMP). The reduction in cAMP formation decreases the level of
neurotransmitter release by reducing the activity of cAMP-dependent protein kinases.
These coordinated events can produce analgesia.39
Opioid receptors can also be coupled to ion channels through G-proteins.40,

41

Activation of opioid receptors can result in inactivation of voltage-dependent Ca++
channels, which leads to reduced neurotransmitter release. Activation of opioid receptors
can also result in activation of K+ channels. This induces membrane hyperpolarization,
the most important action component of postsynaptic inhibition.
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2.1.6 Clinical applications and side effects of opioids
Opioid receptors and their ligands are involved in a variety of pharmacological
functions.5 The endogenous opioid system is critical in maintaining the pain inhibitory
system of the human body. Opioids, especially μ opioid receptor agonists, are used for
the treatment of moderate to severe pain both acutely and chronically.42 According to the
World Health Organization (WHO)’s proposal for pain control, the selection of
compounds should follow a three-step analgesics ladder in which compounds with
increasing potency and efficacy are used.43 The first step starts with a single use of a nonopioid analgesic such as a non-steroidal anti-inflammatory drug (NSAID). If the pain
control is not sufficient, a weak opioid (such as codeine) may be added. If a further
increase in analgesic efficacy is needed, such as for late-stage cancer pain, the weak
opioid should be replaced by a strong opioid, e.g. morphine.
Morphine (1, Figure 2.1) is still the most widely used narcotic analgesic drug for
severe pain and is regarded as the gold standard for pain treatment.44 Structural
modifications of morphine resulted in many agents with higher potency and/or less side
effects. Codeine (2, Figure 2.1) is a component of opium extract. Compared with
morphine, the analgesic potency of codeine is 5-10 fold lower. It is mainly used for the
treatment of mild to moderate pain and for cough inhibition.45 Fentanyl (20, Figure 2.3),
which is about 80 times more potent than morphine, has been used as an adjunct in
anesthesia.5 A major advantage of fentanyl over morphine for anesthetic procedures is its
shorter duration of action (1-2 h). Methadone (21, Figure 2.3) is a synthetic agent that is
used mainly as a maintenance agent for the treatment of opioid addiction. These agents
are agonists at the μ opioid receptors. In contrast, mixed agonists/antagonists such as
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butorphanol, buprenorphine and pentazocine (22-24, respectively, Figure 2.3) generally
interact with two different (μ and κ) opioid receptors to provide analgesic activity while
exhibiting reduced potential for side effects that are mainly mediated by μ opioid
receptors.5 However, their clinical application is limited because the analgesic effects are
limited compared to ligands acting solely as μ opioid receptor agonists. Furthermore,
some mixed agonists/antagonists are related with dysphoria, typical side effects of κ
opioid receptor agonists.46,

47

Mu opioid receptor antagonists such as naloxone and

naltrexone (25 and 26 respectively, Figure 2.3), on the other hand, are used clinically to
reverse the effects of an opioid overdose.5

Figure 2.3: Some representative drugs acting on opioid receptors.
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Some severe side effects are associated with the use of μ opioid agonists. They
can induce respiratory depression via inhibition of the respiratory center of the medulla
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oblongata, causing a decreased response to the CO2 level of the blood.48 This is the major
cause of death resulting from an opioid overdose. Mu opioid agonists induce a feeling of
well-being or euphoria, which is mediated by the release of dopamine within the limbic
system.49 Repeated activation of the μ opioid system may induce dependence, which
leads to addiction and compulsive drug-seeking behavior. Patients treated with long-term
opioid therapy develop tolerance, requiring a higher dose to achieve the same response.5
Mu opioid agonists also inhibit gastrointestinal motility and fluid secretion. The reduced
motility and fluid secretion can lead to constipation, which is the most common side
effect of chronic opioid treatment.50
These side effects are mediated via μ opioid receptors, and extensive research on
the development of synthetic opioids without addiction or dependence liability has met
with limited success.2 There has been considerable interest in ligands for other opioid
receptors as potential analgesic agents with decreased side effects. For example, δ
agonists may exhibit antinociceptive effects with lower dependence liability and
respiratory depression than μ receptor agonists.51 Delta opioid agonists, however, do not
produce as strong analgesic effects as do μ opioid agonists.52 Furthermore, some δ
receptor agonists cause seizure.53 Kappa opioid agonists have been shown to be
analgesics without the clinical side effects caused by μ agonists;54 however, they have
been reported to cause other side effects such as dysphoria.46, 47 Recently, some κ opioid
receptor agonists were reported to have the potential to be used as peripheral analgesics
without the central nervous system (CNS) side effects.55
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2.1.7 In vitro evaluation of opioids
Following the synthesis of opioid ligands, they are evaluated for their
pharmacological activities in vitro. Radioligand binding assays (to determine receptor
affinity and selectivity) and functional assays (to determine efficacy and potency) are
used to characterize opioid ligands. [3H]DAMGO ([D-Ala2,MePhe4,glyol]enkephalin),
[3H]DPDPE (cyclo[D-Pen2,D-Pen5]enkephalin), and [3H]U69593 (27, Figure 2.4) are
most often used for radioligand binding assays for μ, δ, and κ receptors, respectively.5
Chinese hamster ovary (CHO) cells and other cell lines expressing one type of opioid
receptors have been used extensively in radioligand binding assays.
The intrinsic activities of opioid ligands are generally measured in functional
assays using either isolated tissue preparations or cell lines expressing cloned receptors.5
Tissue preparations such as the electrically stimulated GPI and MVD have been used
most extensively for the evaluation of the activity of opioid ligands. In these assays, the
primary effect of opioid agonists is the inhibition of electrically stimulated smooth
muscle contraction. However, the activity of compounds in these assays can be complex,
as the tissues contain more than one opioid receptor type. The GPI contains
predominantly μ and κ opioid receptors, whereas the MVD contains all three types of
opioid receptors. With the cloning of the opioid receptors, cell-based assays have largely
replaced assays using isolated tissue preparations. Cell-based assays measuring either AC
activity or [35S]GTPγS binding are commonly used to determine the efficacy and potency
of opioid ligands. As discussed in Section 2.1.5, activation of opioid receptors results in
the inhibition of AC activity and reduction in the production of cAMP; this can be used
as a functional assay to evaluate the efficacy and potency of opioid ligands.56 GPCR
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activation results in an increase in [35S]GTPγS binding, and therefore the binding of
[35S]GTPγS to cell membranes expressing opioid receptors can be used to measure the
efficacy and potency of an opioid compound.57-59

2.2 Kappa opioid receptors
2.2.1 Significance of kappa opioid receptors
Activation of κ opioid receptors can produce antinociceptive effects in a variety of
experimental pain models.5 Unlike μ agonists, κ agonists lack the side effects of
respiratory depression, addiction, and constipation. Therefore, they were initially viewed
as an attractive alternative to μ agonists and safer analgesics. However, the effectiveness
of κ opioid agonists depends on the pain type. For some types of pain (e.g. thermal) κ
opioid agonists are not as effective as agents acting on μ receptors.5 Furthermore,
centrally acting κ opioid agonists can produce side effects such as dysphoria,46, 47 limiting
their clinical use. Recently, studies have established that κ opioid agonists can produce
analgesic peripherally both in somatic and visceral pain models, particularly in certain
conditions involving inflammation.60 Peripherally acting κ receptor agonists do not have
the CNS side effects such as dysphoria, and therefore there has been an interest in
developing peripheral κ agonists.5
Activation of κ opioid receptors opposes a variety of μ opioid receptor-mediated
actions in the brain and spinal cord.61 Compared to μ and δ opioid agonists, which
increase dopamine levels in the nucleus accumbens, activation of κ receptors results in
decreased dopamine levels in the nucleus accumbens.62 Cocaine blocks the re-uptake of
dopamine, which leads to increased dopamine in the extracellular space. Kappa receptor
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agonists can decrease dopamine levels, and therefore can act as functional antagonists of
cocaine.63
Kappa receptor agonists, especially the arylacetamide series of agonists, have
been shown to have anticonvulsant and neuroprotective properties, and therefore have the
potential for the treatment of epilepsy, stroke, or trauma resulting from brain or spinal
cord injury.64 Kappa agonists have also been shown to cause the down-regulation of HIV
expression in microglia65 and CD4+ lymphocytes.66
Kappa receptor antagonists can be used as valuable tools for the study of the
structural and functional characteristics of κ opioid receptors. Currently there is also
increased interest in the development of κ antagonists as clinical agents. Kappa opioid
receptor antagonists have been shown to have antidepressant activity in the forced swim
test in rats.67 Prevention of activation of κ opioid receptors can facilitate the long-term
maintenance of cocaine-abstinent patients. Two structurally unrelated κ receptor
antagonists both block stress-induced reinstatement of cocaine seeking behavior68, 69 and
therefore κ receptor antagonists have the potential to be used therapeutically in the
treatment of cocaine addiction. Kappa opioid receptor antagonists can decrease the
withdrawal signs in opioid addicted subjects, and therefore also have potential application
in the treatment of opioid addiction.70, 71

2.2.2 Kappa receptor selective ligands
2.2.2.1 Agonists
Unlike μ and δ opioid receptors, the identification of potent and highly selective κ
receptors ligands was initially limited. Early κ opioid receptor agonists identified were
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benzomorphan derivatives such as ethylketocyclazocine (EKC, 28)10, 72 and bremazocine
(29) (Figure 2.4).73 However, these compounds exhibit low selectivity for κ over other
opioid receptors. The morphinan derivative TRK-820 (30, Figure 2.4) exhibits high
potency and moderate κ opioid receptor selectivity over μ and δ opioid receptors. This κ
receptor selective agonist is 85-fold more potent as an analgesic than morphine.74 The
discovery of the highly κ receptor selective arylacetamides derivatives resulted in
significant advances in κ receptor pharmacology. U50488 (31, Figure 2.4) has 50-fold
selectivity for κ over μ opioid receptors.75 Introduction of a spiro ether group on the
cyclohexane ring resulted in U69593 (27) and U62066 (32, Figure 2.4), both of which
show high affinity and selectivity for κ over μ and δ opioid receptors.76, 77 Recently, the
natural product salvinorin A (33, Figure 2.4), the main active ingredient of Salvia
divinorum extracts that have been used in the USA as a legal hallucinogen, was identified
as a highly potent and selective κ opioid receptor agonist.78 Salvinorin A is also the first
naturally occurring non-nitrogenous opioid receptor agonist.
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Figure 2.4: Structures of some nonpeptide κ opioid receptor agonists
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Endogenous peptides Dyn A and B (9 and 10, Table 2.1) have high affinity for κ
opioid receptors with only modest selectivity over μ and δ opioid receptors.79 Further
modification has led to the identification of a variety of Dyn A analogs with improved κ
receptor affinity, selectivity, and/or potency (see Section 2.3.2 below).
Kappa opioid receptor agonists have also been discovered by the application of
combinatorial chemistry. A tetrapeptide κ receptor agonist, D-Phe-D-Phe-D-Nle-D-ArgNH2 (Nle = norleucine), shows high activity, κ receptor selectivity, and peripheral
selectivity.80

2.2.2.2 Antagonists
A number of κ opioid receptor antagonists have been discovered during the past
two decades (Figure 2.5). The bivalent ligand nor-binaltorphimine (nor-BNI, 34, Figure
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2.5) was identified as a highly potent and selective κ opioid antagonist.81 Extensive SAR
studies of the δ opioid receptor antagonist naltrindole resulted in the identification of 5’guanidinium naltrindole (5’-GNTI, 35, Figure 2.5) as a κ selective antagonist.82
Interestingly, the 6’-guanidinium naltrindole (6’-GNTI, 36, Figure 2.5) is a potent κ
opioid receptor selective agonist.83 JDTic (37, Figure 2.5) is the first phenylpiperidine
derived compound that is a potent and selective antagonist for κ opioid receptors.84 It
shows much higher κ opioid receptors affinity (Ki = 0.02 nM) and selectivity (570 and
>16,000 fold selective over μ and δ opioid receptors, respectively) than other ligands.

Figure 2.5: Structures of some κ opioid receptor antagonists
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However, all three antagonists exhibit extremely long half-lifes in vivo (ranging
from several days to several weeks),85-88 thus limiting their usage as pharmacological
tools. Therefore, it is highly desirable to identify κ receptor antagonists with shorter
duration of activity. Because of their intrinsic lability to peptidase metabolism, peptide
ligands usually show shorter half-lifes in vivo.
Modifications of Dyn A have resulted in analogs with antagonist activity.
According to the “message-address” concept, the N-terminal “message” sequence of Dyn
A is responsible for opioid receptor activation.19 Therefore, modifications to the Nterminal sequence were proposed to convert Dyn A analogs to antagonists. Dynantin (38,
Figure 2.5), with replacement of the Tyr residue with a des-amino tyrosine analog, is an
antagonist with high affinity and κ receptor selectivity.89 Arodyn (Ac[Phe1,2,3,Arg4,DAla8]Dyn A(1-11)NH2, 39, Figure 2.5), an N-acetylated Dyn A(1-11)-NH2 analog, is also
a potent and highly selective antagonist at κ opioid receptors.90 More details on Dyn A
analogs with antagonist activity will be discussed in Section 2.3.4 of this chapter.
The recently discovered CJ-15,208 (cyclo(-D-Pro-Phe-(L/D)Trp-Phe-)), isolated
from Ctenomyces serratus ATCC15502 fungus, is the first reported cyclic tetrapeptide
that has been reported as an antagonist with modest selectivity for κ over μ opioid
receptors.91

2.3 Dynorphin A
2.3.1 Pharmacological activities of Dyn A
Dyn A (9, Table 2.1) is the best studied endogenous ligand for κ opioid receptors.
It was first isolated from porcine pituitary gland92 and is widely distributed in the central
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nervous system (hypothalamus, striatum, spinal cord, etc.) and in peripheral organs.93
Dyn A-(1-13) has been shown to have potent opioid activity in several assays.92 It
inhibits the electrically stimulated twitch of the GPI longitudinal muscle. This peptide is
extraordinarily potent, about 700 and 50 times more potent than [Leu]enkephalin and βendorphin (6 and 8, Table 2.1), respectively, in the GPI. Because of its extraordinary
potency, this peptide was named ‘dynorphin’ from the Greek word dynamis meaning
strength or power. Its unusually high potency is believed to result from the C-terminal
sequence (the “address” sequence,19 see below) that imparts κ opioid receptors affinity.
Dyn A is implicated in motor dysfunction, cardiovascular effects, inflammatory
response, feeding behaviors, and immunomodulation, as well as a variety of other
biological functions.94, 95 Some of the side effects such as motor dysfunction are mediated
through non-opioid mechanisms.96-98 Dyn A (1-13) has been shown to suppress opiate
withdrawal and tolerance when administered intravenously to morphine-dependent
mice.99 Dyn A (1-13) has also been shown to modulate both acute and chronic opioid
effects, and has direct analgesic effect in the writhing assay.100, 101

2.3.2 Structure-activity relationships of Dyn A
Since the discovery of Dyn A as an endogenous ligand for κ opioid receptors, the
SAR of this peptide has been explored.5, 102, 103 Dyn A has the N-terminal sequence TyrGly-Gly-Phe, which is the same as most endogenous mammalian opioid peptides;
however, the C-terminal sequence of this peptide is different from other opioid peptides.
Based on these features, Goldstein and co-workers proposed the "message-address"
hypothesis for Dyn A (Figure 1.1).19 According to this hypothesis the N-terminal
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“message” sequence is responsible for Dyn A’s opioid receptor affinity and activity,
while the C-terminal “address” sequence imparts affinity for κ receptors.
Dyn A-(1-13) or Dyn A-(1-11) account for most of the parent peptide's opioid
activity.19 Therefore these two shorter peptides are generally used as the parent peptides
for incorporating structural modifications. Modifications such as the substitution of DPro in place of Pro at position 10 ([D-Pro10]Dyn A(1-11)-OH, 40)104 and incorporation of
D-Ala at position 8 ([D-Ala8]Dyn A(1-13)-OH, 41)105 have resulted in peptides with
enhanced κ receptor affinity and/or selectivity (Table 2.2), and therefore these two
compounds have also been used as lead compounds.
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Table 2.2: Opioid receptor affinities, selectivity and potencies of selected linear Dyn A analogs
#

κ Receptor IC50/Ki ratio
affinity
(κ/μ/δ)
(IC50, nM)
0.23a
1/22/11

Compound
Dyn A(1-17)-OH
Dyn A(1-11)-NH2

b

b,d

0.077

Dyn A(1-13)-NH2

0.023

10

40

[D-Pro ]Dyn A(1-11)-OH

0.030

41

[D-Ala8]Dyn A(1-13)-OH

0.08a
a

IC50 Ref

2.5

107

1/14/91

1.7

107

1/17.4/83

0.24

111

1/8/70

0.22

104

1/6/97

1.89

105

42

Ac-Dyn A(1-11)-NH2

13.2

1/88/189

>3000

107

43

[D-Tyr1]Dyn A(1-11)-NH2

18.6a

1/20/65

416

107

1.64

1/36/194

1600

107

0.049b,d

1/220/10,180

18.3

110

b,d

1

44

[Phe ]Dyn A(1-11)-NH2

45

N-allyl-[D-Pro10]Dyn A(1–11)

a

10

46

N-benzyl-[D-Pro ]Dyn A(1-11)

0.029

1/1100/6100

990

110

47

N-CPM-[D-Pro10]Dyn A(1-11)

0.020b,d

1/480/28,000

2.16

110

10

b,d

48

N,N-diallyl[D-Pro ]Dyn A(1-11)

3.60

1/8.8/41.3

> 3000

110

49

N,N-dibenzyl[D-Pro10]Dyn A(111)
N,N-diCPM[D-Pro10]Dyn A(1-11)

3.66b,d

1/35/756

228

110

0.19b,d

1/21/873

>10000

110

1/0.68/29

2.21

111

50
51

2

b

0.0378

2

b

[D-Asn ]Dyn A(1-13)-NH2

52

[D-Met ]Dyn A(1-13)-NH2

0.398

1/0.059/54

2.86

111

53

[D-Ser2]Dyn A(1-13)-NH2

0.0568b

1/0.38/32

2.22

111

2

b

54

[Asn ]Dyn A(1-13)-NH2

16.0

1/6.2/112

469

111

55

[D-Ala3]Dyn A(1-11)-NH2

0.76a

1/350/1300

8.1

112

56
57
58
59
60
61
62
a

a

GPI
(nM)

3

a

[Ala ]Dyn A(1-11)-NH2

1.1

4

[(R)-Atc ]Dyn A(1-11)-NH2

1.7

112

1/37/>10,000

72.4

113

c

1/9.3/>1050

573

113

a

1/6.3/1.4

94

107

a

1/3.4/7.9

31

107

0.89

4

[(S)-Atc ]Dyn A(1-11)-NH2

9.54

6

[Nle ]DynA(1-11)-NH2

0.95

7

[Nle ]DynA(1-11)-NH2

0.43

6

b

0.024

1/0.75/18

0.64

114

7

b

1/1.3/7.8

0.34

114

[Lys(Ac) ]Dyn A(1-13)-NH2
[Lys(Ac) ]Dyn A(1-13)-NH2
3

1/190/660

c

0.14
b

3

Using [ H]U-69,593 as the radioligand. Using [ H]bremazocine as the radioligand. cUsing
[3H]diprenorphine as the radioligand. dKi.

Tyr1 in Dyn A is the most important residue for κ receptor affinity and activity.106
Substitution of Tyr1 with Ac-Tyr (42), D-Tyr (43), or Phe (44) in Dyn A (1-11)-NH2
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resulted in analogs with decreased κ receptor affinity but with higher selectivity towards
other opioid receptors (Table 2.2).107 They also exhibit low potency in functional assays
(GPI and MVD). Thus the first residue influences both potency as well as imparting
affinity for κ receptors. In another investigation, the N-terminus of [D-Pro10]Dyn A(111)-OH was mono- or di-alkylated with allyl, benzyl, and cyclopropylmethyl (CPM)
groups.108-110 All of the N-monoalkylated derivatives (45-47) exhibit high affinity (Ki <
0.05 nM) for κ receptors in the guinea pig cerebellum, as measured using
[3H]bremazocine, and greatly enhanced κ receptor selectivity (> 200-fold over μ and δ
receptors) (Table 2.2). These N-monoalkylated peptides are among the most selective
opioid peptides reported to date. The disubstituted N,N-diallyl- and N,N-dibenzylTyr1-[DPro10]Dyn A(1-11) analogs (48 and 49) have moderate affinity and selectivity for κ
receptors while the N,N-diCPM analog 50 (Table 2.2) retains high affinity for κ receptors.
The N,N-diCPM analog 50 exhibits negligible agonist activity, and N,N-diallylTyr1[DPro10]Dyn A(1-11) (48) shows weak antagonist activity against Dyn A(1-13)NH2 in the
GPI assay.110
The amino acid incorporated in place of Gly2 of Dyn A affects selectivity and
potency.111 The substitution of Gly with a D-amino acid in Dyn A (1-13)-NH2 (51-53)
increases κ opioid receptor affinity; however, these compounds show large increases in μ
receptor affinity and therefore exhibit selectivity for μ receptors (Table 2.2). Substitution
of Gly2 with L-amino acids (such as Asn, 54) is not well tolerated for κ receptors (Table
2.2).111
Substitution of the Gly3 residue of Dyn A has also been investigated.112 D- and LAla substitution of Gly3 produces the analogs [D-Ala3]- (55) and [Ala3]Dyn A(1-11)-NH2
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(56), which have similar affinities for κ receptors as the parent peptide (Table 2.2) and
have enhanced selectivity for κ vs μ and δ receptors (Table 2.2). Analogs with charged
residues at this position generally display decreased affinity for κ receptors.112
It was hypothesized that the spatial orientation of the aromatic ring at position 4
of Dyn A may be important for opioid receptor affinity and selectivity. A series of [DAla8]Dyn

A(1-11)NH2

(homophenylalanine),

analogs
(R/S)-Atc

with

various

Phe

derivatives

(2-aminotetralin-2-carboxylic

(L/D-Homophe

acid),

Aic

(2-

aminoindane-2-carboxylic acid) and Tic (1,2,3,4-tetrahydroisoquinoline-3-carboxylic
acid), α-MePhe and N-MePhe) substituted at position 4 were synthesized and evaluated
for their opioid receptor affinity and activity.113 The higher opioid receptor affinity of the
(R)-Atc4 analog (57) compared to the (S)-Atc4 (58) (Table 2.2) analog suggests that the
χ1 dihedral angle of Phe4 in Dyn A most likely adopts a gauche (-) or trans conformation
in the κ opioid receptor binding site. Changes in the position or orientation of the phenyl
ring in this residue do not alter the ability of the peptides to inhibit AC activity.
Residues Arg6 and Arg7 are thought to contribute mainly to the selectivity rather
than affinity for κ opioid receptors by decreasing μ and δ receptor affinity.107,

114

Nle

(norleucine)- as well as Nε-acetylated lysine-containing analogs (59-62) have high
affinity for κ receptors, but low selectivity for κ vs μ and δ receptors because they show
increased affinity for μ and δ receptors (Table 2.2).

2.3.3 Cyclic Dyn A analogs
Like most other linear peptides, Dyn A can adopt numerous conformations, and
the biologically active conformation at κ receptors is not known.115-118 This inherent
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conformational flexibility may be one of the reasons that this peptide also exhibits
significant affinity for μ and δ receptors, which leads to low selectivity for κ opioid
receptors. Incorporation of a conformational constraint into linear peptides via cyclization
can reduce the conformational flexibility;102 this can be a valuable approach to study the
conformational preferences for receptor binding. In addition, cyclization may influence
the selectivity of these peptides and improve their metabolic stability and transport across
biological membranes.119 Schwyzer proposed a helical conformation as the bioactive
conformation for the N-terminal “message” sequence of Dyn A when bound to opioid
receptors.115 In lipid micelles Dyn A adopts a helical conformation from residues Gly3 to
Arg9.118 Based on these observations, several [i,i+4] and [i,i+3] cyclic Dyn A analogs
have been prepared in attempts to stabilize an α-helical structure.
Cyclizations of Dyn A through disulfide bond formation have been reported
(Table 2.3). cyclo[D-Cys2,Cys5]Dyn A-(1-13) (63) was the first conformationally
constrained Dyn A analog with high potency in the GPI assay.120 However, tolerance
studies indicated that it interacted mainly with δ receptors and had only minor interaction
with κ receptors.121 In the “address” sequence, a variety of cyclic Dyn A analogs
containing disulfide bridges were also made (for example compounds 64-68, see Table
2.3).122-124 In guinea pig brain, these analogs display high binding affinity for both κ and
μ receptors, resulting in low selectivity for κ opioid receptors.
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Table 2.3: Opioid receptor affinities, selectivity and potencies of selected cyclic Dyn A analogs
#

κ receptor IC50/Ki ratio
affinity
(κ/μ/δ)
(IC50, nM)
0.077a
1/22/11

Compound
Dyn A(1-11)-NH2

64
65
66
67
68

69
70
71

Potency
Ref
IC50 (nM,
GPI)
7.5
122

cyclo[Cys5,Cys11]
Dyn A(1-13)-NH2
cyclo[Cys8,Cys13]
Dyn A(1-13)-NH2
cyclo[Cys5,Cys9]
Dyn A(1-11)-NH2
cyclo[Cys5,Cys10]
Dyn A(1-11)-NH2
cyclo[Cys6,Cys10]
Dyn A(1-11)-NH2
Dyn A(1-11)-NH2

0.285a

1/0.95/5.7

1080

122

0.074a

1/13/54

1.3

122

0.86a

1/7.4/36

411

123

0.59a

1/7.2/139

286

123

0.05a

1/1.9/10

6.51

123

0.58a

1/17.1/45

1.07

125

cyclo[D-Asp2,Lys6]
Dyn A(1-11)-NH2
cyclo[D-Asp3,Lys7]
Dyn A(1-11)-NH2
cyclo[Lys5,D-Asp9]
Dyn A(1-11)-NH2
Dyn A(1-13)-NH2

110a

1/0.03/0.11

610

125

4.9a

1/64/68

600

125

6.6a

1/1.8/7.6

2500

125

0.15b,d

1/1.3/26

0.22

126

2

5

b,d

cyclo[D-Asp ,Dap ]
0.22
1/2.2/46
0.16
126
Dyn A(1-13)-NH2
0.13b,d
1/1.3/92
0.23
126
73 cyclo[D-Asp2,Dab5]
Dyn A(1-13)-NH2
0.68b,d
1/0.28/21
0.40
126
74 cyclo[D-Asp2,Orn5]
Dyn A(1-13)-NH2
Dyn A(1-13)-NH2
0.31c,d
1/3/92
0.19
127
5
8
c,d
8.0
1/9.4/410
>5000
127
75 cyclo[D-Asp ,Dap ]
Dyn A(1-13)-NH2
2.6c,d
1/1.7/19
46
127
76 cyclo[D-Asp6,Dap9]
Dyn A(1-13)-NH2
a
Using [3H]U-69,593 as the radioligand. bUsing [3H]bremazocine as the radioligand. cUsing
[3H]diprenorphine as the radioligand. dKi.
72

Cyclizations of Dyn A through lactam bond formation have also been reported. In
one series of cyclo[i,i+4] compounds, positions 2 and 6, 3 and 7, and 5 and 9 were used
as the sites for incorporating cyclic conformational constraints (69-71, Table 2.3).125
Cyclization between D-Asp2 and Lys6 in cyclo[D-Asp2,Lys6]Dyn A(1-11)-NH2 (69)
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resulted in high potency and selectivity for μ opioid receptors, whereas the cyclization
between D-Asp3 and Lys7 led to a potent ligand cyclo[D-Asp3,Lys7]Dyn A(1-11)-NH2
(70) with the highest κ opioid receptor affinity and selectivity in the series. cyclo[Lys5,DAsp9]Dyn A(1-11)-NH2 (71) shows high affinity at κ receptors, but this compound also
exhibits similar affinity for μ receptors, and therefore this compound is nonselective.
In one series of [2,5] cyclic compounds, Dap (2,4-diaminopropionic acid), Dab
(2,4-diaminobutyric acid), and Orn at position 5 were cyclized with D-Asp2 to create 4-,
5-, and 6-atom bridges between the two α-carbons (peptides 72-74), respectively (Table
2.3).126 All of the cyclic analogs have high affinity for κ and μ receptors and high potency
in the GPI assay. However, as the ring size increased, the selectivity for κ receptors
decreased and the peptides became selective for μ receptors (Table 2.3). Compounds 7274 had comparable potency in the GPI to Dyn A(1-13)NH2.
Cyclization in the “address” sequence of Dyn A has also been explored utilizing
positions 5 and 8, and 6 and 9 to make lactam bridges (compounds 75 and 76, Table
2.3).127 The cyclo[5,8] analog 75 has lower κ receptor affinity, but moderate κ vs μ
receptor selectivity. The cyclo[6,9] analog 76 shows high affinity for κ receptors, but the
analogs are nonselective for κ receptors.

2.3.4 Kappa receptor antagonists derived from Dyn A
In recent years, a number of opioid receptor antagonists derived from Dyn A have
been discovered (Table 2.4). Tyr1 is important for both the affinity and efficacy of Dyn
A. Substitution Phe in position 1 of [D-Ala8]Dyn A(1-11)NH2 resulted in a Dyn A analog
77 reported to exhibit very low potency in the GPI (Table 2.4).107 Compounds with a
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bulky group on the α-amino group such as N,N-diallyl (48) and N,N-diCPM (50) of Tyr1
are antagonists that also show high affinity and selectivity for the κ receptors (Table
2.2).108-110 Dynantin (38, Figure 2.5), with the Tyr residue replaced by the des-amino
tyrosine

derivative

(2S)-Mdp

((2S)-2-methyl-3-(2,6-dimethyl-4-

hydroxyphenyl)propanoic acid), shows high κ receptor affinity, selectivity, and
antagonist potency.89
Substitution with the constrained amino acid Pro at this position of Dyn A-(111)NH2 resulted in the peptide [Pro3]Dyn A-(1-11)NH2 (78) with the highest κ receptor
selectivity among the analogs with modification in this position.128 However, the
antagonist activity of this peptide at κ opioid receptors is very weak.128
Chimeric Dyn A analogs have been designed in our laboratory as κ opioid
receptor antagonists. Attachment of an acetyl-protected tetrapeptide (Ac-Tyr-Lys-TrpTrp-NH2) that has weak antagonist activity at κ receptors129 to the C-terminal “address”
sequence of [D-Ala8]Dyn A(1-11)-NH2 resulted in the novel acetylated Dyn A analog
JVA-901 (Ac[Lys2,Trp3,Trp4,D-Ala8]Dyn A-(1-11)NH2, 79).130 This compound exhibits
antagonist activity and enhanced affinity for κ opioid receptors compared to the
tetrapeptide.130. Replacement of the N-terminal “message” sequence of [D-Ala8]Dyn
A(1-11)NH2 with a small μ opioid receptor antagonist followed by structural
modifications using a combinatorial library resulted in the discovery of arodyn (39), a
potent and highly selective antagonist at κ receptors.90
Cyclic Dyn A analogs with antagonist activities have also been reported. Based
on the novel acetylated chimeric Dyn A analog JVA-901 (79), our laboratory designed
and synthesized cyclodyn (cycloN,5[Trp3,Trp4,Glu5]Dyn A-(1-11)NH2, 80), the first cyclic
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Dyn A analog with antagonist activity at κ opioid receptors.131 Very recently, our
research group identified a Dyn A analog cyclized in the C-terminal “address” domain,
[Nα-benzyl-Tyr1,cyclo(D-Asp5,Dap8)]Dyn A-(1-11)NH2 (81), as a novel κ opioid receptor
antagonist.132

Table 2.4: Opioid receptor affinities, selectivity and potencies of selected Dyn A analogs with
antagonist activity
Ki
Antagonist Ref
Ki ratio (κ/μ/δ)
potency
(κ, nM)
a
Dynantin
0.823
1/259/198
0.632c
89
38
b
d
Arodyn
10.0
1/174/583
2.0
90
39
3
b
e
[Pro ]Dyn A(1-11)2.7
1/2110/3260
380
128
78
NH2
JVA-901
19.8b
1/12.6/268
f
130
79
Cyclodyn
27b
1/12/330
f
131
80
[Nα-benzyl-Tyr1,
30b
1/194/330
84d
132
81
5
8
cyclo(D-Asp ,Dap )]
Dyn A-(1-11)NH2
a
Using [3H]U-69,593 as the radioligand. bUsing [3H]diprenorphine as the radioligand. cKe. dKB.
e
IC50. fReverses the agonist activity of Dyn A(1-13)NH2.
#

Compound

B

2.4 Conclusions
Since their discovery, extensive research has been focused on the study of the
physiological and pharmacological roles of opioid receptors and their ligands. The
research has resulted in the identification of numerous potent analgesics that mainly act
on μ opioid receptors. However, these analgesics generally have severe side effects.
Peripherally acting κ opioid receptor agonists can act as analgesics with antiinflammatory effects5 while lacking the CNS side effects of both μ opioid receptor
agonists and centrally-acting κ opioid receptor agonists (e.g. dysphoria).
Kappa agonists have potential therapeutic applications in several other areas in
addition to pain relieve. Kappa opioid receptor agonists have potential for the treatment
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of cocaine addiction63 and for the treatment of HIV-1 and HIV-1 related
encephalopathy.65, 66 On the other hand, κ opioid receptor antagonists have the potential
to be used therapeutically in the treatment of cocaine68, 69 and opioid dependence70, 71 and
have been shown to have antidepressant activity.67 Therefore there is great interest in
studying κ opioid receptor ligands as pharmacological tools and potential therapeutic
agents.
Dyn A is the best studied endogenous ligand92 for κ opioid receptors and is
involved in a variety of physiological and pharmacological functions.94, 95, 99-101 The SAR
of this peptide has been explored and thus has resulted in a variety of analogs, some with
improved affinity, selectivity, and/or potency.5, 102, 103

2.5 Bibliography
1.
Silverman, R. The Organic Chemistry of Drug Design and Drug Action.
Academic Press: 1992.
2.
Way, W. L.; Way, E. L.; Fields, H. L. Opioid Analgesics & Antagonists. In Basic
& Clinical Pharmacology, Katzung, B. G., Ed. East Norwalk: Appleton & Lange: 1995;
pp 460-477.
3.
Sertürner, W. A. J. Pharm. 1805, 13, 234.
4.
Zenk, M. H.; Tabata, M. Opium. Its History, Merits and Demerits. Nat. Med.
1996, 50, 86-102.
5.
Aldrich, J. V.; Vigil-Cruz, S. C. Narcotic Analgesics. In Burger's Medicinal
Chemistry & Drug Discovery, Abraham, D. J., Ed. John Wiley & Sons, Inc.: New York,
2003; Vol. 6, pp 329-481.
6.
Beckett, A. H.; Casy, A. F. Synthetic Analgesics: Stereochemical Considerations.
J. Pharm. Pharmcol. 1954, 6, 986-1001.
7.
Portoghese, P. S. A New Concept on the Mode of Interaction of Narcotic
Analgesics with Receptors. J. Med. Chem. 1965, 8, 609-616.
8.
Martin, W. R. Opioid Antagonists. Pharmacol. Rev. 1967, 19, 463-521.
9.
Martin, W. R. E., G. C.; Thompson, J. A.; Huppler, R. E.; Gilbert, P. E. The
Effects of Morphine- and Nalorphine-Like Drugs in the Nondependent and MorphineDependent Chronic Spinal Dog. J. Pharmacol. Exp. Ther. 1976, 197, 517-532.
10.
Gilbert, P. E.; Martin, W. R. The Effects of Morphine and Nalorphine-Like Drugs
in the Nondependent, Morphine-Dependent and Cyclazocine-Dependent Chronic Spinal
Dog. J. Pharmacol. Exp. Ther. 1976, 198, 66-82.

46

11.
Quirion, R., Chicheportiche R., Contreras P. C., Johnson K. M., Lodge D., Tam S.
W., Woods J. H., Zukin S. R. Classification and Nomenclature of Phencyclidine and
Sigma Receptor Sites. Trends Neurosci. 1987, 10, 444-446.
12.
Lord, J. A. H. W., A. A.; Hughes, J.; Kosterlitz, H. W. Endogenous Opioid
Peptides: Multiple Agonists and Receptors. Nature 1977, 267, 495-499.
13.
Mollereau, C., Parmentier, M., Mailleux, P, Butour, J. L., Moisand, C., Chalon,
P., Caput, D., Vassat, G., Meunier, J. C. ORL1, A Novel Member of the Opioid Receptor
Family Cloning, Functional Expression and Localization. FEBS Lett. 1994, 341, 33-38.
14.
Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothergill, L. A.; Morgan, B. A.;
Morris, H. R. Identification of Two Related Pentapeptides from the Brain with Potent
Opiate Agonist Activity. Nature 1975, 258, 577-579.
15.
Loh, H. H.; Tseng, L. F.; Wei, E.; Li, C. H. β-Endorphin Is a Potent Analgesic
Agent. Proc. Natl. Acad. Sci. USA 1976, 73, 2895-2898.
16.
Cox, B. M.; Opheim, K. E.; Teschemacher, H.; Goldstein, A. A Peptide-like
Substance from Pituitary that Acts Like Morphine. 2. Purification and Properties. Life
Sci. 1975, 16, 1777-1782.
17.
Zadina, J. E.; Hackler, L.; Ge, L.-J.; Kastin, A. J. A Potent and Selective
Endogenous Agonist for the µ-Opiate Receptor. Nature 1997, 386, 499-502.
18.
Akil, H.; Watson, S. J.; Young, E.; Lewis, M. E.; Khachaturian, H.; Walker, J. M.
Endogenous Opioids: Biology and Function. Annu. Rev. Neurosci. 1984, 7, 223-255.
19.
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.
20.
Meunier, J.-C.; Mollereau, C.; Toll, L.; Suaudeau, C.; Moisand, C.; Alvinerie, P.;
Butour, J.-L.; Guillemot, J.-C.; Ferrara, P.; Monsarrat, B.; Mazarguil, H.; Vassart, G.;
Parmentier, M.; Costentin, J. Isolation and Structure of the Endogenous Agonist of
Opioid Receptor-Like ORL1 Receptor. Nature 1995, 377, 532-535.
21.
Reinscheid, R. K.; Nothacker, H.-P.; Bourson, A.; Ardati, A.; Henningsen, R. A.;
Bunzow, J. R.; Grandy, D. K.; Langen, H.; Monsma, F. J., Jr.; Civelli, O. Orphanin FQ:
A Neuropeptide That Activates an Opioidlike G Protein-Coupled Receptor. Science 1995,
270, 792-794.
22.
Broccardo, M.; Erspamer, V.; Falconieri, E. G.; Improta, G.; Linari, G.;
Melchiorri, P.; Montecucchi, P. C. Pharmacological Data on Dermorphins a New Class
of Potent Opioid Peptides from Amphibian Skin. Br. J. Pharmacol. 1981, 73, 625-631.
23.
Kreil, G.; Barra, D.; Simmaco, M.; Erspamer, V.; Falconieri Erspamer, G.; Negri,
L.; Severini, C.; Corsi, R.; Melchiorri, P. Deltorphin, A Novel Amphibian Skin Peptide
with High Selectivity and Affinity for δ Opioid Receptors. Eur. J. Pharmacol. 1989, 162,
123-128.
24.
Mor, A.; Delfour, A.; Sagan, S.; Amiche, M.; Pradelles, P.; Rossier, J.; Nicolas, P.
Isolation of Dermenkephalin from Amphibian Skin, a High-Affinity δ-Selective Opioid
Heptapeptide Containing a D-Amino Acid Residue. FEBS Lett. 1989, 255, 269-274.
25.
Erspamer, V.; Melchiorri, P.; Falconieri-Erspamer, G.; Negri, L.; Corsi, R.;
Severini, C.; Barra, D.; Simmaco, M.; Kreil, G. Deltorphins: A Family of Naturally
Occurring Peptides with High Affinity and Selectivity for δ Opioid Binding Sites. Proc.
Nat. Acad. Sci. U.S.A. 1989, 86, 5188-5192.
26.
Huberman, A. D-Amino Acids in Peptides of Ribosomal Biosynthesis: A PostTranslational Modification. Trend Comp. Biochem. Physiol. 2000, 6, 117-124.

47

27.
Gether, U. Uncovering Molecular Mechanisms Involved in Activation of G
Protein-Coupled Receptor. Endocrine Rev. 2000, 21, 90-113.
28.
Kieffer, B. L.; Befort, K.; Gaveriaux-Ruff, C.; Hirth, C. G. The δ-Opioid
Receptor: Isolation of a cDNA by Expression Cloning and Pharmacological
Characterization. Proc. Nat. Acad. Sci. U.S.A. 1992, 89, 12048-12052.
29.
Evans, C. J.; Keith, D. E., Jr.; Morrison, H.; Magendzo, K.; Edwards, R. H.
Cloning of a Delta Opioid Receptor by Functional Expression. Science 1992, 258, 19521955.
30.
Yasuda, K.; Raynor, K.; Kong, H.; Breder, C. D.; Takeda, J.; Reisine, T.; Bell, G.
I. Cloning and Functional Comparison of κ and δ Opioid Receptors from Mouse Brain.
Proc. Nat. Acad. Sci. U.S.A. 1993, 90, 6736-6740.
31.
Knapp, R. J.; Malatynska, E.; Collins, N.; Fang, L.; Wang, J. Y.; Hruby, V. J.;
Roeske, W. R.; Yamamura, H. I. Molecular Biology and Pharmacology of Cloned Opioid
Receptors. FASEB J. 1995, 9, 516-525.
32.
Reisine, T.; Bell, G. I. Molecular Biology of Opioid Receptors. Trends Neurosci.
1993, 16, 506-510.
33.
Uhl, G. R.; Childers, S.; Pasternak, G. An Opiate-Receptor Gene Family Reunion.
Trends Neurosci. 1994, 17, 89-93.
34.
Fukuda, K.; Kato, S.; Mori, K.; Nishi, M.; Takeshima, H. Primary Structures and
Expression from cDNAs of Rat Opioid Receptor δ-and μ-Subtypes. FEBS Lett. 1993,
327, 311-314.
35.
Dohlman, H. G.; Thorner, J.; Caron, M. G.; Lefkowitz, R. J. Model Systems for
the Study of Seven-Transmembrane-Segment Receptors. Annu. Rev. Biochem. 1991, 60,
653-688.
36.
Miotto, K.; Magendzo, K.; Evans, C. J. Molecular Characterization of Opioid
Receptors. Harwood Academic Publishers: Singapore, 1995.
37.
Bourne, H. R.; Sanders, D. A.; McCormick, F. The GTPase Superfamily:
Conserved Structure and Molecular Mechanism. Nature 1991, 349, 117-127.
38.
Hamm, H. E. The Many Faces of G Protein Signaling. J. Biol. Chem. 1998, 273.
39.
Harrison, C.; Smart, D.; Lambert, D. G. Stimulatory Effects of Opioids. Brit. J.
Anaesthes. 1998, 81, 21-28.
40.
McFadzean, I. The Ionic Mechanisms Underlying Opioid Actions. Neuropeptides
1988, 11, 173-180.
41.
Loh, H. H.; Smith, A. P. Molecular Characterization of Opioid Receptors. Annu.
Rev. Pharmacol. Toxicol. 1990, 30, 123-147.
42.
Herz, A. Opioids in Pain Control. Basic and Clinical Aspects. Cambridge
University Press: Cambridge, 1999.
43.
Jadad, A. R.; Browman, G. P. The WHO Analgesic Ladder for Cancer Pain
Management. Stepping up the Quality of its Evaluation. JAMA 1995, 274, 1870-1873.
44.
Mercadante, S.; Villari, P.; Ferrera, P.; Casuccio, A.; Fulfaro, F. Rapid Titration
with Intravenous Morphine for Severe Cancer Pain and Immediate Oral Conversion.
Cancer 2002, 95, 203-208.
45.
Fries, D. S. Opioid Analgesics. In Foye's Principles of Medicinal Chemistry, 5
ed.; Williams, D. A.; Lemke, T. L., Eds. Lippincott William & Wilkins: Philadelphia,
2002; pp 453-479.

48

46.
Pfeiffer, A.; Brantl, V.; Herz, A.; Emrich, H. M. Psychotomimesis Mediated by
Kappa Opiate Receptors. Science 1986, 233, 774-776.
47.
Rimoy, G. H.; Wright, D. M.; Bhaskar, N. K.; Rubin, P. C. The Cardiovascular
and Central Nervous System Effects in the Human of U-62066E. Eur. J. Clin.
Pharmacol. 1994, 46, 203-207.
48.
Yeadon, M.; Kitchen, I. Opioids and Respiration. Prog. Neurobiol. 1989, 33, 116.
49.
Devine, D. P.; Leone, P.; Pocock, D.; Wise, R. A. Differential Involvement of
Ventral Tegmental Mu, Delta and Kappa Opioid Receptors in Modulation of Basal
Mesolimbic Dopamine Release: In vivo Microdialysis Studies. J. Pharmacol. Exp. Ther.
1993, 266, 1236-1246.
50.
Friedman, J. D.; Dello Buono, F. A. Opioid Antagonists in the Treatment of
Opioid-Induced Constipation and Pruritus. Ann. Pharmacother. 2001, 35, 85-91.
51.
Abdelhamid, E. E.; Sultana, M.; Portoghese, P. S.; Takemori, A. E. Selective
Blockage of Delta Opioid Receptors Prevents the Development of Morphine Tolerance
and Dependence in Mice. J. Pharmacol. Exp. Ther. 1991, 258, 299-303.
52.
Dondio, G.; Ronzoni, S.; Petrillo, P. Non-Peptide δ Opioid Agonists and
Antagonists. Expert Opin. Ther. Pat. 1997, 7, 1075-1098.
53.
Snead, O. C.; Bearden, L. J. The Epileptogenic Spectrum of Opiate Agonists.
Neuropharmacology 1982, 21, 1137-1144.
54.
Millan, M. J. κ-Opioid Receptors and Analgesia. Trends Pharmacol. Sci. 1990,
11, 70-76.
55.
Riviere, P. J. M. Peripheral Kappa-Opioid Agonists for Visceral Pain. Br. J.
Pharmacol. 2004, 141, 1331-1334.
56.
Blume, A. J.; Lichtshtein, D.; Boone, G. Coupling of Opiate Receptors to
Adenylate Cyclase: Requirements for Na+ and GTP. Proc. Natl. Acad. Sci. U.S.A. 1979,
76.
57.
Traynor, J. R.; Nahorski, S. R. Modulation by μ-Opioid Agonists of Guanosine5'-O-(3-[35S]thio)triphosphate Binding to Membranes From Human Neuroblastoma SHSY5Y Cells. Mol. Pharmacol. 1995, 47, 848-854.
58.
Befort, K.; Tabbara, L.; Kieffer, B. L. [35S]GTPγS Binding: A Tool to Evaluate
Functional Activity of a Cloned Opioid Receptor Transiently Expressed in COS Cells.
Neurochem. Res. 1996, 21, 1301-1307.
59.
Zhu, J. M.; Luo, L. Y.; Li, J. G.; Chen, C. G.; Liuchen, L. Y. Activation of the
Cloned Human Kappa Opioid Receptors by Agonists Enhances [35S]GTPγS Binding to
Membranes: Determination of Potencies and Efficacies of Ligands. J. Pharmacol. Exp.
Ther. 1997, 282, 676-684.
60.
Riviere, P. J. M.; Junien, J. L. Opioid Receptors, Targets for New Gastrointestinal
Drug Development. In Drug Development, Molecular Targets for GI Diseases,
Gaginella, T. S.; Guglietta, A., Eds. Humana Press: Totowa, NJ, 2000; pp 203-238.
61.
Pan, Z. Z. μ-Opposing Actions of the κ-Opioid Receptor. Trends Pharmacol. Sci.
1998, 19, 94-98.
62.
Zaratin, P.; Clarke, G. D. Comparative Effects of Selective κ-Opioid Receptor
Agonists on Dopamine Levels in the Dorsal Caudate of Freely Moving Rats. Eur. J.
Pharmacol. 1994, 264, 151-156.

49

63.
Kreek, M. J. Multiple Drug Abuse Patterns and Medical Consequences. In
Psychopharmacology: The Third Generation of Progress, Meltzer, H. Y., Ed. Raven,
New York, 1987; pp 1597–1604.
64.
Tortella, F. C.; Decoster, M. A. Kappa Opioids: Therapeutic Considerations in
Epilepsy and CNS Injury. Clin. Neuropharmacol. 1994, 17, 403-416.
65.
Chao, C. C.; Gekker, G.; Hu, S.; Sheng, W. S.; Shark, K. B.; Bu, D.-F.; Archer,
S.; Bidlack, J. M.; Peterson, P. K. κ Opioid Receptors in Human Microglia Downregulate
Human Immunodeficiency Virus 1 Expression. Proc. Natl. Acad. Sci. U.S.A. 1996, 93,
8051-8056.
66.
Peterson, P. K.; Gekker, G.; Lokensgard, J. R.; Bidlack, J. M.; Chang, A.-C.;
Fang, X.; Portoghese, P. S. κ-Opioid Receptor Agonist Suppression of HIV-1 Expression
in CD4+ Lymphocytes. Biochem. Pharmacol. 2001, 61, 1145-1151.
67.
Mague, S. D.; Pliakas, A. M.; Todtenkopf, M. S.; Tomasiewicz, H. C.; Zhang, Y.;
Stevens, W. C., Jr.; Jones, R. M.; Portoghese, P. S.; Carlezon, W. A., Jr. AntidepressantLike Effects of κ-Opioid Receptor Antagonists in the Forced Swim Test in Rats. J.
Pharmacol. Exp. Ther. 2003, 305, 323-330.
68.
Beardsley, P.; Howard, J.; Shelton, K.; Carroll, F. Differential Effects of the
Novel Kappa Opioid Receptor Antagonist, JDTic, on Reinstatement of Cocaine-Seeking
Induced by Footshock Stressors vs Cocaine Primes and Its Antidepressant-Like Effects in
Rats. Psychopharmacology 2005, 183, 118-126.
69.
Carey, A. N.; Borozny, K.; Aldrich, J. V.; McLaughlin, J. P. Reinstatement of
Cocaine Place-Conditioning Prevented by the Peptide Kappa-Opioid Receptor Antagonist
Arodyn. Eur. J. Pharmacol. 2007, 569, 84-89.
70.
Rothman, R. B.; Gorelick, D. A.; Heishman, S. J.; Eichmiller, P. R.; Hill, B. H.;
Norbeck, J.; Liberto, J. G. An Open-Label Study of a Functional Opioid κ Antagonist in
the Treatment of Opioid Dependence. J. Subst. Abuse Treat. 2000, 18, 277-281.
71.
Carroll, F. I.; Harris, L. S.; Aceto, M. D. Effects of JDTic, a Selective κ-Opioid
Receptor Antagonist, on the Development and Expression of Physical Dependence on
Morphine Using a Rat Continuous-Infusion Model. Eur. J. Pharmacol. 2005, 524, 89-94.
72.
Tepper, P.; Woods, J. H. Changes in Locomotor Activity and Naloxone-Induced
Jumping in Mice Produced by WIN 35,197-2 (Ethylketazocine) and Morphine.
Psychopharmacology 1978, 58, 125-129.
73.
Romer, D.; Buscher, H.; Hill, R. C.; Maurer, R.; Petcher, T. J.; Welle, H. B. A.;
Bakel, H. C. C. K.; Akkerman, A. M. Bremazocine: A Potent, Long-Acting Opiate
Kappa-Agonist. Life Sci. 1980, 27, 971-978.
74.
Nagase, H.; Hayakawa, J.; Kawamura, K.; Kawai, K.; Takezawa, Y.; Matsuura,
H.; Tajima, C.; Endo, T. Discovery of A Structurally Novel Opioid κ-Agonist Derived
from 4,5-Epoxymorphinan. Chem. Pharm. Bull. 1998, 46, 366-369.
75.
Vonvoigtlander, P. F.; Lahti, R. A.; Ludens, J. H. U-50,488: A Selective and
Structurally Novel Non-Mu (Kappa) Opioid Agonist. J. Pharmacol. Exp. Ther. 1983,
224, 7-12.
76.
Lahti, R. A.; Mickelson, M. M.; McCall, J. M.; Von Voigtlander, P. F. [3H]U69593 A Highly Selective Ligand for the Opioid κ Receptor. Eur. J. Pharmacol. 1985,
109, 281-284.
77.
Vonvoigtlander, P. F.; Lewis, R. A. Analgesic and Mechanistic Evaluation of
Spiradoline, A Potent Kappa Opioid. J. Pharmacol. Exp. Ther. 1988, 246, 259-262.
50

78.
Roth, B. L.; Baner, K.; Westkaemper, R.; Siebert, D.; Rice, K. C.; Steinberg, S.;
Ernsberger, P.; Rothman, R. B. Salvinorin A: A Potent Naturally Occurring
Nonnitrogenous κ Opioid Selective Agonist. Proc. Nat. Acad. Sci. U.S.A. 2002, 99,
11934-11939.
79.
Chavkin, C.; James, I. F.; Goldstein, A. Dynorphin is a Specific Endogenous
Ligand of the κ Opioid Receptor. Science 1982, 215, 413-415.
80.
Dooley, C. T.; Ny, P.; Bidlack, J. M.; Houghten, R. A. Selective Ligands for the
µ, δ, and κ Opioid Receptors Identified from a Single Mixture Based Tetrapeptide
Positional Scanning Combinatorial Library. J. Biol. Chem. 1998, 273, 18848-18856.
81.
Portoghese, P. S.; Lipkowski, A. W.; Takemori, A. E. Bimorphinans as Highly
Selective, Potent κ Opioid Receptor Antagonists. J. Med. Chem. 1987, 30, 238-239.
82.
Stevens, W. C.; Jones, R. M.; Subramanian, G.; Metzger, T. G.; Ferguson, D. M.;
Portoghese, P. S. Potent and Selective Indolomorphinan Antagonists of the Kappa-Opioid
Receptor. J. Med. Chem. 2000, 43, 2759-2769.
83.
Sharma, S. K.; Jones, R. M.; Metzger, T. G.; Ferguson, D. M.; Portoghese, P. S.
Transformation of a κ-Opioid Receptor Antagonist to a κ-Agonist by Transfer of a
Guanidinium Group from the 5'- to 6'-Position of Naltrindole. J. Med. Chem. 2001, 44,
2073-2079.
84.
Thomas, J. B.; Atkinson, R. N.; Rothman, R. B.; Fix, S. E.; Mascarella, S. W.;
Vinson, N. A.; Xu, H.; Dersch, C. M.; Lu, Y. F.; Cantrell, B. E.; Zimmerman, D. M.;
Carroll, F. I. Identification of the First trans-(3R,4R)- Dimethyl-4-(3hydroxyphenyl)piperidine Derivative To Possess Highly Potent and Selective Opioid κ
Receptor Antagonist Activity. J. Med. Chem. 2001, 44, 2687-2690.
85.
Endoh, T.; Matsuura, H.; Tanaka, C.; Nagase, H. Nor-binaltorphimine: A Potent
and Selective κ-Opioid Receptor Antagonist with Long-Lasting Activity in vivo. Arch.
Int. Pharmacodyn. Ther. 1992, 316, 30-42.
86.
Horan, P.; Taylor, J.; Yamamura, H. I.; Porreca, F. Extremely Long-Lasting
Antagonistic Actions of Nor-Binaltorphimine (nor- BNI) in the Mouse Tail-Flick Test. J.
Pharmacol. Exp. Ther. 1992, 260, 1237-1243.
87.
Negus, S. S.; Mello, N. K.; Linsenmayer, D. C.; Jones, R.; Portoghese, P. S.
Kappa Opioid Antagonist Effects of the Novel Kappa Antagonist 5'-Guanidinonaltrindole
(GNTI) in an Assay of Schedule-Controlled Behavior in Rhesus Monkeys.
Psychopharmacology 2002, 163, 412-419.
88.
Carroll, I.; Thomas, J. B.; Dykstra, L. A.; Granger, A. L.; Allen, R. M.; Howard,
J. L.; Pollard, G. T.; Aceto, M. D.; Harris, L. S. Pharmacological Properties of JDTic: a
Novel κ-Opioid Receptor Antagonist. Eur. J. Pharmacol. 2004, 501, 111-119.
89.
Lu, Y.; Nguyen, T. M. D.; Weltrowska, G.; Berezowska, I.; Lemieux, C.; Chung,
N. N.; Schiller, P. W. [2',6'-Dimethyltyrosine]Dynorphin A(1-11)-NH2 Analogues
Lacking an N-Terminal Amino Group: Potent and Selective κ Opioid Antagonists. J.
Med. Chem. 2001, 44, 3048-3053.
90.
Bennett, M. A.; Murray, T. F.; Aldrich, J. V. Identification of Arodyn, a Novel
Acetylated Dynorphin A-(1-11) Analogue, as a κ Opioid Receptor Antagonist. J. Med.
Chem. 2002, 45, 5617-5619.
91.
Saito, T.; Hirai, H.; Kim, Y. J.; Kojima, Y.; Matsunaga, Y.; Nishida, H.;
Sakakibara, T.; Suga, O.; Sujaku, T.; Kojima, N. CJ-15,208, a Novel Kappa Opioid

51

Receptor Antagonist from a Fungus, Ctenomyces Serratus ATCC15502. J. Antibiot.
2002, 55, 847-854.
92.
Goldstein, A.; Tachibana, S.; Lowney, L. I.; Hunkapiller, M.; Hood, L.
Dynorphin-(1-13), an Extraordinarily Potent Opioid Peptide. Proc. Nat. Acad. Sci. U.S.A.
1979, 76, 6666-6670.
93.
Goldstein, A. The Dynorphin Peptides. In Peptides: Structure and Function,
Hruby, V. J.; Rich, D. H., Eds. Pierce Chemical Co.: Rockford, IL, 1983.
94.
Smith, A. P.; Lee, N. M. Pharmacology of Dynorphin. Annu. Rev. Pharmacol.
Toxicol. 1988, 28, 123-140.
95.
Bodnar, R. J.; Klein, G. E. Endogenous Opiates and Behavior. Peptides 2005, 26,
2629−2711.
96.
Shukla, V. K.; Prasad, J. A.; Lemaire, S. Nonopioid Motor Effects of Dynorphin
A and Related Peptides: Structure Dependence and Role of the N-Methyl-D-Aspartate
Receptor. J. Pharmacol. Exp. Ther. 1997, 283, 604-610.
97.
Caudle, R. M.; Mannes, A. J. Dynorphin: Friend or Foe? Pain 2000, 87, 235-239.
98.
Faden, A. I.; Jacobs, T. P. Dynorphin-Related Peptides Cause Motor Dysfunction
in the Rat Through a Non-Opiate Action. Br. J. Pharmacol. 1984, 81, 271-276.
99.
Takemori, A. E.; Loh, H. H.; Lee, N. M. Suppression by Dynorphin A and [desTyr1]Dynorphin A Peptides of the Expression of Opiate Withdrawal and Tolerance in
Morphine-Dependent Mice. J. Pharmacol. Exp. Ther. 1993, 266, 121-124.
100. Hooke, L. P.; He, L.; Lee, N. M. Dynorphin A modulates Acute and Chronic
Opioid Effects. J. Pharmacol. Exp. Ther. 1995, 273, 292-297.
101. Hooke, L. P.; He, L.; Lee, N. M. [Des-Tyr1]Dynorphin A-(2-17) Has NaloxoneInsensitive Antinociceptive Effect in the Writhing Assay. J. Pharmacol. Exp. Ther. 1995,
273, 802-807.
102. Hruby, V. J.; Agnes, R. S. Conformation-Activity Relationships of Opioid
Peptides with Selective Activities at Opioid Receptors. Biopolymers Pept. Sci. 1999, 51,
391-410.
103. Naqvi, T.; Haq, W.; Mathur, K. B. Structure-Activity Relationship Studies of
Dynorphin A and Related Peptides. Peptides (New York) 1998, 19, 1277-1292.
104. Gairin, J. E.; Mazarguil, H.; Alvinerie, P.; Saint-Pierre, S.; Meunier, J. C.; Cros, J.
Synthesis and Biological Activities of Dynorphin A Analogues with Opioid Antagonist
Properties. J. Med. Chem. 1986, 29, 1913-1917.
105. Lemaire, S.; Lafrance, L.; Dumont, M. Synthesis and Biological Activity of
Dynorphin-(1-13) and Analogs Substituted in Positions 8 and 10. Int. J. Pept. Prot. Res.
1986, 27, 300-305.
106. Turcotte, A.; Lalonde, J.-M.; St-Pierre, S.; Lemaire, S. Dynorphin-(1-13) I.
Structure-Function Relationships of Ala-Containing Analogs. Int. J. Pept. Prot. Res.
1984, 23, 361-367.
107. Kawasaki, A. M.; Knapp, R. J.; Walton, A.; Wire, W. S.; Zalewska, T.;
Yamamura, H. I.; Porreca, F.; Burks, T. F.; Hruby, V. J. Syntheses, Opioid Binding
Affinities, and Potencies of Dynorphin A Analogs Substituted in Positions 1, 6, 7, 8 and
10. Int. J. Pept. Prot. Res. 1993, 42, 411-419.
108. Gairin, J. E.; Mazarguil, H.; Alvinerie, P.; Botanch, C.; Cros, J.; Meunier, J.-C.
N,N-Diallyl-tyrosyl Substitution Confers Antagonist Properties on the κ-Selective Opioid
Peptide [D-Pro10]-Dynorphin A(1-11). Br. J. Pharmacol. 1988, 95, 1023-1030.

52

109. Choi, H.; Murray, T. F.; DeLander, G. E.; Caldwell, V.; Aldrich, J. V. N-Terminal
Alkylated Derivatives of [D-Pro10]Dynorphin A-(1-11) are Highly Selective for κ-Opioid
Receptors. J. Med. Chem. 1992, 35, 4638-4639.
110. Choi, H.; Murray, T. F.; DeLander, G. E.; Schmidt, W. K.; Aldrich, J. V.
Synthesis and Opioid Activity of [D-Pro10]Dynorphin A-(1-11) Analogues with NTerminal Alkyl Substitution. J. Med. Chem. 1997, 40, 2733-2739.
111. Story, S. C.; Murray, T. F.; Delander, G. E.; Aldrich, J. V. Synthesis and Opioid
Activity of 2-Substituted Dynorphin A-(1-13) Amide Analogs. Int. J. Pept. Prot. Res.
1992, 40, 89-96.
112. Lung, F. D. T.; Meyer, J. P.; Lou, B. S.; Xiang, L.; Li, G.; Davis, P.; De Leon, I.
A.; Yamamura, H. I.; Porreca, F.; Hruby, V. J. Effects of Modifications of Residues in
Position 3 of Dynorphin A(1-11)-NH2 on κ Receptor Selectivity and Potency. J. Med.
Chem. 1996, 39, 2456-2460.
113. Vig, B. S.; Zheng, M. Q.; Murray, T. F.; Aldrich, J. V. Effects of the Substitution
of Phe4 in the Opioid Peptide [D-Ala8]Dynorphin A-(1-11)NH2. J. Med. Chem. 2003, 46,
4002-4008.
114. Snyder, K. R.; Story, S. C.; Heidt, M. E.; Murray, T. F.; DeLander, G. E.;
Aldrich, J. V. Effect of Modification of the Basic Residues of Dynorphin A-(1-13) Amide
on Opioid Receptor Selectivity and Opioid Activity. J. Med. Chem. 1992, 35, 4330-4333.
115. Schwyzer, R. Estimated Conformation, Orientation, and Accumulation of
Dynorphin A-(1-13)-Tridecapeptide on the Surface of Neutral Lipid Membranes.
Biochemistry 1986, 25, 4281-4286.
116. Taylor, J. W.; Osapay, G. Determining the Functional Conformations of
Biologically Active Peptides. Acc. Chem. Res. 1990, 23, 338-344.
117. Lancaster, C. R. D.; Mishra, P. K.; Hughes, D. W.; St.-Pierre, S. A.; Bothner-By,
A. A.; Epand, R. M. Mimicking the Membrane-Mediated Conformation of Dynorphin A(1-13)-Peptide: Circular Dichroism and Nuclear Magnetic Resonance Studies in
Methanolic Solution. Biochemistry 1991, 30, 4715-4726.
118. Kallick, D. A. Conformation of Dynorphin A(1-17) Bound to
Dodecylphosphocholine Micelles. J. Am. Chem. Soc. 1993, 115, 9317-9318.
119. Chappa, A. K. Biopharmaceutical Aspects of the Development of Peptides as
CNS Drug Delivery Vectors and Therapeutic Agents: Studies with Substance P and
Dynorphin A Analogs. Ph. D. Thesis, Department of Pharmaceutical Chemistry, the
University of Kansas, Lawrence, 2007.
120. Schiller, P. W.; Eggimann, B.; Nguyen, T. M. D. Comparative Structure-Function
Studies with Analogs of Dynorphin-(1-13) and [Leu5] Enkephalin. Life Sci. 1982, 31,
1777-1780.
121. Shearman, G. T.; Schulz, R.; Schiller, P. W.; Herz, A. Generalization Tests with
Intraventricularly Applied Pro-Enkephalin B-Derived Peptides in Rats Trained to
Discriminate the Opioid Kappa Receptor Agonist Ethylketocyclazocine.
Psychopharmacology 1985, 85, 440-443.
122. Kawasaki, A. M.; Knapp, R. J.; Kramer, T. H.; Wire, W. S.; Vasquez, O. S.;
Yamamura, H. I.; Burks, T. F.; Hruby, V. J. Design and Synthesis of Highly Potent and
Selective Cyclic Dynorphin A Analogs. J. Med. Chem. 1990, 33, 1874-1879.
123. Kawasaki, A. M.; Knapp, R. J.; Kramer, T. H.; Walton, A.; Wire, W. S.;
Hashimoto, S.; Yamamura, H. I.; Porreca, F.; Burks, T. F.; Hruby, V. J. Design and

53

Synthesis of Highly Potent and Selective Cyclic Dynorphin A Analogs. 2. New Analogs.
J. Med. Chem. 1993, 36, 750-757.
124. Meyer, J.-P.; Collins, N.; Lung, F.-D.; Davis, P.; Zalewska, T.; Porreca, F.;
Yamamura, H. I.; Hruby, V. J. Design, Synthesis, and Biological Properties of highly
Potent Cyclic Dynorphin A Analogs. Analogs Cyclized between Positions 5 and 11. J.
Med. Chem. 1994, 37, 3910-3917.
125. Lung, F. D. T.; Collins, N.; Stropova, D.; Davis, P.; Yamamura, H. I.; Porreca, F.;
Hruby, V. J. Design, Synthesis, and Biological Activities of Cyclic Lactam Peptide
Analogues of Dynorphin A(1-11)-NH2. J. Med. Chem. 1996, 39, 1136-1141.
126. Arttamangkul, S.; Murray, T. F.; DeLander, G. E.; Aldrich, J. V. Synthesis and
Opioid Activity of Conformationally Constrained Dynorphin A Analogs. 1.
Conformational Constraint in the "Message" Sequence. J. Med. Chem. 1995, 38, 24102417.
127. Arttamangkul, S.; Ishmael, J. E.; Murray, T. F.; Grandy, D. K.; DeLander, G. E.;
Kieffer, B. L.; Aldrich, J. V. Synthesis and Opioid Activity of Conformationally
Constrained Dynorphin A Analogues. 2.1 Conformational Constraint in the "Address"
Sequence. J. Med. Chem. 1997, 40, 1211-1218.
128. Schlechtingen, G.; Zhang, L.; Maycock, A.; DeHaven, R. N.; Daubert, J. D.;
Cassel, J.; Chung, N. N.; Schiller, P. W.; Goodman, M. [Pro3]Dyn A(1-11)-NH2: A
Dynorphin Analogue with High Selectivity for the κ Opioid Receptor1. J. Med. Chem.
2000, 43, 2698-2702.
129. Orosz, G.; Ronai, A. Z.; Bajusz, S.; Medzihradszky, K. N-Terminally Protected
Penta- and Tetrapeptide Opioid Antagonists Based on a Pentapeptide Sequence Found in
the Venom of Philippine Cobra. Biochem. Biophys. Res. Commun. 1994, 202, 1285-1290.
130. Wan, Q.; Murray, T. F.; Aldrich, J. V. A Novel Acetylated Analogue of
Dynorphin A-(1-11) Amide as a κ-Opioid Receptor Antagonist. J. Med. Chem. 1999, 42,
3011-3013.
131. Vig, B. S.; Murray, T. F.; Aldrich, J. V. A Novel N-Terminal Cyclic Dynorphin A
Analogue cycloN,5[Trp3,Trp4,Glu5] Dynorphin A-(1-11)NH2 that Lacks the Basic NTerminus. J. Med. Chem. 2003, 46, 1279-1282.
132. Patkar, K. A.; Yan, X.; Murray, T. F.; Aldrich, J. V. [Nα-BenzylTyr1,cyclo(DAsp5,Dap8)]- dynorphin A-(1-11)NH2 Cyclized in the "Address" Domain Is a Novel κOpioid Receptor Antagonist. J. Med. Chem. 2005, 48, 4500-4503.

54

Chapter 3. Deletion of Ac-NMePhe1 from [NMePhe1]arodyn under
Acidic Conditions: Effects of Cleavage Conditions and N-Terminal
Functionality

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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3.1 Introduction
There has been a significant increase recently in the study of N-methylated
peptides.1-3 N-Methylated peptides have been isolated from a variety of natural sources
including plants, marine animals and microoraganisms.4,

5

N-Methylation can greatly

increase metabolic stability towards peptidases,6, 7 and elimination of the hydrogen-bond
donor can increase lipophilicity and thereby potentially increase bioavailability.8
Cyclosporines, natural products produced by the fungus Beauveria nivea which contain
multiple

N-methylamino

acids,

immunosuppressive activities.2,

9, 10

have

anti-fungal,

anti-inflammatory

and

Cyclosporine A, an undecapeptide with seven N-

methylamino acids, was found to be orally active, probably due to N-methylation and
intramolecular hydrogen bonds, even though it has a relatively high molecule weight.
Therefore, N-methylated peptides are increasingly of interest as potentially useful
therapeutics. N-Methylamino acids are also of interest because of their conformational
effects on peptides.1,

6, 7

The proportion of the cis conformation of the amide bond is

significantly higher when the amide nitrogen is methylated,1, 11, 12 and elimination of a
hydrogen-bond donor can also affect the peptide secondary structure. More recently, Nmethylated cyclic pentapeptides have been used as templates for the rational design of
peptides with distinct backbone conformations.13
Our research focuses on the development of potent and highly selective peptide
antagonists for kappa (κ) opioid receptors and examination of the structure-activity
relationships (SAR) for antagonist activity at these receptors. In addition to their use as
pharmacological tools, κ opioid receptor antagonists have the potential to be used
therapeutically in the treatment of cocaine14, 15 and opioid dependence16, 17 and have been
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shown to have antidepressant activity.18 Dynorphin A (Dyn A, Tyr-Gly-Gly-Phe-LeuArg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln) is proposed to be an endogenous
ligand for κ opioid receptors.19 Arodyn (Ac[Phe1,2,3,Arg4,D-Ala8]Dyn A(1-11)NH2, 1) is
an acetylated Dyn A analog identified in our laboratory that is a potent and highly
selective κ opioid receptor antagonist,20 and its analog [NMePhe1]arodyn (2) shows even
higher affinity and selectivity for κ opioid receptors.21
During the synthesis of 2, two major products were obtained and characterized by
high-performance liquid chromatography (HPLC) and electrospray ionization mass
spectrometry (ESI-MS). Mass spectral analysis of the mixture of products showed the
desired peptide ([M+2H+]2+ = 774.9) and another dominant product ([M+2H+]2+ = 673.8)
corresponding to arodyn(2-11) with the loss of the Ac-NMePhe moiety (mass = 203.7)
from the desired peptide.22 Cleavage of an aliquot of the peptide from the resin prior to
acetylation indicated that the deletion was not due to incomplete coupling. Because of the
remarkable pharmacological activity of [NMePhe1]arodyn, this side reaction was studied
in detail.
Even though there were several reports of a similar side reaction involving trialkyl
glycine derivatives in both linear and cyclic peptides,23-26 there was only one recent report
on a similar side reaction involving an Ac-N-methyl-α-monoalkyl-amino acid.27 The
mechanistic aspects of this side reaction have been studied (Scheme 3.1).23 The carbonyl
oxygen of the acetyl group acts as a nucleophile and attacks the adjacent carbonyl group
to form a five-membered oxazolinium intermediate, releasing the rest of the peptide. For
N-methylamino acids with an α-hydrogen, the oxazolinium intermediate can undergo
tautomerization to form a stabilized aromatic ring. Here we describe our efforts to
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optimize the cleavage conditions to improve the yields of the Ac-N-methyl peptides and
the synthesis of stable analogs that do not undergo this side reaction.

Scheme 3.1: Proposed mechanism for the deletion of Ac-N-methyl-α-monoalkyl-amino acid
from peptides under acidic conditions
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3.2 Results and discussion
[NMePhe1,Trp3]arodyn, 3 (Table 3.2), was chosen as the parent compound for
these studies since this peptide has strong UV absorbance at 280 nm, facilitating
monitoring this side reaction. Pure 3 underwent degradation under standard cleavage
conditions (2 h, Reagent B, TFA:H2O:phenol:triisopropylsilane (TIPS) = 88:5:5:2,28
Figure 3.1). Within 2 h, the typical time used for cleavage of peptides from the resin,
approximately 60% of the peptide was degraded. Almost all of the parent peptide had
decomposed after 6 h at room temperature. [Trp3]arodyn-(2-11) was the major product
obtained.
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Figure 3.1: Degradation of pure 3 in Reagent B at room temperature
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The yield for the desired peptide 3 following cleavage from the resin was only
about 8% under standard cleavage conditions (Reagent B, 2 h at room temperature,
Figure 3.2). Different cleavage cocktails at lower temperature (4 oC) were evaluated to
minimize the side reaction and to maximize the yield of pure 3 (Table 3.1). Incomplete
deprotection of the amino acid side chain protecting groups (i.e. the Pbf group in Arg)
was observed under all of the examined conditions, presumably due to the lower cleavage
temperature and resulting slower deprotection reactions. Interestingly, cleavage of the
peptide by pure TFA for 3 h gave the highest yield (44%) of 3 among the different
cleavage conditions. The addition of water as a scavenger significantly decreased the
relative amount of the desired peptide obtained as determined by HPLC.
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Table 3.1: Effects of different cleavage conditions and reaction times at 4 oC on the yield of 3, as
measured by HPLC

Cleavage Cocktail
Reagent Ba
Pure TFA

TFA: water = 95:5
a

Cleavage
Time (h)
2
3.5
1
2
3
4
1
2
3

% Area of
3
17
25
37
35
44
35
8
11
22

TFA:phenol:water:TIPS = 88:5:5:2

Since the acetyl group as well as the first amino acid (NMePhe) was proposed to
be involved in the deletion reaction, we designed arodyn analogs in which the acetyl
group of 3 was either deleted (compound 4) or replaced with an alternative group, or the
NMePhe was substituted with Phe (compound 5) or Tic (Tic = 1,2,3,4tetrahydroisoquinoline-3-carboxylic acid, peptide 6, Table 3.2). Compounds 7-10 (Table
3.2) are acylated with heteroatom containing groups, while peptides 11-17 (Table 3.2) are
acylated with a variety of acids, some of which are quite sterically hindered. All of these
analogs were synthesized using standard solid-phase peptide synthesis (SPPS) and
cleaved using Reagent B at room temperature for 2 h. HPLC and ESI-MS analysis were
used to identify the desired peptides and the deletion product. Retention times (tR) of the
corresponding desired peptides are shown in Table 3.2. The percent peak area in the
HPLC chromatograms for the desired peptide and the (2-11) deletion product are shown
in Figure 3.2.
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Table 3.2: Structures and retention times (tR) of 3 and its analogs
X-NMePhe-Phe-Trp-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
#

X

tR (min)a

#

X

tR (min)a

#

X

tR (min)a

3

Ac

24.9

8

PhOCH2CO

30.2

13

Piv

24.7

18.1

9

Gly

19.0

14

C6H5CH2CO

30.1

22.7

10

Ac-Gly

22.6

15

C6H5CO

29.3

H

4
5

b

1

Ac-Phe

b

1

c

2-MeO27.7
C6H4CO
CH3OCO 25.5
28.6
7
12 (CH3)2CHCO 26.3
17 2,6-DiMeOC6H3CO
a
HPLC conditions: 5-50% acetonitrile containing 0.1% TFA over 45 min at 1 mL/min; the
retention time of [Trp3]arodyn (2-11) is 15.4 min. bFirst amino acid is Phe or Tic instead of
NMePhe. cNo product was observed under standard cleavage conditions.
6

Ac-Tic

24.0

11

CH3CH2CO

NA

16

As expected based on the mechanism, the des-acetyl analog 4 (Table 3.2) gave the
expected peptide without any evidence of the deletion sequence (Figure 3.2), verifying
the important role of the acetyl group in the deletion reaction. When the first amino acid
residue is Phe (compound 5) instead of NMePhe, no deletion product was detected. Thus
the N-methyl group is required for the deletion reaction to occur, most likely due to
changing the backbone conformation to one that favors the cyclization. When the first
amino acid is Tic (compound 6), a conformationally constrained NMePhe analog, no
deletion side product was detected. This suggests that the formation of the 5-membered
ring intermediate does not occur for this constrained N-alkyl amino acid.
Little to no deletion sequence was detected following cleavage of peptides 7-10
from the resin (Figure 3.2). Groups attached to the N-terminus that are heteroatom
containing can decrease the electron density on the carbonyl and thus make the oxygen
less nucleophilic, preventing the side reaction. An oxygen atom attached to or separated
by one methylene from the carbonyl (peptides 7 and 8, respectively) both have a similar
effect, although a small portion of deletion product (8%) was observed for peptide 8. The
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methoxyl group in 7 can act both as an electron-withdrawing group by field effect and an
electron-donating group by resonance effect. In this situation, the field effect appears to
outweigh the resonance effect. This is similar to one report where the carbamate group is
not as a good hydrogen bond acceptor as a tertiary amide,29 presumably also due to the
electron-withdrawing effect outweighing the resonance effect. When glycine was coupled
to the N-terminus (peptide 9), no deletion sequence was observed, most likely due to the
electron-withdrawing effect of the protonated amine. When the amine was acetylated
(peptide 10), however, a small amount of the deletion sequence (10%) was observed,
similar to the results for peptide 8. This is most likely due to the decreased electronwithdrawing effect of the acetylated amine. This also demonstrates that the peptide is
reasonably stable when the N-methylamino acid is not at the N-terminus of a peptide.

Figure 3.2: Desired and deletion products for peptide 3 and its analogs following cleavage from
the resin
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a

Cleavage conditions: Reagent B for 2 h at room temperature.

62

The acyl groups incorporated in peptides 11-17, however, could not prevent the
side reaction, and thus the deletion sequence was the major product found following
cleavage of these peptides from the resin (Figure 3.2). The two most sterically hindered
analogs, where the acetyl group was substituted with Piv (pivaloyl, 2,2,2-trimethylacetyl)
and 2,6-dimethoxylbenzoyl groups (compounds 13 and 17, respectively), yielded similar
amounts of the desired peptide (11% and 17%, respectively) as 3 (8%).

3.3 Conclusions
In conclusion, we described the efforts toward minimizing the side reaction
involving deletion of an acetylated N-methylamino acid from the N-terminus of a
peptide. In order to obtain higher yields of these peptides, alternative cleavage conditions
were explored. While alternative cleavage conditions increased the yields of the fulllength peptide, the deletion reaction still occurred for the acetylated peptides, decreasing
the yield of the desired peptide. Substitution of the N-terminal acetyl group with different
electron-withdrawing groups (for example, a methoxycarbonyl group and amino acid)
was found to prevent the side reaction. Other acyl groups, including those with bulky
substituents, on the other hand, did not prevent the deletion reaction. The
pharmacological effects of these substitutents on κ opioid receptor affinity, selectivity
and efficacy are described in the next chapter.
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3.4 Experimental section
3.4.1 Materials
All Fmoc-protected (Fmoc = 9-fluorenylmethoxycarbonyl) amino acids were
purchased from Bachem (King of Prussia, PA), Calbiochem-Novabiochem (San Diego,
CA), Applied Biosystems (Foster City, CA), or Peptides International (Louisville, KY).
Fmoc-PAL-PEG-PS resin (PAL-PEG-PS = peptide amide linker-poly(ethylene glycol)polystyrene)

was

purchased

from

Applied

Biosystems.

Benzotriazole-1-

yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) was purchased from
Calbiochem-Novabiochem.

Dichloromethane

(DCM),

N,N-diisopropylethylamine

(DIEA), N,N-dimethylformamide (DMF), acetic acid, diethyl ether, acetonitrile,
methanol, and trifluoroacetic acid (TFA) were purchased from Fisher Scientific
(Hampton, NH). 1-Hydroxylbenzotriazole (HOBt) and triisopropylsilane (TIPS) were
purchased from Acros Chemical Co. (Pittsburgh, PA). All other chemicals including
phenol, piperidine, acetic anhydride, methyl chloroformate, propionic anhydride,
isobutyric anhydride, trimethylacetic anhydride, phenoxyacetic chloride, phenylacetyl
chloride, benzoyl chloride, o-anisoyl chloride, and 2,6-dimethoxylbenzoyl chloride were
purchased from Aldrich Chemical Co. (Milwaukee, WI).

3.4.2 Peptide synthesis
All peptides were synthesized on the PAL-PEG-PS resin (0.16 or 0.24 mmol/g,
200 mg) by SPPS using Fmoc-protected amino acids according to standard procedures
(Scheme 3.2). The resin was first swollen with 10 mL of DCM/DMF (1:1, 2 X 10 min).
The desired Fmoc-protected amino acids were coupled to the growing peptide chain with
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PyBOP, HOBt, and DIEA (4/4/10 relative to the resin substitution) in DMF (2 mL) for 2
h. Completion of the coupling reactions was determined by the ninhydrin and/or the
chloranil tests.30,

31

butyloxycarbonyl),

The side chains of Lys and Trp were protected by Boc (tertand

Arg

by

Pbf

(2,2,4,6,7-pentamethyldihydrobenzofuran-5-

sulfonyl). Following the coupling reaction, the resin was washed with 10 mL of
DCM/DMF (1:1, 5 X 30 sec). The Fmoc group was then removed using 20% piperidine
in DMF (5 mL, 2 X 10 min), the resin washed with DCM/DMF (1:1, 10 X 30 sec) and
the next amino acid then coupled to the resin. After completion of the peptide assembly
and removal of the Fmoc group from the N-terminal residue, different acyl groups were
attached to the N-terminal free amine except for the peptides 4 and 9, which have a free
amine at the N-terminus. For the synthesis of 3, 5, 6 and 10, acetic anhydride (20 equiv)
in DMF (2 mL) was reacted with the resin for 30 min. The approximate acid anhydrides
(20 equiv in DMF) were used to synthesize 11-13. The corresponding acid chlorides (20
equiv) with an equiv amount of DIEA in DMF (2 mL) were used to prepare 7, 8, and 1417. The resins were then washed successively with DCM/DMF (1:1, 5 X 30 sec), and
finally with methanol. The resins were dried under vacuum before cleavage.
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Scheme 3.2: SPPS of arodyn analogs

Fmoc-NH-PAL-PEG-PS
Piperidine/DMF=1:4
Repeat cycle

H2N-PAL-PEG-PS
Fmoc-AA-OH,
PyBOP, HOBt, DIEA

Fmoc-Lys(Boc)-NH-PAL-PEG-PS

Fmoc-R1-Phe-Trp-Arg(Pbf)-Leu-Arg(Pbf)-Arg(Pbf)D-Ala-Arg(Pbf)-Pro-Lys(Boc)-NH-PAL-PEG-PS
(1) Piperidine/DMF=1:4
(2) acylation
X-R1-Phe-Trp-Arg(Pbf)-Leu-Arg(Pbf)-Arg(Pbf)D-Ala-Arg(Pbf)-Pro-Lys(Boc)-NH-PAL-PEG-PS
TFA ± Scavengers

X-R1 -Phe-Trp-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2

3.4.3 Cleavage of the peptides from the resin under standard conditions
The peptides were cleaved from the resin with 5 mL of Reagent B (88% TFA, 5%
phenol, 5% water, and 2% TIPS) at room temperature for 2 h.28 The solutions were then
filtered from the resin and washed with TFA (1 mL). The solutions were diluted with
10% acetic acid (30 mL) and extracted with ether (2 X 30 mL), and the ether extracts
then back extracted with acetic acid (2 X 10 mL). Residual ether in the combined
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aqueous solutions was evaporated under vacuum, and the solutions were lyophilized to
give the crude peptides.

3.4.4 Cleavage of peptide 3 under different cleavage conditions at 4 oC
Protected peptide 3-resin (80-110 mg) was mixed with 1 mL of one of three
different cleavage reagents (pure TFA, Reagent B, or 95% TFA with 5% water) for 1 to 4
h at 4 oC, as shown in Table 2.1. Aliquots (0.2 mL) of the cleavage reactions were
removed at various times and diluted with 2 mL water. After filtering, the filtrates were
frozen, lyophilized, dissolved in water and analyzed by HPLC using a gradient of
aqueous MeCN containing 0.1% TFA as described below.

3.4.5 Treatment of purified peptide 3 with Reagent B at room temperature
Purified peptide 3 (2.23 mg) was mixed with 1 mL of reagent B, and aliquots of
the reaction mixture (0.1 mL) were removed at various time points and diluted with H2O
(1 mL). The aliquots were frozen, lyophilized, dissolved in water and analyzed by HPLC.

3.4.6 HPLC and ESI-MS analysis
All of the crude peptides were analyzed by HPLC. A linear gradient of 5-50%
solvent B (solvent A aqueous 0.1% TFA, and solvent B MeCN containing 0.1% TFA)
over 45 min, at a flow rate of 1 mL/min, was used for analysis. The UV wavelength of
214 nm was used to quantify the yields of the desired peptides and deletion product.
Peptide 3 has a retention time of 24.9 min, while the deletion product [Trp3]arodyn (2-11)
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has a retention time of about 15.4 min. The molecular weights of the peptides were
determined by ESI-MS (Waters, Q-TOF analyzer).
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Chapter 4. Deletion of Ac-NMePhe1 from [NMePhe1]arodyn under Acidic
Conditions: Effects of Substitutions on Pharmacological Activity

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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4.1 Introduction
Agonists at opioid receptors, such as morphine and its derivatives which activate mu
(μ) opioid receptors, have been used extensively as narcotic analgesics.1 However, their use
is associated with serious side effects, namely respiration depression, psychological and
physical dependence, and constipation. Therefore there is great interest in developing agents
for the other opioid receptors, namely kappa (κ) and delta (δ) opioid receptors. Compared
with μ agonists, κ opioid receptor agonists lack these side effects, although they generally
show different side effects such as dysphoria.2, 3 Kappa opioid agonists can produce analgesic
activity peripherally both in somatic and visceral pain models, particularly in certain
conditions involving inflammation.4 Peripherally acting κ receptor agonists do not have the
CNS side effects, and therefore there has been an interest in developing peripheral κ
agonists.1
Kappa receptor antagonists were initially mainly used as pharmacological tools to
study receptor function and physiological and pharmacological actions of κ receptor agonists.
Recently, κ antagonists were demonstrated to have antidepressant activity.5 They also have
potential use in the treatment of cocaine 6, 7 and opioid dependence.8, 9
A number of κ opioid receptor antagonists have been discovered during the past two
decades. The bivalent ligand nor-binaltorphimine (nor-BNI) was identified as a potent and
selective κ opioid antagonist.10 Extensive structure-activity relationship (SAR) studies of the
δ opioid receptor antagonist naltrindole resulted in the identification of 5’-guanidinyl
naltrindole (5’-GNTI) as a κ opioid receptor selective antagonist.11 JDTic is the first
phenylpiperidine derived compound that is a potent and selective antagonist for κ opioid
receptors.12 It shows very high affinity (Ki = 0.006 nM) and selectivity (570- and >16,000fold selectivity over μ and δ opioid receptors, respectively) for κ opioid receptors. However,
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all three antagonists exhibit extremely long half-lifes (ranging from several days to several
weeks),13-16 thus limiting their usage as pharmacological tools.
The endogenous ligands for κ opioid receptors are peptides. Therefore, we are
exploring the SAR of the endogenous peptide Dyn A (Tyr-Gly-Gly-Phe-Leu-Arg-Arg-IleArg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln), with an emphasis on analogs that are selective κ
opioid receptor antagonists. It has been proposed that peptide and nonpeptide ligands bind to
different domains of the κ opioid receptor.17-19 Therefore, selective peptide antagonists are
complementary to nonpeptide antagonists. Furthermore, peptide derivatives are expected to
have shorter half-lifes due to metabolism by peptidases, and therefore peptide antagonists
could overcome problems associated with long-acting nonpeptide antagonists.
Derivatives of Dyn A with antagonist activity have been reported.1 Early analogs
generally exhibited weak antagonist activity and low κ opioid receptor selectivity, but
recently more selective and potent analogs have been reported. [Pro3]Dyn A-(1-11)NH2 has
high affinity and selectivity for κ opioid receptors, but this ligand exhibits only weak
antagonist potency in functional assays.20 Dynantin ([(2S)-Mdp1]Dyn A-(1-11)NH2, Mdp =
2-methyl-3-(2’,6’-dimethyl-4-hydroxyphenyl)propionic acid), with modification of the first
amino acid Tyr, was reported to be a potent κ antagonist with high binding affinity and
selectivity for κ opioid receptors.21
Our laboratory has identified several κ opioid receptor antagonists by modifying the
N-terminal “message” sequence22 of Dyn A. These include three peptides lacking a basic Nterminal amine.23-25 One of these peptides is arodyn (1), a potent (Ki (κ) = 10 nM) and highly
selective (Ki ratio (κ/μ/δ) = 1/174/583)24 antagonist for κ opioid receptors (KB = 2 nM,
Bennett, Murray and Aldrich, unpublished results). SAR studies of arodyn resulted in
[NMePhe1]arodyn (2) that exhibits higher affinity (Ki (κ) = 4.56 nM) than arodyn and very
high selectivity (Ki ratio (κ/μ/δ) = 1/1100/>2170) for κ opioid receptors.26 This is by far one
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of the most selective peptide antagonists for κ opioid receptors. Another peptide antagonist
reported with extremely high κ opioid receptor selectivity is [Pro3]Dyn A(1-11)NH2 (Ki ratio
(κ/μ/δ) = 1/2110/3260).20
However, it was found that [NMePhe1]arodyn and its analogs that are acetylated at
the N-terminus are all prone to loss of Ac-NMePhe under acidic cleavage conditions (see
Chapter 3). The yields of these peptides could be increased by modifying the cleavage
cocktail and cleavage conditions, but even under optimized cleavage conditions, substantial
degradation of these peptides still occurred. We showed that this degradation reaction could
be suppressed by substituting the acetyl group in [NMePhe1,Trp3]arodyn (3) with a
heteroatom-containing group (e.g. methoxycarbonyl, phenyloxyacetyl, glycyl, and acetyl
glycyl; see Chapter 3). Considering the remarkable pharmacological activity of
[NMePhe1]arodyn, the pharmacological profiles of these stable analogs were examined. A
previous SAR of arodyn revealed that Phe3 is an important residue in the N-terminal
“message” sequence for κ opioid receptor affinity, selectivity, and efficacy.26 Since the
substitution of Phe1 with NMePhe can significantly increase κ opioid receptor affinity and
selectivity, other stable [NMePhe1]arodyn analogs in which position 3 was substituted with
other aromatic or non-aromatic residues were also evaluated for κ opioid receptor affinity,
selectivity, and opioid activity.

4.2 Results and discussion
4.2.1 Analog design
We designed the following analogs for evaluation of their pharmacological activities.
First, we evaluated the effects of substituting different heteroatom-containing groups using
[NMePhe1]arodyn (2) and [NMePhe1,Trp3]arodyn (3) as the parent compounds. The Phe1
analog of 3 (4) was also prepared to evaluate the effects of N-methylation on κ receptor
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affinity and selectivity. Thus, we synthesized [CH3OCO-NMePhe1,X3]arodyn (5 and 9),
[PhOCH2CO-NMePhe1,X3]arodyn (6 and 10), [Gly-NMePhe1,X3]arodyn (7 and 11), and
[Ac-Gly-NMePhe1,X3]arodyn (8 and 12) (X = Phe or Trp, Table 4.1). Compounds 3, 4, and
9-12 were originally synthesized for the study of the side reaction (see Chapter 3). The
methoxycarbonyl group was also incorporated in analogs where the third position was
substituted with other aromatic residues (Tyr and 2-naphthylalanine (Nal(2’)) in compounds
13 and 14, respectively) or a non-aromatic residue (cyclohexylalanine (Cha) in compound
15). Their corresponding unstable acetyl analogs (compounds 16-18, Table 4.1) had been
synthesized previously for comparison of their κ opioid receptor affinity, selectivity and
efficacy (Bennett, Murray and Aldrich, unpublished results).

4.2.2 Chemistry
All peptides were synthesized on the Fmoc-PAL-PEG-PS (PAL-PEG-PS = peptide
amide linker-poly(ethylene glycol)-polystyrene) resin by solid-phase peptide synthesis (SPPS)
using Fmoc-protected amino acids according to standard procedures.24, 26 After completion of
the peptide assembly and removal of the Fmoc group from the N-terminal residue, different
acyl groups were coupled to the N-terminal free amine. After synthesizing the protected
peptides on the resin, these peptides were cleaved with Reagent B (88% trifluoroacetic acid
(TFA), 5% phenol, 5% water, and 2% triisopropylsilane (TIPS))27 or pure TFA (for
compounds 2, 3, and 16-18, see Chapter 3) and purified by reversed-phase high-performance
liquid chromatography (HPLC). The purity of the final purified peptides was generally >98%
as verified by two different HPLC solvent systems (MeCN/water and MeOH/water
containing 0.1% TFA). The molecular weights of these peptides were verified by
electrospray ionization mass spectrometry (ESI-MS). The analytical data for the peptides is
presented in Table 4.1.
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Table 4.1: Analytical data for the peptides
X-NMePhe-Phe-R1-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
Cmpd

X

R1

3

Ac

Trp

HPLC (tR, (min)/purity)
System 1a System 2b
24.65/100 41.06/100

4

Acd

Trp

22.63/100

40.14/100

5

CH3OCO

Phe

26.26/99

44.21/100

6

C6H5OCH2CO

Phe

30.06/100

29.35/100c

7

Gly

Phe

24.92/100

37.28/100

8

Ac-Gly

Phe

22.66/100

40.75/100

9

CH3OCO

Trp

26.33/100

43.61/100

10

C6H5OCH2CO

Trp

29.34/99.6 28.03/97.7c

11

Gly

Trp

18.85/100

33.98/100

12

Ac-Gly

Trp

22.08/100

38.88/100

ESI-MS (m/z)
Calculated
Observed
[M+3H]3+=530.0 [M+3H]3+=530.0
[M+2H]2+=795.0 [M+2H]2+=795.0
[M+3H]3+=526.0 [M+3H]3+=526.0
[M+2H]2+=788.5 [M+2H]2+=788.3
[M+3H]3+=522.6 [M+3H]3+=522.5
[M+2H]2+=783.5 [M+2H]2+=783.7
[M+4H]4+=392.2 [M+4H]4+=392.1
[M+4H]4+=411.0 [M+4H]4+=411.0
[M+3H]3+=547.7 [M+3H]3+=547.7
[M+5H]5+=329.0 [M+5H]5+=329.0
[M+4H]4+=391.7 [M+4H]4+=391.7
[M+3H]3+=522.0 [M+3H]3+=521.9
[M+5H]5+=313.6 [M+5H]5+=313.6
[M+4H]4+=402.2 [M+4H]4+=402.2
[M+3H]3+=536.0 [M+3H]3+=536.0
[M+3H]3+=535.3 [M+3H]3+=535.3
[M+2H]2+=802.5 [M+2H]2+=802.4
[M+3H]3+=561.0 [M+3H]3+=561.1
[M+2H]2+=841.0 [M+2H]2+=841.1
[M+2H]2+=802.0 [M+2H]2+=801.9
[M+3H]3+=535.0 [M+3H]3+=534.9
[M+3H]3+=549.3 [M+3H]3+=549.4
[M+2H]2+=823.0 [M+2H]2+=823.0

[M+3H]3+=527.6 [M+3H]3+=527.7
[M+2H]2+=791.0 [M+2H]2+=791.1
[M+4H]4+=396.2 [M+4H]4+=396.3
c
CH3OCO
Nal(2’) 29.33/100 29.10/100 [M+3H]3+=539.3 [M+3H]3+=539.4
14
[M+4H]4+=404.5 [M+4H]4+=404.5
[M+2H]2+=808.0 [M+2H]2+=808.1
c
CH3OCO
Cha
29.33/100 29.10/100 [M+3H]3+=524.3 [M+3H]3+=524.4
15
[M+2H]2+=786.0 [M+2H]2+=786.1
[M+4H]4+=393.7 [M+4H]4+=393.8
Ac
Tyr
22.83/100 38.41/100 [M+3H]3+=523.0 [M+3H]3+=522.9
16
[M+2H]2+=784.0 [M+2H]2+=783.8
c
Ac
Nal(2’) 28.12/100 28.39/100 [M+3H]3+=534.0 [M+3H]3+=533.9
17
[M+4H]4+=400.7 [M+4H]4+=400.7
[M+2H]2+=800.5 [M+2H]2+=800.4
Ac
Cha
27.27/100 27.78/100c [M+3H]3+=519.3 [M+3H]3+=519.3
18
[M+2H]2+=778.0 [M+2H]2+=778.0
[M+4H]4+=389.5 [M+4H]4+=389.5
a
System 1: Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in acetonitrile. bSystem 2: Solvent
A = 0.1% TFA in water, solvent B = 0.1% TFA in methanol. The gradient for both systems was 550% solvent B over 45 min. cThe gradient was 5-86% solvent B over 45 min. dPhe instead of NMePhe
in position 1.
13

CH3OCO

Tyr

24.32/100

41.00/100

76

4.2.3 Pharmacology
The affinities of these peptides for rat κ and μ opioid receptors expressed on Chinese
hamster ovary (CHO) cells were determined by competitive inhibition of the radioligands
[3H]diprenorphine and [3H]DAMGO ([D-Ala2,MePhe4,glyol]-enkephalin), respectively
(Tables 4.2 and 4.3).28 Since all of the arodyn analogs reported so far show very low affinity
for δ opioid receptors (i.e., Ki > 5 μM), only κ and μ opioid receptors affinities were
evaluated.
[NMePhe1]arodyn (2) was previously reported as the most potent and selective
arodyn analog.26 Substitution of the acetyl group in this compound with a methoxycarbonyl
group resulted in compound 5 that has similar affinity for κ opioid receptors. The μ opioid
receptor affinity increases by about 3-fold, however, and therefore, the selectivity for κ over
μ opioid receptors decreases by 3-fold. Compared with 2, a loss of κ opioid receptor affinity
(2- to 8.7-fold) was observed when the N-terminal acetyl group of 2 was substituted with
other acyl groups (compounds 6-8). Substitution of the N-terminal acetyl group in 2 with the
bulky phenoxylacetyl group (compound 6) decreases κ opioid receptor affinity by 2-fold
while increasing μ opioid receptors affinity by 3.5-fold; therefore, the selectivity of 6 for κ
opioid receptors is 7-fold less than 2. The largest decrease in κ opioid receptor affinity (8.7fold) occurred when glycine is substituted for the acetyl group (compound 7), likely as a
result of the introduction of the positively charged amine group. This effect has also been
observed for arodyn, in which the κ opioid receptor affinity decreased 4-fold upon removal
of the N-terminal acetyl group.26 The addition of this charged amine also increases the
affinity for μ opioid receptors slightly so that this compound shows only 77-fold selectivity
for κ over μ opioid receptors. Acetylation of the free amine (compound 8) increases the
affinity for κ opioid receptors 3-fold and decreases μ opioid receptor affinity (> 3.3-fold)
compared to 7, so that the resulting compound exhibits very high κ opioid receptor selectivity
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(Ki ratio (κ/μ) = 1/>810). However, as compared to 2 and 5, this compound shows about 2.5fold lower κ opioid receptor affinity.

Table 4.2: Opioid receptor affinities and efficacies of arodyn (1) and its N-terminal substituted
analogs
X-NMePhe-Phe-R1-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
X
R1
Ki ± SEM (nM)
#
κ
μ
1,
arodynb
2d
5
6
7
8

Ki ratio
(κ/μ)

Acc

Phe

10.0 ± 3.0

1750 ± 130

1/175

AC
% inhibition
@ 10 µMa
12 ± 8

Ac
CH3OCO
C6H5OCH2CO
Gly
Ac-Gly

Phe
Phe
Phe
Phe
Phe

4.56 ± 0.45
4.93 ± 0.30
9.32 ± 0.44
39.8 ± 5.1
12.3 ± 3.2

5056 ± 790
1750 ± 97
1460 ± 190
3070 ± 130
>10,000

1/1100
1/335
1/157
1/77
1/>810

14 ± 1
6 ± 10 (4)
15 ± 25
24 ± 9 (2)
37 ± 5 (4)

Ac
Trp
3
c
Ac
Trp
4
CH3OCO
Trp
9
C6H5OCH2CO
Trp
10
Gly
Trp
11
Ac-Gly
Trp
12
a
Compared to Dyn A (1-13)NH2 (100%).
d
From reference 26. The values are the
where noted. eNot determined.

13.0 ± 2.6
2020 ± 560
1/155
24 ± 9
16.1 ± 2.1 (4)
1180 ± 290
1/73
-3 ± 1 (4)
9.69 ± 1.82
1280 ± 280
1/132
8 ± 12 (5)
13.3 ± 3.6 (4)
1250 ± 140
1/94
NDe
15.4 ± 2.1
500 ± 150 (4)
1/32
3±5
21.9 ± 4.8
2910 ± 470
1/133
10 ± 3
b
From reference 24. cPhe instead of NMePhe in position 1.
mean ± SEM for three independent experiments except

[NMePhe1,Trp3]arodyn (3) shows similar affinity and selectivity (Table 4.2) for κ
opioid receptors as arodyn (1). However, this analog has about 3-fold lower affinity than
[NMePhe1]arodyn (2), suggesting that a larger aromatic group in position 3 is detrimental to
κ opioid receptor affinity. Compared with 3, its Phe1 analog 4 shows similar affinity (Table
4.2) for κ opioid receptors; however, this compound exhibits about 2-fold higher affinity for
μ opioid receptors, resulting in 2-fold lower selectivity for κ opioid receptors than compound
3. These results once again indicate that the N-methyl group on Phe1 increases κ opioid
receptor selectivity, probably due to the effect of methylation on orientation of the acetyl
group and/or side chain conformation. When the N-terminal acetyl group is replaced by a
methoxycarbonyl group (compound 9), the affinity at κ opioid receptors is similar, while the
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affinity at μ opioid receptors increases by 2-fold, resulting in a very slight decrease in κ
opioid receptor selectivity compared to 3. Substitution of the N-terminal acetyl group with
the larger phenoxylacetyl group (compound 10) does not affect κ opioid receptor affinity, but
also results in a slight increase in affinity for μ opioid receptors; therefore, the selectivity at κ
opioid receptors is slightly lower than 3. The largest increase in μ opioid receptor affinity
occurred when glycine is substituted for the acetyl group (compound 11), most likely as a
result of the introduction of the positively charged amine group, resulting in a compound
with only modest selectivity (32-fold) for κ opioid receptors. Acetylation of the free amine in
this peptide gives compound 12 with decreased μ opioid receptor affinity so that 12 exhibits
high κ opioid receptor selectivity. However, as compared with the parent peptide 3, this
compound shows about a 2-fold decrease in κ opioid receptor affinity.
The effects of the substitution in the two series of compounds (Phe3 and Trp3) are
somewhat different. For example, in the [NMePhe1]arodyn analogs, incorporating
substitutents other than a methoxycarbonyl group results in lower affinity for κ opioid
receptors. But this is not true for most of the [NMePhe1,Trp3]arodyn analogs. Compound 7
shows 8.7-fold lower affinity for κ opioid receptor than its methoxycarbonyl analog 5, while
compound 11 has almost the same affinity as its methoxycarbonyl analog 9. The substitution
also has different effects on μ opioid receptor affinity. Compound 7 shows about 2-fold
lower affinity for μ opioid receptors than its methoxycarbonyl analog 5, while compound 11
shows 2.5-fold higher affinity for μ opioid receptor than as its methoxycarbonyl analog 9.
These results suggest that the residue in 3 affects the orientation of the N-terminal
substitutent and/or N-methyl group in the binding pocket, which in turn affects the
pharmacological activity.
Thus the acetyl group in the parent compounds can best be substituted with a
methoxycarbonyl group to maintain affinity and selectivity for κ opioid receptors. The
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methoxycarbonyl group has similar size and other physicochemical properties as the acetyl
group, and therefore the biological activity is preserved.
We then prepared stable N-terminal methyloxylcarbonyl analogs for comparison to
the corresponding unstable acetylated peptides with various amino acids in position 3 (Table
4.3). Two of the methoxycarbonyl analogs, [CH3OCO-NMePhe1,Tyr3]arodyn (13) and
[CH3OCO-NMePhe1,Cha3]arodyn (15), retain similar affinity for κ opioid receptors as
[CH3OCO-NMePhe1]arodyn (5), suggesting that substituting of Phe in position 3 with a
potential H-donor or acceptor amino acid Tyr or saturated analog Cha is tolerated by κ opioid
receptors. [CH3OCO-NMePhe1,Nal(2’)3]arodyn (14), with substitution of Phe with a bulky
aromatic amino acid Nal(2), however, shows about a 5-fold loss in affinity for κ opioid
receptors compared to 5. This result is similar to the other analog with a bulky aromatic
substitution in that position, [CH3OCO-NMePhe1,Trp3]arodyn (9). Interestingly, even though
[CH3OCO-NMePhe1,Tyr3]arodyn (13) and [CH3OCO-NMePhe1,Cha3]arodyn (15) have
similar affinity for κ opioid receptors as [CH3OCO-NMePhe1]arodyn (5), this is not the case
for their corresponding methoxycarbonyl analogs (Table 4.3). [MePhe1,Tyr3]arodyn (16) and
[MePhe1,Cha3]arodyn (18) have lower affinity (6- and 3-fold, respectively) for κ opioid
receptors than their corresponding N-terminal methoxycarbonyl analogs 13 and 15.
[MePhe1,Nal(2’)3]arodyn (17), however, has almost the same κ opioid receptor affinity as its
methoxycarbonyl analog 14. These results once again suggest that the residue in 3 affects the
orientation of the N-terminal substitutent in the binding pocket, which in turn affects the
pharmacological activity.

80

Table 4.3: Opioid receptor affinity and efficacy of [NMePhe1]arodyn analogs where position 3 was
substituted with other aromatic and non-aromatic amino acids
X-NMePhe-Phe-R1-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
Ki ± SEM (nM)
κ
μ

Ki ratio
(κ/μ)

X

R1

5

CH3OCO

Phe

4.93 ± 0.30

1750 ± 97

1/335

AC %
inhibition
@ 10 µMa
6 ± 10 (4)

9

CH3OCO

Trp

9.69 ± 1.82

1280 ± 280

1/132

8 ± 12 (5)

13
14

CH3OCO
CH3OCO

Tyr
Nal(2’)

5.80 ± 1.27
24.6 ± 7.2 (6)

1/271
1/2

35 ± 11
NDb

15

CH3OCO

Cha

3.60 ± 0.21

1630 ± 120
51.3 ± 12.7
(4)
863 ±352

1/240

18 ± 10

2c
3
16d

Ac
Ac
Ac

Phe
Trp
Tyr

4.56 ± 0.45
13.0 ± 2.6
37.3 ± 16.0

#

5056 ± 790 1/1100
14 ± 1
2020 ± 560
1/155
24 ± 9
3370 ± 570
1/90
9±8
(5)
17d
Ac
Nal(2’)
27.0 ± 7.3
158 ± 50
1/6
37 ± 4
18d
Ac
Cha
10.3 ± 1.8
NA
NDb
43 ± 4
a
Compared to Dyn A (1-13)NH2 (100%). bNot determined. cFrom reference 26. dBennett, Murray and
Aldrich, unpublished results.

The κ receptor selectivity of these methoxycarbonyl analogs is not as high as
[CH3OCO-MePhe1]arodyn, 5 (Table 4.3). [CH3OCO-MePhe1,Nal(2’)3]arodyn (14) shows
much higher μ opioid receptor affinity compared to the other analogs, and therefore this
compound exhibits only 2-fold selectivity for κ over μ opioid receptors. Its acetylated analog
17 also has high affinity for μ opioid receptors (Table 4.3). Unlike other arodyn analogs,
these two compounds are exceptions that they exhibit significant affinity for μ opioid
receptors. The bulky hydrophobic aromatic side chain in position 3 appears to be responsible
for the increased affinity for μ opioid receptors.
These arodyn analogs were evaluated for their intrinsic activity at 10 μM in the
adenylyl cyclase (AC) assay using cloned rat κ opioid receptors stably expressed in CHO
cells.29 Most of the analogs exhibit negligible or very low efficacy, similar to arodyn (≤ 25%
of the maximum inhibition of AC relative to Dyn A-(1-13)NH2, Tables 4.2 and 4.3). Only
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four of the compounds tested to date, 8, 13, 17, and 18, exhibited > 25% of the maximum
inhibition of AC relative to Dyn A-(1-13)NH2.
[CH3OCO-NMePhe1]arodyn (5) was evaluated for its antagonist activity by reversing
the agonism of Dyn A-(1-13)NH2 in the AC assay using CHO cells stably expressing κ
opioid receptors. The KB value was 2.6 ± 1.7 nM (n = 2), indicating that it is a κ opioid
receptor antagonist.

4.3 Conclusions
[NMePhe1]arodyn (2) exhibits high affinity and selectivity for κ opioid receptors.
However, this peptide is unstable and prone to deletion of the Ac-NMePhe moiety under
acidic conditions. By replacing the acetyl group with heteroatom-containing groups, stable
analogs can be obtained. Pharmacological evaluation showed that a methoxycarbonyl group
could be substituted for the acetyl group in [NMePhe1]arodyn without loss of κ opioid
receptor affinity. [CH3OCO-NMePhe1]arodyn (5) has similar κ opioid receptor affinity as
[NMePhe1]arodyn (2) and retains high κ opioid receptor selectivity. For other substituents
(i.e. C6H5OCH2CO, Gly, and Ac-Gly), the affinity and/or selectivity for κ receptors decreases
compared to the parent peptide 2. In the [NMePhe1,Trp3]arodyn series of analogs,
substitutents other than CH3OCO have similar effects on κ opioid receptor affinity, except for
Ac-Gly which decreases the κ opioid receptor affinity 2-fold. However, the selectivity for κ
over μ opioid receptors is generally not as high as when CH3OCO was the N-terminal
substitutent.
[NMePhe1]arodyn (2) has higher affinity than other analogs where Phe3 was replaced
with other aromatic or non-aromatic amino acids. However, the N-terminal methoxycarbonyl
analogs where Phe3 was replaced with other aromatic or non-aromatic amino acids generally
retain similar affinity for κ opioid receptors as [CH3OCO-NMePhe1]arodyn (5). The
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selectivity of these methoxycarbonyl analogs for κ over μ opioid receptors, however, was
generally lower than 5.
The analogs described in this chapter generally exhibit negligible or very low efficacy
in the AC assay, similar to arodyn. [CH3OCO-NMePhe1]arodyn (5) reverses the agonism of
Dyn A-(1-13)NH2 at κ opioid receptors in the AC assay with high potency (KB = 2.6 nM).
B

Thus we have successfully identified highly selective, potent, and stable [NMePhe1]arodyn
analogs for κ opioid receptors. [CH3OCO-NMePhe1]arodyn could prove to be quite useful as
a pharmacological tool to compliment the non-peptide κ receptor selective antagonists to
study the physiological processes mediated by κ opioid receptors and also as a lead peptide
for further modification.

4.4 Experimental section
4.4.1 Materials
Fmoc-Nal(2’)-OH was purchased from Peptides International (Louisville, KY).
Fmoc-Cha-OH was purchased from Calbiochem-Novabiochem (San Diego, CA). The
sources of other materials are listed in Chapter 3.

4.4.2 Peptide synthesis and cleavage
Peptide Synthesis: All peptides were synthesized on the Fmoc-PAL-PEG-PS resin
(0.16-0.24 mmol/g) by standard SPPS methods (for more details, please refer to Chapter 3).
For the cleavage of the stable analogs, Reagent B (85% TFA, 5% phenol, 5% water, and 2%
triisopropylsilane)27 at room temperature for 2 h was used. For the cleavage of unstable
analogs (i.e. 2, 3, and 16-18), pure TFA without any scavenger at 4 oC for 3 h was used (see
Chapter 3).
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4.4.3 Purification and analysis of peptides
The crude peptides were purified by preparative reversed-phase HPLC (Shimadzu
HPLC system equipped with a Shimadzu SPD-10A detector) on a Vydac C18 column (10 μ,
300 Å, 21 x 250 mm) equipped with a Vydac guard cartridge. For purification, a linear
gradient of 15-50% MeCN containing 0.1% TFA over 35 min, at a flow rate of 20 mL/min,
was used. The purification was monitored by UV absorbance at 214 nm.
The purity of the final peptides was verified using analytical HPLC in two different
solvent systems using a Shimadzu HPLC system equipped with a Shimadzu SPD-10A
detector and a Vydac C18 column (5 μ, 300 Å, 4.6 x 50 mm) equipped with a Vydac guard
cartridge. In system 1, a linear gradient of 5-50% solvent B (solvent A, aqueous 0.1% TFA,
and solvent B, MeCN containing 0.1% TFA) over 45 min, at a flow rate of 1 mL/min, was
used with monitoring at 214 nm. In system 2, a linear gradient of 5-50% solvent B (solvent A,
aqueous 0.1% TFA, and solvent B, MeOH containing 0.1% TFA) over 45 min, at a flow rate
of 1 mL/min, was used with monitoring at 230 nm. However, for the more hydrophobic
peptides (i.e. 6, 10, 14, 15, 17, and 18), a gradient of 5-86% solvent B (methanol containing
0.1% TFA) over 45 min was used for the analysis. The final purity of all peptides in both
analytical systems was generally greater than 98% (Table 4.1). Interestingly, the retention
times for the methoxycarbonyl analogs were longer than for the corresponding acetyl analogs.
The molecular weights of the compounds were determined by ESI-MS.

4.4.4 Radioligand binding assays
Radioligand binding assays were performed as previously described using cloned rat
κ and μ opioid receptors stably expressed on CHO cells.28 [3H]Diprenorphine and
[3H]DAMGO ([D-Ala2,MePhe4,glyol]enkephalin) were used as radioligands in the assays for
κ and μ receptors, respectively. Nonspecific binding was determined in the presence of 10
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μM unlabeled Dyn A-(1-13)NH2 and DAMGO for κ and μ receptors, respectively. Binding
assays were carried out under standard conditions in the presence of peptidase inhibitors (10
μM bestatin, 30 μM captopril, and 50 μM L-leucyl-L-leucine) and 3 mM Mg2+. IC50 values
were determined by nonlinear regression analysis to fit a logistic equation to the competition
data using GraphPad Prism software (GraphPad Software Co., San Diego, CA). Ki values
were calculated from the IC50 values by the Cheng and Prusoff equation,30 using KD values of
0.45 and 0.49 nM for [3H]diprenorphine and [3H]DAMGO, respectively. The results
presented (Tables 4.2 and 4.3) are the mean ± SEM from three separate assays except where
otherwise noted.

4.4.5 Adenylyl cyclase assays
The AC assay was performed using cloned rat κ opioid receptors stably expressed on
CHO cells as previously described.29 Cell cultures were washed twice with free F12 medium
and then incubated for 4 hours in 1 mL of the same media containing 12μCi [3H]adenine.
The media was incubated at 37 oC for 40 min in the presence of 50 mM forskolin, peptidase
inhibitors (10 μM bestatin, 30 μM captopril, and 50 μM L-leucyl-L-leucine) and 10 μM the
peptide ligand. Incubations were terminated by the addition of 30 μL of Stop solution (2%
sodium dodecyl sulfate and 1.3 mM cyclic adenosine monophosphate (cAMP) in water),
followed by the addition of 100 μL of conc perchloric acid and 750 μL water. [14C]cAMP
(500 cpm in 50 μL) was added to each well to correct for recovery. After transferring the
contents of the wells to 1.5 mL centrifuge tubes, 12 M KOH was added to neutralize the
samples. The resulting precipitates were pelleted by centrifugation at 10,000 g for 10
minutes. cAMP in the supernatants was isolated by sequential chromatography over BioRad
AG-50W-X4 cation exchange resin and neutral alumina. The concentrations of [3H]cAMP
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and [14C]cAMP in the eluants were determined simultaneously by scintillation counting.
Counts were corrected for crossover and recovery.
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Chapter 5. Identification and Structure-Activity Relationships of
Arodyn Analogs Exhibiting Inverse Agonist and Agonist Activity at
Kappa Opioid Receptors

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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5.1 Introduction
Our research focuses on the development of potent and selective kappa (κ) opioid
receptor ligands as pharmacological tools and potential therapeutics. For a general
overview of κ opioid receptors, κ opioid receptor ligands and their potential therapeutic
applications, please refer to previous chapters.
Opioid receptors belong to the superfamily of G-protein coupled receptors
(GPCR).1 In this family of receptors, the signal transduction is achieved by the agonist
occupied receptors activating one or more G-proteins. Activation of opioid receptors
mediates inhibition of adenylyl cyclase (AC) activity, which results in decreased
production of cyclic adenosine monophosphate (cAMP). On the other hand, opioid
receptor inverse agonists stimulate AC activity. According to the two-state receptor
theory, agonists and inverse agonists are thought to have selective binding affinity for the
pre-existing active and resting states.2,

3

Therefore, identification of novel inverse

agonists for opioid receptors may aid in the understanding of how ligand-receptor
interactions can shift the receptor states. Reports of opioid receptor ligands with inverse
agonist activity have been limited.4-10 Statnick and coworkers have shown that
compounds with delta (δ) receptor inverse agonist activity may be useful as anorectants.7,
8

Arodyn (Ac[Phe1,2,3,Arg4,D-Ala8]Dyn A(1-11)-NH2, Ac-Phe-Phe-Phe-Arg-LeuArg-Arg-D-Ala-Arg-Pro-Lys-NH2, 1) is an acetylated dynorphin A (Dyn A) analog that
is a potent and selective κ opioid receptor antagonist.11 Structure-activity relationship
(SAR) studies of arodyn showed that the Phe residues at positions 1 and 3 in the
“message”12 sequence contribute to the κ opioid receptor affinity of arodyn (Ala
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substitution of either of these two residues resulted in a 3- to 4-fold loss in affinity),10 but
it was not known whether Phe was the optimum residue at these positions. Therefore a
combinatorial library of arodyn analogs was constructed in which the amino acids in
positions 1 and 3 were varied.13 Amino acids incorporated included Phe, Trp, 1,2,3,4tetrahydroisoquinoline-3-carboxylic

acid

(Tic),

2-naphthylalanine

(Nal(2’)),

and

cyclohexylalanine (Cha) (Figure 5.1). Peptides were chosen for further evaluation based
on their κ opioid receptor affinity.

Figure 5.1: Structures of Phe, Nal(2’), Nal(1’), Trp, Cha, Tic, Tna, 2-MePpa, Ppa, and Atc
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Arodyn and most of its analogs have negligible efficacy at κ opioid receptors.
However, two analogs in the library exhibited inverse agonist activity at κ opioid
receptors. [Nal(2’)1,3]arodyn (2) shows high affinity for κ opioid receptors and stimulates
AC activity (maximum 38% stimulation over untreated controls compared to 100%
inhibition by Dyn A, Table 5.2).13 [Nal(2’)1,Trp3]arodyn (3) also stimulates AC activity
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(maximum 28% stimulation over untreated controls, Table 5.2).13 Most of the reported
opioid receptor inverse agonists have selectivity for δ opioid receptors.4-9 The only other
Dyn A analog reported to exhibit selective inverse agonist activity at κ opioid receptors is
also an arodyn analog ([Tyr1]arodyn) identified in our laboratory.10 Therefore we
explored the structural requirements for the inverse agonist activity of these analogs. We
evaluated the effects of substitution of residues 1 and 3 on κ opioid receptor affinity,
selectivity, and efficacy.
On the other hand, two analogs from this library exhibit agonist activity at κ
opioid receptors.13 [Tic1,Cha3]arodyn (4) shows almost full agonist activity at κ opioid
receptors (Table 5.3), as does its analog where Arg4 is substituted with Lys (compound
5).13 These are the only two arodyn analogs that show nearly full agonist activity.
Therefore it was a high priority to prepare additional analogs to assess the structural
requirements for agonist vs antagonist activity. Our hypothesis was that changes in
residue 3 (from Phe to Cha) may shift the position of Tic1 in the binding site such that
hydrogen bonding of the N-terminal moiety with a group on the receptor changes the
receptor conformation and results in receptor activation. Acetylated Tic could act as a
hydrogen bond acceptor through the carbonyl oxygen of the acetyl group. Eliminating the
carbonyl group would eliminate the H-bonding capability, and therefore could prevent
receptor activation by the Cha3 peptides. Therefore we prepared arodyn analogs
containing 1,2,3,4-tetrahydro-2-naphthoic acid (Tna), phenylproprionic acid (Ppa) and its
2-methyl derivative (2-MePpa, Figure 5.1) in place of Ac-Tic1. Also analogs containing
Phe3 were compared to the Cha3 analogs to assess whether H-bonding capability is
important for antagonist activity for κ opioid receptors.
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Therefore, the primary object of this part of the research was to study the SAR of
arodyn analogs exhibiting inverse agonist and agonist activity. This report will be divided
into two sections. The first section focuses on the SAR of arodyn analogs exhibiting
inverse agonist activity, while the second section focuses on the SAR of arodyn analogs
exhibiting agonist activity. These studies could assist in our understanding of arodyn-κ
opioid receptor interactions and how subtle structural changes can influence κ opioid
receptor affinity, selectivity, and especially efficacy.

5.2 Results and discussion
5.2.1 Chemistry
The peptides were synthesized on the Fmoc-PAL-PEG-PS resin (Fmoc: 9fluorenylmethoxycarbonyl; PAL-PEG-PS: peptide amide linker-poly(ethylene glycol)polystyrene, 0.19 mmol/g) by solid-phase peptide synthesis using Fmoc-protected amino
acids following standard procedures (see Chapter 3 for details). The syntheses were
performed using benzotriazole-1-yloxytripyrrolidinophosphonium hexafluorophosphate
(PyBOP), 1-hydroxybenzotriazole (HOBt), and N,N-diisopropylethylamine (DIEA) in
DMF as the coupling reagents. After assembling the protected peptides on the resin, these
peptides were cleaved with Reagent B (88% trifluoroacetic acid (TFA), 5% phenol, 5%
water, and 2% triisopropylsilane)14 and purified by reversed-phase high performance
liquid chromatography (RP-HPLC). The purity of the purified peptides was greater than
98% as verified by two different HPLC solvent systems (MeCN/water and MeOH/water,
both containing 0.1% TFA). The molecular weight of these peptides was verified by
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electrospray ionization mass spectrometry (ESI-MS) analysis. The analytical data for the
peptides is presented in Table 5.1.

Table 5.1: Analytical data for purified arodyn analogs substituted in positions 1 and 3
Peptides
(Modifications to
arodyn)
3

HPLC (tR (min)/% Purity)
System 1

a

System 2

b

ESI-MS (m/z)
Calculated

Observed

[M+3H]3+=529.3 [M+3H]3+=529.3
[M+2H]2+=793.0 [M+2H]2+=792.9
[M+4H]4+=397.2 [M+4H]4+=397.2
3
25.56/100
43.80/100
[M+3H]3+=529.0 [M+3H]3+=528.9
7 [Nal(1’) ]
[M+2H]2+=793.5 [M+2H]2+=793.4
[M+4H]4+=397.0 [M+4H]4+=396.9
3
22.63/100
40.14/100
[M+3H]3+=526.0 [M+3H]3+=526.0
8 [Trp ]
[M+2H]2+=788.5 [M+2H]2+=788.3
c
1
25.51/100
25.99/98.5
[M+4H]4+=397.0 [M+4H]4+=397.0
9 [Nal(2’) ]
[M+3H]3+=529.0 [M+3H]3+=529.0
10 [Nal(2’)1,Tyr3]
24.27/100
25.48/100c
[M+3H]3+=534.3 [M+3H]3+=534.3
[M+2H]2+=801.0 [M+2H]2+=800.9
c
3
26.06/100
26.82/100
[M+3H]3+=514.3 [M+3H]3+=514.3
12 [Cha ]
[M+4H]4+=386.0 [M+4H]4+=386.0
[M+2H]2+=771.0 [M+2H]2+=771.0
1
3
26.45/100
26.61/100c
[M+3H]3+=518.3 [M+3H]3+=518.3
13 [D-Tic ,Cha ]
[M+4H]4+=389.0 [M+4H]4+=389.0
[M+2H]2+=777.0 [M+2H]2+=777.0
c
1
3
28.15/100
27.82/100
[M+3H]3+=495.3 [M+3H]3+=495.3
14 [Ppa ,Cha ]
[M+4H]4+=371.7 [M+4H]4+=371.7
[M+2H]2+=742.5 [M+2H]2+=742.5
c
28.32/100
28.82/100
15 [(S/R)-2[M+3H]3+=500.3 [M+3H]3+=500.3
1
3
[M+2H]2+=750.0 [M+2H]2+=750.0
MePpa ,Cha ]
[M+4H]4+=375.5 [M+4H]4+=375.5
1
30.09/100
29.62/100c
[M+3H]3+=504.3 [M+3H]3+=504.3
16 [(S/R)-Tna ,
3
[M+2H]2+=756.0 [M+2H]2+=756.0
Cha ]
[M+4H]4+=378.5 [M+4H]4+=378.7
1
26.07/99.4
42.84/100
[M+3H]3+=493.6 [M+3H]3+=493.6
17 [Ppa ]
[M+4H]4+=370.2 [M+4H]4+=370.2
[M+2H]2+=739.4 [M+2H]2+=739.5
26.96/100
27.71/100c
18 [(S/R)-2[M+3H]3+=498.0 [M+3H]3+=497.9
1
[M+4H]4+=373.7 [M+4H]4+=373.7
MePpa ]
[M+2H]2+=746.5 [M+2H]2+=746.5
c
1
27.54/98.0
27.28/100
[M+3H]3+=502.0 [M+3H]3+=502.2
19 [(S/R)-Tna ]
[M+2H]2+=752.5 [M+2H]2+=752.5
[M+4H]4+=377.0 [M+4H]4+=377.0
a
System 1: Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in acetonitrile. bSystem 2:
Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in methanol. The gradient for both
systems was 5-50% solvent B over 45 min. cThe gradient was 5-86% solvent B over 45 min.
6 [Nal(2’) ]

26.38/100

26.63/100c
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Initially, the peptides containing 2-MePpa and Tna were synthesized using the
racemic acids. The resulting diastereomeric peptides were not separable by HPLC.
Because of the high κ receptor affinity (see below), resolution of the enantiomers of these
acids was attempted. Previously our laboratory reported that the structurally related
racemic 2-aminotetralin-2-carboxylic acid (Atc, Figure 5.1) can be resolved by
converting to diastereomeric tripeptides Bz-(R,S)-Atc-(S)-Phe-(S)-PheN(CH2)4 followed
by fractional crystallization.15 Based on this observation, we successfully resolved 2MePpa by coupling to Phe-NH2. The two diastereomers were then separated by HPLC
using the MeOH/water system (see below for details). These two diastereomers were
hydrolyzed by 3 M HCl and the pure enantiomers of 2-MePpa isolated. The
corresponding diastereomeric mixture of Tna-Phe-NH2, however, could not be separated.
The Tna isomers also could not be separated by preparing other diastereomeric amino
acid (Pro-NH2) or dipeptide (Pro-Lys-NH2) derivatives, presumably due to the pseudosymmetrical structure of the acid (Figure 5.2). Other approaches will need to be explored
to resolve the isomers of this acid.

Figure 5.2: Pseudo-symmetrical structure of Tna

H
COOH
Tna
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5.2.2 SAR of arodyn analogs exhibiting inverse agonist activity
The affinity of these peptides for rat κ and mu (μ) opioid receptors expressed on
Chinese hamster ovary (CHO) cells was determined by competitive inhibition of the
radioligands [3H]diprenorphine and [3H]DAMGO ([D-Ala2,MePhe4,glyol]-enkephalin),
respectively (Tables 5.2 and 5.3).16 Since all of the arodyn analogs reported to date show
very low affinity for δ opioid receptors (Ki > 5 μM), only κ and μ opioid receptor
affinities were evaluated.
The peptides were initially screened at 10 μM for their ability to inhibit or
stimulate the synthesis of cAMP by AC under standard assay conditions (50 μM
forskolin, Tables 5.2 and 5.3).17 Several analogs showed inverse agonist activity in the
initial screening assays. Selected analogs were examined for dose-dependent stimulation
or inhibition of AC activity.
Compounds 2, 3 and their analogs 6-10 were examined for opioid receptor
affinity and inverse agonist activity. Compound 2, with substitution of Nal(2’) in both
positions 1 and 3, shows a 2-fold increase in κ opioid receptor affinity compared with
arodyn (Table 5.2). However, the affinity of this compound for μ opioid receptors also
increases by almost 3-fold, resulting in slightly lower selectivity than arodyn. Compound
3, with Nal(2’) in position 1 and Trp in position 3, retains similar affinity for κ opioid
receptors as arodyn while exhibiting the highest affinity (Ki = 327 nM) for μ opioid
receptors, resulting in only modest (25-fold) selectivity for κ over μ opioid receptors
(Table 5.2). These two compounds show inverse agonist activity in the initial screening
assays.
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Table 5.2: Pharmacological activities of [Nal(2’)1,3]arodyn (2) and its analogs
Arodyn (1): Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
Ki ± SEM (nM)a
κ
μ

Peptides
(modifications to
arodyn)
1, arodync
2 [Nal(2’)1,3]d
3 [Nal(2’)1,Trp3]d
6 [Nal(2’)3]
7 [Nal(1’)3]
8 [Trp3]
9 [Nal(2’)1]

10.0 ± 3.0
5.44 ± 1.0 (4)
12.9 ± 1.4 (4)
12.0 ± 1.5 (4)
12.9 ± 3.1 (6)
16.1 ± 2.1 (4)
60.3 ± 12.1

10 [Nal(2’)1,Tyr3]

31.6 ± 0.8

1740 ± 130
587 ± 51
327 ± 89 (4)
1370 ± 280
1530 ± 360
1180 ± 290
1020 ± 370
(4)
6130 ± 2190

Ki
ratio(κ/μ
1/175
1/108
1/25
1/114
1/119
1/73
1/17

AC %
inhibition @ 10
µMa,b
12 ± 8
-38 ± 11e
-28 ± 4e
-34 ± 8 (4)e
-39 ± 6 (4)e
-7 ± 4 (4)e
25 ± 21

1/194

4.1 (1)

a

The results are expressed as the mean ± SEM % of 3 independent experiments except
where noted. bCompared to Dyn A (1-13)NH2 (100%). cData from reference 11. dData from
reference 13. eA negative number indicates stimulation of AC.

A bulky amino acid in position 3 in the arodyn analogs is generally tolerated by κ
opioid receptors while slightly increasing affinity for μ opioid receptors compared with
arodyn, therefore resulting in decreased selectivity for κ over μ opioid receptors.
Substitution of Nal(2’) in position 3 of arodyn results in a compound (6) with similar
affinity for κ opioid receptors and slightly increased affinity for μ opioid receptors, and
consequently a small loss in selectivity for κ over μ opioid receptors (Table 5.2).
Substitution of Nal(1’) in that position results in a compound (7) with an almost identical
binding profile for κ and μ opioid receptors as 6 (Table 5.2). Substitution of Trp in
position 3 (compound 8) results in somewhat decreased affinity for κ opioid receptors
and somewhat increased affinity for μ opioid receptors, and therefore about 2-fold lower
selectivity for κ over μ opioid receptors. The residue at position 3 appears to be important
for the observed inverse agonist activity. Compounds 2, 3, 6, and 7 where position 3 was
substituted with a bulky aromatic amino acid (Nal(1’/2’) or Trp) show inverse agonist
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activity (28-39% maximum stimulation of AC activity, Table 5.2). Compound 8 is an
exception; even though position 3 is also a bulky aromatic amino acid (Trp), it shows
negligible stimulation or inhibition of AC activity (Table 5.2).
Whether or not a bulky amino acid in position 1 is tolerated by κ opioid receptors
appears to depend on the residue in position 3. [Nal(2’)1]arodyn (9), containing Phe in
position 3, and [Nal(2’)1,Tyr3]arodyn (10) show 3- and 6-fold lower affinity for κ opioid
receptors, respectively, compared to arodyn (Table 5.2). Compound 9 also shows
decreased selectivity (10-fold) for κ opioid receptors compared to arodyn (1). However,
substitution of Nal(2’) or Trp in position 3 (as in 2 and 3) can restore the affinity for κ
opioid receptors. Compounds 9 and 10 as well as arodyn (1) with Phe or Tyr in position 3
do not show inverse agonist activity, suggesting that the residue in position 1 is not
important for inverse agonist activity.
Analogs 2 and 6 were then examined for dose-dependent stimulation of AC
activity under basal conditions (without added forskolin). Under these conditions, these
two compounds stimulate the AC activity compared to basal levels. Both 2 and 6 exhibit
dose-dependent inverse agonist activity (EC50 = 84 and 9.0 nM, respectively, in the initial
assays, Figure 5.3).
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Figure 5.3: Dose-dependent inverse agonist activity of 2 (a) and 6 (b) under basal conditions

(a)

(b)
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5.2.3 SAR of arodyn analogs exhibiting agonist activity
[Tic1,Cha3]arodyn (4) and its analogs 5, and 11-19 were examined for opioid
receptor

affinity

and

for

their

efficacy

at

κ opioid

receptors.

Compound

[Tic1,Cha3]arodyn (4) has a 3.5-fold increase in affinity for κ opioid receptors compared
to arodyn (Table 5.3).13 However, its κ/μ selectivity is 2-fold lower than arodyn due to an
approximately 7-fold increase in affinity for μ opioid receptors. Its Lys4 analog
[Tic1,Cha3,Lys4]arodyn (5) exhibits sub-nanomolar (Ki = 0.95 nM) binding affinity for κ
opioid receptors and greater than 10-fold higher affinity for κ opioid receptors compared
to arodyn.13 This compound (5) also exhibits slightly higher selectivity (272-fold) for κ
over μ opioid receptors compared to arodyn. These two compounds (4 and 5) exhibit
almost full agonist activity at κ opioid receptors with a maximum of 83% and 80% AC
inhibition, respectively, compared to the full agonist Dyn A (1-13)NH2 (100% inhibition,
Table 5.3).13
The respective importance of Tic1 and Cha3 residues was evaluated by examining
[Tic1]- and [Cha3]arodyn (11 and 12, respectively, Table 5.3). Substitution of Phe in
position 1 of arodyn with Tic (compound 11) is well tolerated by κ opioid receptors while
slightly increasing affinity (about 2-fold) for μ opioid receptors compared with arodyn,
therefore resulting in slightly decreased selectivity for κ over μ opioid receptors.
Substitution of Phe in position 3 of arodyn with Cha (compound 12) is also well tolerated
by κ opioid receptors (< 2-fold decrease in affinity). However, this compound shows a 3fold increase in affinity for μ opioid receptors, and therefore this compound exhibits
about 4-fold lower selectivity compared to arodyn. Like arodyn, both compounds 11 and
12 show minimal AC inhibition at 10 μM. These results suggest that the agonist activity
100

at κ opioid receptors of compound 4 is most likely due to altered interactions with the
receptors. One possibility is that the change in residue 3 (from Phe to Cha) may shift the
position of Tic1 in such a way that the acetyl group can form a hydrogen bond with the
receptor, resulting in receptor activation.

Table 5.3: Pharmacological activities of [Tic1,Cha3]arodyn (4) and its analogs
Arodyn (1): Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
Peptides (modifications
to arodyn)

Ki ± SEM (nM)a
κ

μ

1, Arodyn
4 [Tic1,Cha3]d
11 [Tic1]d
12 [Cha3]

10.0 ± 3.0
2.86 ± 0.81 (4)
7.95 ± 1.26 (4)
14.2 ± 3.9 (4)

1750 ± 130
240 ± 15 (4)
970 ± 70 (4)
660 ± 82

1/175
1/85
1/122
1/46

AC %
inhibition
@ 10 µMa,b
12 ± 8
83 ± 4
10 ± 10 (2)
15 ± 10

13 [D-Tic1,Cha3]

9.55 ± 2.81 (4)

1250 ± 370

1/130

-10 ± 10 (4)

12.1 ± 1.3 (4)
2.67 ± 0.79

850 ± 190
1990 ± 250

1/70
1/745

-10 ± 11 (4)
5 ± 18 (4)

6.50 ± 0.82 (4)

1930 ± 700 (5)

1/297

-23 ± 6 (2)

c

1

3

14 [Ppa ,Cha ]
15 [(S/R)-2MePpa1,Cha3]
16 [(S/R)-Tna1,Cha3]

Ki ratio
(κ/μ)

17 [Ppa1]
23.3 ±5.2 (4)
2780 ± 410
1/119
5 ± 12
18 [(S/R)-2-MePpa1]
8.20 ± 0.99
4440 ± 300
1/541
11 ± 27
19 [(S/R)-Tna1]
11.9 ± 2.9
3200 ± 480
1/269
-39 ± 8 (4)
a
The results are expressed as the mean ± SEM % of 3 independent experiments except where
noted; bCompared to Dyn A (1-13)NH2 (100%); cFrom reference 11; dFrom reference 13.

D-Tic substitution in position 1 in compound 4 results in a compound (13) with
3.4- and 5-fold decreases in affinity for κ and μ opioid receptors, respectively, compared
to 4 (Table 5.3). Unlike 4, compound 13 does not exhibit efficacy. One possibility is that
the change in configuration of the first amino acid alters a possible hydrogen bond of the
N-terminal acetyl group with κ opioid receptors. Changing the stereochemistry of Phe1 in
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arodyn results in a similar decrease in affinity for κ opioid receptors; however, neither
arodyn nor its D-Phe1 analog exhibit significant efficacy in the AC assays.10
The Ac-Tic group in 4 was then substituted with Ppa, 2-MePpa, and Tna
(compounds 14-16, Table 5.3) to evaluate the effects of elimination of a possible
hydrogen bond on opioid receptor affinity and selectivity as well as efficacy. Substitution
of Ac-Tic in compound 4 with Ppa results in compound 14 with about 4-fold lower
affinity for κ opioid receptors compared to 4. The affinity for μ opioid receptors
decreases by about 3.5-fold, and therefore this compound has almost identical selectivity
for κ over μ opioid receptors as 4. 2-MePpa and Tna were first incorporated into peptides
as racemates and the affinity and efficacy initially determined for the resulting
diastereomer peptide mixtures. The mixture of [(R/S)-2-MePpa1,Cha3]arodyn (15)
exhibits significantly higher κ receptor affinity than 14, likely due to the effect of the
methyl group on the orientation of the side chain. The effect of an α-methyl group on the
orientation of the side chains has been observed in another potent κ opioid antagonist
dynantin

([(2S)-Mdp1]Dyn

A-(1-11)NH2,

Mdp

=

2-methyl-3-(2’,6’-dimethyl-4-

hydroxyphenyl)propionic acid),18 which has 4-fold higher affinity compared to its desmethyl analog. The individual isomers will need to be evaluated separately to determine
how the stereochemistry affects κ receptor affinity. The affinity of the diastereomeric
mixture for μ opioid receptors is similar to arodyn, and therefore, the mixture exhibits
very high selectivity (745-fold) for κ over μ opioid receptors.
The κ receptor affinity of the mixture of [(S/R)-Tna1,Cha3]arodyn (compound 16)
is intermediate between 14 and 15. The μ opioid receptor affinity of 16 is similar to 15,
so that the selectivity of the mixture is higher than 14, but lower than 15. Unlike 4, none
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of these mixtures (14-16) shows any agonist activity in the functional assay. [(S/R)Tna1,Cha3]arodyn (16) actually appears to show some inverse agonist activity with
stimulation of AC activity at 10 μΜ. The evaluation of the efficacy of the individual
isomers of 15 is underway. The individual isomers of 16 will also be prepared and
evaluated if the enantiomers of Tna can be resolved.
The corresponding Phe3 analogs (17-19) of these three analogs 14-16 have lower
affinities (2- to 3-fold) for κ opioid receptors compared to their corresponding Cha3
analogs. Their affinities for μ opioid receptors also decrease, resulting in similar
selectivity for κ over μ opioid receptors to their corresponding Cha3 analogs. The mixture
[(S/R)-2-MePpa1]arodyn (18) shows very high selectivity (541-fold) for κ over μ opioid
receptors, similar to the Cha3 analog 15. As expected, these compounds exhibit no
significant inhibition of AC activity. The mixture 19 appears to show inverse agonist
activity, similar to the corresponding Cha3 analog 16. This mixture was then examined
for dose-dependent stimulation of AC activity under basal conditions (without added
forskolin). Under these conditions, the stimulation of the AC activity is enhanced over
basal AC activity. This mixture exhibits dose-dependent inverse agonist activity (EC50 =
100 nM) in the initial assays. The efficacy of the individual isomers of 18 will be
evaluated shortly.
5.3 Conclusions
In conclusion, while arodyn is a potent and selective neutral κ opioid receptor
antagonist, analogs exhibiting both inverse agonist and agonist activity at κ opioid
receptors have been identified.
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Kappa opioid receptors generally tolerate bulky aromatic amino acids at position
3 of arodyn analogs with minimal loss in affinity. Substitution of Nal(2’) in both
positions 1 and 3 (compound 2) results in a 2-fold increase in κ opioid receptor affinity.
However, incorporation of a bulky aromatic amino acid at position 1 and/or 3 generally
decreases selectivity for κ over μ opioid receptors compared with arodyn by decreasing
affinity for κ receptors and/or increasing affinity for μ opioid receptors. Compound 9
([Nal(2’)1]arodyn) shows only 17-fold selectivity for κ over μ opioid receptors. A bulky
aromatic ring in position 3 (such as Trp and Nal(1’/2’)) in the arodyn analogs appears to
be important for inverse agonist activity, while the residue in position 1 is not important
for inverse agonist activity. [Nal(2’)1,3]arodyn (2) and [Nal(2’)3]arodyn (6) show dosedependent inverse agonist activity with nanomolar potency (EC50 = 84 and 9.0 nM,
respectively) at κ opioid receptors.
[Tic1,Cha3]arodyn (4) and its Lys4 analog (5) are the only two arodyn analogs that
show almost full agonist activity at κ opioid receptors.13 The combined modifications of
both the first and third residues of arodyn not only increase κ opioid receptor affinity but
also efficacy. The enhanced efficacy may be due to the changes in residue 3 (from Phe to
Cha) which could shift the position of Tic1 in the binding site such that the hydrogen
bonding of the N-terminal acetyl group with a group on the receptor could change the
receptor conformation and result in receptor activation. Changing the configuration of the
first amino acid Tic could alter or eliminate a possible hydrogen bond between the Nterminal acetyl group with κ opioid receptors and [D-Tic1,Cha3]arodyn (13) is no longer
an agonist.
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Substitution of the N-terminal acetyl moiety (Ac-Tic1) in [Tic1,Cha3]arodyn with
Ppa, 2-MePpa, and Tna (compounds 14-16) can eliminate the H-bonding capability, and
therefore eliminate the agonist activity. Therefore, these compounds do not exhibit
agonist activity. These analogs generally exhibit higher affinity for κ opioid receptors and
similar affinity for μ opioid receptors compared to arodyn. The mixture of [(S/R)-2MePpa1,Cha3]arodyn (15) exhibits the highest affinity (Ki = 2.7 nM) and selectivity (Ki
ratio (κ/μ) = 1/745) for κ opioid receptors. The Phe3 analogs (17-19) of these three
analogs 14-16 have lower affinity (2- to 3-fold) but similar selectivity for κ opioid
receptors compared to their corresponding Cha3 analogs. The two enantiomers of 2MePpa have been resolved and incorporated into the peptides as single isomers
(compounds 20-23, Table 5.4). The pharmacological activities of these peptides will be
determined shortly.

Table 5.4: Analytical data for compounds 20-23
Peptides
(Modifications to
arodyn)
20 [(S)-2-

HPLC (tR (min)/% Purity)
System 1

a

System 2

b

ESI-MS (m/z)
Calculated

Observed

[M+4H]4+=375.2 [M+4H]4+=375.2
[M+3H]3+=500.0 [M+3H]3+=500.0
MePpa ,Cha ]
29.79/100
29.66/100
[M+4H]4+=375.2 [M+4H]4+=375.2
21 [(R)-21
3
[M+3H]3+=500.0 [M+3H]3+=500.0
MePpa ,Cha ]
1
[M+4H]4+=373.7 [M+4H]4+=373.7
22 [(S)-2-MePpa ]
27.79/100
27.73/100
[M+3H]3+=498.0 [M+3H]3+=498.0
1
26.54/100
27.09/100
[M+4H]4+=373.7 [M+4H]4+=373.7
23 [(R)-2-MePpa ]
[M+3H]3+=498.0 [M+3H]3+=498.0
a
System 1: Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in acetonitrile, 5-50% solvent
B over 45 min. bSystem 2: Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in methanol,
5-86% solvent B over 45 min.
1

3

29.73/100

30.06/100
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5.4 Experimental section
5.4.1 Materials
Fmoc-Nal(2’)-OH was purchased from Peptides International (Louisville, KY).
Fmoc-Nal(1’)-OH was purchased from Synthetech (Albany, OR). Ppa and racemic 2MePpa and Tna were purchased from Sigma-Aldrich (Milwaukee, WI). The sources of
other materials are listed in Chapter 3.

5.4.2 Synthesis, purification and analysis of peptides
All of the peptides were synthesized on the Fmoc-PAL-PEG-PS resin by standard
solid-phase peptide synthesis (SPPS). The desired Fmoc-protected amino acids or acid
were coupled to the growing peptide chain with PyBOP, HOBt, and DIEA (4/4/10) in
DMF for 2 h. The peptides were then cleaved from the resin using Reagent B (85% TFA,
5% phenol, 5% water, and 2% triisopropylsilane) at room temperature for 2 h.14 The
crude peptides were purified by preparative reversed-phase HPLC using a linear gradient
of 15-50% MeCN containing 0.1% TFA over 35 min, at a flow rate of 20 mL/min. The
purification was monitored by UV absorbance at 214 nm. The purity of the final peptides
was verified using analytical HPLC in two different solvent systems (see Tables 5.1 and
5.4). Molecular weights of the compounds were determined by electrospray ionization
mass spectrometry (ESI-MS, Tables 5.1 and 5.4). For the detailed procedures for peptide
synthesis, purification and analysis, please refer to Chapters 3 and 4.
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5.4.3 Resolution of 2-MePpa
2-MePpa-Phe-NH2 was synthesized on the Fmoc-PAL-PEG-PS resin (0.20
mmol/g, 3 g) by standard procedures using PyBOP, HOBt, and DIEA as coupling
reagents followed by pure TFA cleavage. The TFA was then removed by air, and the two
diastereomers of 2-MePpa-Phe-NH2 were purified to > 98% de using reversed-phase
HPLC (30-50% MeOH over 200 min at 20 mL/min). The solvent was then removed by
lyophilization to afford 76 mg (S)-2-MePpa-Phe-NH2 (84% yield, tR = 16.31 min, 100%
purity, 15-40% acetonitrile containing 0.1% TFA over 25 min; [M+Na]+ = 333.15,
[2M+Na]+ = 643.31) and 58 mg (R)-2-MePpa-Phe-NH2 (62% yield, tR = 17.00 min,
99.4% purity, 15-40% acetonitrile containing 0.1% TFA over 25 min; [M+Na]+ = 333.15,
[2M+Na]+ = 643.31), respectively.
The isolated diastereomer (S)-2-MePpa-Phe-NH2 (the isomer with the shorter
retention time in reversed phase HPLC, 76 mg) and 3 M HCl (60 mL) were heated under
reflux for 8 h. The completeness of the hydrolysis reaction was monitored by HPLC (550% acetonitrile containing 0.1% TFA over 45 min). After the mixture cooled to room
temperature, the acid was extracted with 50 mL ethyl ether 3 times. The combined ethyl
ether layers were back-extracted with 3 M HCl (30 mL X 2), and the ether solution was
washed with brine, dried over magnesium sulfate and evaporated to produce (S)-2-MePpa
(23.8 mg, yield 59%, [α]D +19.89o (c 0.0603, CHCl3) [Lit.19 [α]D +23.51o]. The other
enantiomer ((R)-2-MePpa) was obtained in the same manner (26.8 mg, yield 87%; [α]D –
18.42o (c 0.1407, CHCl3) [Lit.19 [α]D –24.56o]).
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5.4.3 Pharmacological assays
The radioligand binding assays and cyclase activity screening assays have been
described in Chapter 4. The peptide concentration was varied from 0.1-10,000 nM in 10fold dilutions to determine the potencies of the peptides in the AC assay.
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Chapter 6. Design, Synthesis and Biological Activity of Arodyn Analogs
Cyclized by Lactam Bond Formation

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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6.1 Introduction
In the last chapter, we described the structure-activity relationships (SAR) of
linear aroydn analogs exhibiting agonist and inverse agonist activity for kappa (κ) opioid
receptors. This chapter focuses on the design and synthesis of cyclic arodyn analogs by
side chain lactam bond formation, and the study of the effects of conformational
constraint of arodyn analogs on affinity, selectivity, and efficacy for κ opioid receptors.
The linear peptide arodyn can adopt numerous conformations, and the
biologically active conformation(s) of this peptide are not known. Compared with linear
peptides, cyclic peptides generally show reduced conformational mobility, which is
especially useful for the study of receptor-ligand interactions.1-3 Constraining the
conformation could result in higher potency and/or selectivity,3 as a pre-organized
conformation can decrease the entropy penalty for receptor binding. Cyclic peptides are
also often more stable to peptidases than linear peptides.4-6 Arodyn itself shows a very
short half-life of less than 2 minutes in rat brain homogenate.6 Furthermore, cyclization
may increase membrane transport as shown for some cyclic Dyn A analogs.6 Hence
cyclic peptides can represent promising lead compounds for future development.
Although a variety of conformationally constrained peptide agonists for κ-opioid
receptors have been identified,2,

7

the search for conformationally constrained peptide

antagonists for κ receptors has been quite limited. To date there are only two cyclic Dyn
A analogs reported with antagonist activity at κ opioid receptors.8, 9 Based on the novel
acetylated chimeric Dyn A analog venorphin,10 our laboratory designed and synthesized
cyclodyn (cycloN,5[Trp3,Trp4,Glu5]Dyn A-(1-11)NH2), the first cyclic Dyn A analog with
antagonist activity at κ opioid receptors.8 Recently, a Dyn A analog cyclized in the
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“address”11 domain, [Nα-benzyl-Tyr1,cyclo(D-Asp5,Dap8)]Dyn A-(1-11)NH2, was also
identified in our laboratory as a novel κ opioid receptor antagonist.9
Arodyn is a potent and highly selective antagonist for κ opioid receptors,12 and
therefore it provides a very good lead structure for the synthesis of conformationally
constrained analogs with antagonist activity. We first synthesized cyclic arodyn analogs
through cyclization between an amine and carboxylic acid by lactam bond formation.
Cyclization was performed between the side chain of D/L-Asp and the side chain of Dap
(2,3-diaminopropionic acid), Dab (2,4-diaminobutyric acid), Orn, or Lys. The structures
of Dap, Dab, and Orn are shown in Figure 6.1.

Figure 6.1: Structures of Dap, Dab, and Orn
NH2
n

H 2N

H
COOH

Dap, n=1
Dab, n=2
Orn, n=3

The residues for cyclization were chosen based on the SAR of linear arodyn
analogs. Previously an alanine scan showed that positions 2, 5, and 8 are not crucial for
the binding of arodyn to κ opioid receptors.13 By cyclizing between noncritical residues,
the conformational mobility of important residues can be restricted. Based on this
rationale and the sequence of arodyn, we chose to introduce cyclizations between
residues 2 and 5 (compounds 2-4), 2 and 8 (compounds 5 and 6), and 5 and 8
(compounds 7 and 8, Table 6.1). We used different configurations of amino acids and/or
positions for cyclizations because different cyclizations can induce different
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conformations, and therefore could result in ligands with different affinities and/or
selectivities for κ opioid receptors. In compounds 2-4, Ile, which is found in Dyn A, was
incorporated in position 8 rather than D-Ala to maintain the same stereochemistry of this
residue in all of the cyclic analogs.

Table 6.1: Structures of cyclic arodyn analogs and the corresponding linear peptides
Compound
Structure
(Modifications to arodyn)
Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2
Arodyn
1
Cyclic arodyn analogs
cyclo[D-Asp2,Dap5,Ile8]
2
#

2

5

8

3

cyclo[Asp ,Dap ,Ile ]

4

cyclo[Asp2,Lys5,Ile8]

5

cyclo[D-Asp2,Dap8]

6

cyclo[Asp2,Dap8]

7

cyclo[D-Asp5,Dap8]

8

cyclo[Asp5,Dap8]

Ac-Phe-D-Asp-Phe-Arg-Dap-Arg-Arg-Ile-Arg-Pro-Lys-NH2

Ac-Phe-Asp-Phe-Arg-Dap-Arg-Arg-Ile-Arg-Pro-Lys-NH 2
Ac-Phe-Asp-Phe-Arg-Lys-Arg-Arg-Ile-Arg-Pro-Lys-NH2

Ac-Phe-D-Asp-Phe-Arg-Leu-Arg-Arg-Dap-Arg-Pro-Lys-NH2
Ac-Phe-Asp-Phe-Arg-Leu-Arg-Arg-Dap-Arg-Pro-Lys-NH2
Ac-Phe-Phe-Phe-Arg-D-Asp-Arg-Arg-Dap-Arg-Pro-Lys-NH 2
Ac-Phe-Phe-Phe-Arg-Asp-Arg-Arg-Dap-Arg-Pro-Lys-NH 2

Linear analogs
[D-Asn2,Dap(Ac)5,Ile8]
9
[Asn2,Dap(Ac)5,Ile8]
10
[D-Asn2,Dap(Ac)8]
11
[Asn2,Dap(Ac)8]
12
[D-Asn5,Dap(Ac)8]
13
[Asn5,Dap(Ac)8]
14

Ac-Phe-D-Asn-Phe-Arg-Dap(Ac)-Arg-Arg-Ile-Pro-Lys-NH2
Ac-Phe-Asn-Phe-Arg-Dap(Ac)-Arg-Arg-Ile-Pro-Lys-NH2
Ac-Phe-D-Asn-Phe-Phe-Arg-Leu-Arg-Arg-Dap(Ac)-Pro-Lys-NH2
Ac-Phe-Asn-Phe-Phe-Arg-Leu-Arg-Arg-Dap(Ac)-Pro-Lys-NH2
Ac-Phe-Phe-Phe-Arg-D-Asn-Arg-Arg-Dap(Ac)-Pro-Lys-NH2
Ac-Phe-Phe-Phe-Arg-Asn-Arg-Arg-Dap(Ac)-Pro-Lys-NH2

Linear analogs corresponding to these cyclic peptides (compounds 9-14, Table
6.1) were also synthesized to determine whether any changes in pharmacological activity
were due primarily to the conformational constraint. In these analogs, the D/L-Asp was
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replaced by D/L-Asn, while the Dap was acetylated (Dap(Ac)) to avoid the introduction
of any charged residues.

6.2 Results and discussion
6.2.1 Chemistry
The synthesis of side chain-to-side chain cyclic peptides requires selective
removal of protecting groups from the side chains of the amino acids involved in the
cyclization without affecting the other side chain protecting groups. We used the method
developed previously in our laboratory14 which involves allyl-type protecting groups,
namely the allyl ester and the Alloc (allyloxycarbonyl) group, for D/L-Asp and
Dap/Dab/Orn/Lys, respectively. These two protecting groups can be removed with
tetrakis(triphenylphosphine)palladium(0)

(Pd(PPh3)4)

and

a

nucleophile,

thereby

providing a three-dimensional orthogonal protection strategy.
The cyclizations were carried out after the Fmoc-Asp(OAll)-OH (Fmoc = 9fluorenylmethoxycarbonyl) was coupled, but before Fmoc deprotection with piperidine
(Scheme 6.1). This way base-catalyzed aspartimide formation involving the allyl ester on
the Asp side chain could be minimized.14 Cyclization reactions are conformationally
dependent and are usually relatively slow. Therefore the reactions were allowed to run for
2 days with larger equivalents (10/10/20) of the activating reagents benzotriazole-1yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole
(HOBt), and N,N-diisopropylethylamine (DIEA) than were used for regular amino acid
coupling (4/4/8). The cyclization reactions appeared to be complete for these cyclic
peptides as determined by the ninhydrin test.15 Any trace amount of free amine was
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acetylated with a large excess of acetic anhydride (20-fold) in DMF for 30 min. The
Fmoc group was then removed and the peptide synthesis was continued until the entire
peptide sequence was assembled on the resin.

Scheme 6.1: Synthesis of cyclic peptide 8
Fmoc-PAL-PEG-PS Resin
Solid phase peptide synthesis
Fmoc-Asp(OAll)-Arg(Pbf)-Arg(Pbf)-Dap(Alloc)-Arg(Pbf)-Pro-Lys(Boc)-Resin
Pd(Ph3 P) 4 (0.1 equiv)-PhSiH 3 (24 equiv)
Fmoc-Asp-Arg(Pbf)-Arg(Pbf )-Dap-Arg(Pbf)-Pro-Lys(Boc)-Resin
Cyclization PyBOP, HOBt, DIPEA (10 equiv)

Fmoc-Asp-Arg(Pbf)-Arg(Pbf)-Dap-Arg(Pbf)-Pro-Lys(Boc)-Resin
SPPS

Ac-Phe-Phe-Phe-Arg(Pbf )-Asp-Arg(Pbf)-Arg(Pbf)-Dap-Arg(Pbf)-Pro-Lys(Boc)-resin
Reagent B

Ac-Phe-Phe-Phe-Arg-Asp-Arg-Arg-Dap-Arg-Pro-Lys-NH2
8

The cyclic peptides and their linear analogs were purified to >98% purity as
determined by high-performance liquid chromatography (HPLC). The molecular weights
of these peptides were determined by electrospray ionization mass spectrometry (ESIMS). The analytical data for these peptides are shown in Table 6.2.
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Table 6.2: Analytical data for the cyclic arodyn analogs and the corresponding linear peptides
Peptides

HPLC (tR (min)/% Purity)
System 1a
System 2b

Cyclic analogs
16.63/100
3

30.05/100

4

17.33/100

32.24/100

5

14.65/100

29.71/100

6

16.18/100

31.90/100

7

19.90/100

33.67/100

8

20.29/100

33.60/100

ESI-MS (m/z)
Calculated
Observed
[M+3H]3+=500.6
[M+2H]2+=750.4
[M+4H]4+=376.0
[M+3H]3+=514.6
[M+4H]4+=386.2
[M+2H]2+=771.5
[M+4H]4+=375.7
[M+3H]3+=500.6
[M+4H]4+=375.7
[M+3H]3+=500.6
[M+3H]3+=512.0
[M+4H]4+=384.2
[M+2H]2+=767.4
[M+3H]3+=512.0
[M+2H]2+=767.4
[M+4H]4+=384.5

[M+3H]3+=500.6
[M+2H]2+=750.5
[M+4H]4+=376.0
[M+3H]3+=514.6
[M+4H]4+=386.2
[M+2H]2+=771.5
[M+4H]4+=375.7
[M+3H]3+=500.6
[M+4H]4+=375.7
[M+3H]3+=500.6
[M+3H]3+=512.0
[M+4H]4+=384.2
[M+2H]2+=767.5
[M+3H]3+=511.9
[M+2H]2+=767.4
[M+4H]4+=384.4

Linear analogs
[M+4H]4+=390.5
[M+4H]4+=390.5
3+
[M+3H] =520.3
[M+3H]3+=520.3
2+
[M+2H] =780.0
[M+2H]2+=780.0
4+
16.69/100
30.20/100
[M+4H] =390.5
[M+4H]4+=390.5
10
3+
[M+3H] =520.3
[M+3H]3+=520.3
17.37/100
33.63/100
[M+4H]4+=390.5
[M+4H]4+=390.5
11
3+
[M+3H] =520.3
[M+3H]3+=520.3
4+
18.73/100
37.34/100
[M+4H] =390.5
[M+4H]4+=390.5
12
3+
[M+3H] =520.3
[M+3H]3+=520.3
18.82/100
32.09/100
[M+4H]4+=399.2
[M+4H]4+=399.2
13
3+
[M+3H] =530.0
[M+3H]3+=532.0
4+
20.04/100
34.05/100
[M+4H] =399.2
[M+4H]4+=399.2
14
3+
[M+3H] =530.0
[M+3H]3+=532.0
a
System 1: 5-50% Solvent B over 45 min (Solvent A= H2O; Solvent B= MeCN, both containing
0.1% TFA). bSystem 2: 5-50% Solvent B over 45 min (Solvent A= H2O; Solvent B= MeOH, both
containing 0.1% TFA).
9

14.22/100

26.32/100

6.2.2 Pharmacology
The peptides were examined for their κ opioid receptor affinity as described
previously using Chinese hamster ovary (CHO) cells stably expressing cloned opioid
receptors (Table 6.3).16 Most of the cyclic peptides evaluated showed much lower affinity
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for κ opioid receptors compared to arodyn. The cyclizations in the N-terminal “message”
sequence of arodyn involving residues 2 and 5 were unfavorable for κ opioid receptor
binding. cyclo[Asp2,Dap5,Ile8]arodyn (3) shows 58-fold lower affinity compared to
arodyn, and cyclo[Asp2,Lys5,Ile8]arodyn (4), with substitution of Lys at position 5,
exhibits similar low affinity. The linear analog [Asn2,Dap(Ac)5,Ile8]arodyn (10) also
exhibits much lower affinity (23-fold) for κ opioid receptors compared with arodyn. This
suggests that the loss of κ receptor affinity for compounds 3 and 4 is largely due to the
introduction of the corresponding functionalities used for cyclization. cyclo[DAsp2,Dap5,Ile8]arodyn (2) shows very low affinity (Ki = 3000 nM) for κ opioid receptors.
Its linear analog, [D-Asn2,Dap(Ac)5,Ile8]arodyn (9), exhibits much higher affinity (Ki =
60 nM) than the cyclic analog (Table 6.3), suggesting that the decreased affinity of 2 is
mainly due to the constrained conformation induced by cyclization. It shows that in the
linear analogs subsitution of D-Asn is better tolerated than Asn in position 2 of arodyn
for κ opioid receptors.
Longer-range cyclizations involving residues 2 and 8 of arodyn resulted in similar
large decreases in κ opioid receptor affinity. cyclo[D-Asn2,Dap8]arodyn (5) and
cyclo[Asn2,Dap8]arodyn (6) show 68- and 37-fold lower affinity respectively for κ opioid
receptors compared to arodyn, suggesting that the conformations induced by these types
of cyclizations are not favorable for κ receptor binding. The evaluation of mu (μ) affinity
of these cyclic peptides is underway.
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Table 6.3: Preliminary Pharmacological activity of cyclic arodyn analogs and the corresponding
linear peptides
Ki (nM)a
Compound
Ki ratio
AC %
inhibition
(κ/μ)
κ
μ
@ 10 µMa,b
10.0 ± 3.0
1750 ± 130
1/175
12 ± 8
1, arodync
Cyclic analogs
2

3000 ± 270

NDd

ND

3

580 ± 150

ND

ND

-4 ± 7

4

858 ± 283 (4)

ND

ND

-5 ± 5

5

677 ± 38

ND

ND

-5 ± 9

6

373 ± 43

ND

ND

16 ± 6

7

55.3 ± 15.1

>10,000

1/>182

-20 ± 10

8

19.7 ± 1.5 (2)

>10,000

1/>508

-11 ± 7

Linear analogs
60.3 ± 2.8
ND
ND
4 ± 22
9
227 ± 13
ND
ND
-23 ± 11
10
a
The results are expressed as the mean ± SEM of 3 independent experiments except where noted.
b
Compared to Dyn A(1-13)NH2 taken as 100% inhibition. cFrom reference 12. dNot determined.

Cyclizations in the C-terminal “address” sequence of arodyn involving residues 5
and 8 are favorable for κ opioid receptor binding (Table 6.3). In preliminary assays
cyclo[Asp5,Dap8]arodyn (8) shows only 2-fold lower affinity (Ki = 20 nM) compared to
arodyn (1, Ki = 10 nM). This is the first cyclic arodyn analog that exhibits high affinity at
κ opioid receptors and is an excellent lead peptide. This compound shows negligible
binding affinity for μ opioid receptors (Ki > 10 μM), and therefore the selectivity for κ
over μ opioid receptors of this cyclic peptide appears to be higher than arodyn. cyclo[DAsp5,Dap8]arodyn (7), with a D-amino acid at position 5, shows about 2.5-fold lower
affinity for κ opioid receptors compared to 8, indicating a stereochemical preference for
this residue in the cyclic constraint. Like 8, this peptide showed negligible affinity for μ
opioid receptors.
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These arodyn analogs were evaluated for their intrinsic activity at 10 μM in the
adenylyl cyclase (AC) inhibition assay using cloned rat κ opioid receptors stably
expressed on CHO cells (Table 6.3).17 Similar to arodyn, these analogs exhibit negligible
or very low efficacy. Further evaluation of peptides 7 and 8 for antagonist activity will be
conducted shortly to determine their ability to reverse the agonist activity of Dyn A-(113)NH2.

6.3 Conclusions and future studies
In conclusion, we designed and synthesized a series of cyclic arodyn analogs.
Cyclizations involving lactam bond formation between amino acid side chains were
introduced in three different regions: in the N-terminal “message” sequence, the Cterminal “address” domain, and via longer-range cyclization. Several analogs show
substantially lower affinity at κ opioid receptors. In contrast, preliminary results show
that cyclo[Asp5,Dap8]arodyn (8) retains similar affinity (Ki = 20 nM) for κ opioid
receptors and exhibits much lower affinity for μ opioid receptors (Ki > 10 μM) than
arodyn. This is the first cyclic arodyn analog that exhibits significant affinity and very
high selectivity for κ opioid receptors. cyclo[D-Asp5,Dap8]arodyn (7), with a D-amino
acid at position 5, shows about 2.5-fold lower affinity compared to 8; this compound also
exhibits very low affinity for μ opioid receptors (Ki > 10 μM). Neither of these two
analogs exhibits any inhibition of AC activity, similar to arodyn. Thus we have
successfully identified the first generation of side chain-to-side chain cyclic arodyn
analogs as potential antagonists for κ opioid receptors. cyclo[Asp5,Dap8]arodyn is an
interesting lead peptide for future modifications.
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Since this lead compound 8 has not been optimized, the first step towards a
systematic SAR study was to modify the ring size. Such a modification may change the
backbone conformation and orientation of the side chains and will provide information
with regard to the optimal ring size required for receptor interaction. The easiest way to
vary the ring size is to change the amino acid Dap8 to Dab and Orn. These two
compounds (15 and 16) have been synthesized and purified (Table 6.4) and are currently
undergoing pharmacological evaluation. Other modifications can be introduced based on
the SAR analysis of linear arodyn analogs described in previous chapters to further
improve the pharmacological activities of these analogs.

Table 6.4: Analytical data for the cyclic arodyn analogs 15 and 16
Peptides

HPLC (tR (min)/% Purity)
System 2b
System 1a

ESI-MS (m/z)
Calculated
Observed

[M+4H]4+=387.7
[M+4H]4+=387.7
3+
[M+3H] =516.6
[M+3H]3+=516.6
19.32/97.9
23.23/97.6
[M+4H]4+=391.2
[M+4H]4+=391.2
16
3+
[M+3H] =521.3
[M+3H]3+=521.3
a
System 1: 5-50% Solvent B over 45 min (Solvent A= H2O; Solvent B= MeCN containing 0.1%
TFA). bSystem 2: 5-50% Solvent B over 45 min (Solvent A= H2O; Solvent B= MeOH containing
0.1% TFA).
15

19.37/100.0

23.23/100.0

6.4 Experimental section
6.4.1 Materials
Fmoc-D-Asp(OAll)-OH was purchased from Senn Chemical (San Diego, CA).
Fmoc-Asp(OAll)-OH, Fmoc-Dap(Alloc), Fmoc-Dab(Alloc)-OH, and Fmoc-Orn(Alloc)OH were purchased from Peptides International (Louisville, KY). Fmoc-Lys(Alloc)-OH
was purchased from Applied Biosystems (Foster City, CA). Pd(PPh3)4 and phenylsilane
(PhSiH3) were purchased from Acros Chemical Co. (Pittsburg, PA). Tetrahydrofuran
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(THF)

was

purchased

from

Fisher

Scientific

(Hampton,

NH).

Sodium

diethyldithiocarbamate trihydrate was purchased from Sigma-Aldrich (Milwaukee, WI).
The sources of other materials are listed in Chapter 3.

6.4.2 Synthesis
Synthesis of cyclic peptides. The cyclic peptides were synthesized by solid phase
peptide synthesis (SPPS) following the procedure developed in our laboratory.14 All of
the peptides were synthesized on the Fmoc-PAL-PEG-PS resin (PAL-PEG-PS: peptide
amide linker-poly(ethylene glycol)-polystyrene, 0.20 mmol/g, 500 mg). The synthesis of
the peptide 7 (cyclo[Asp5,Dap8]arodyn) is shown in Scheme 6.1 as an example. The side
chains of Asp5 and Dap8 that were involved in the cyclization were protected as the allyl
ester and Alloc group, respectively. The side chain of Lys in position 11 was protected by
Boc (tert-butyloxycarbonyl) and Arg by Pbf (2,2,4,6,7-pentamethyldihydrobenzofuran-5sulfonyl). The protected peptide Fmoc-Asp(OAll)-Arg(Pbf)-Arg(Pbf)-Dap(Alloc)Arg(Pbf)-Pro-Lys(Boc)-resin was first assembled according to the procedures described
in Chapter 3, except that a 2-fold excess of Fmoc-Asp(OAll)-OH and Fmoc-Dap(Alloc)OH were used for coupling (2 hour reaction). The OAll and Alloc groups were
selectively deprotected by Pd(PPh3)4 (23 mg, 0.02 mmol, 0.1 equiv) and PhSiH3 (430 mg,
4.8 mmol, 24 equiv) in dichloromethane (DCM, 2 X 30 min).18 The reaction was carried
out under argon atmosphere to avoid oxidation of the catalyst. After the reaction, the
peptide-resin was washed with DCM (5 X 2 min), THF (4 X 2 min), DCM (3 X 2 min),
N,N-dimethylformamide (DMF) (3 X 2 min), 0.5% DIEA in DMF (3 X 2 min), 0.02 M
sodium diethyldithiocarbamate in DMF (3 X 15 min), and DMF (5 X 2 min).19, 20 The
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free carboxylic acid group of Asp and the amino group of Dap were then cyclized using a
10-fold excess of PyBOP and HOBt, and 20-fold excess DIEA (0.2 M in DMF). The
reaction was allowed to run for 2 d and the completion of cyclization was monitored by
the ninhydrin test.15 Any trace amount of free amine was acetylated with a large excess of
acetic anhydride (20-fold) in DMF for 30 min. The Fmoc group was then removed and
the peptide synthesis was continued until the entire peptide sequence was assembled on
the resin.
Synthesis of linear analogs. The linear peptides were assembled on the resin
using Fmoc-Asn(Trt)-OH (Trt = trityl) and Fmoc-D-Asn(Trt)-OH in place of FmocAsp(OAll)-OH and Fmoc-D-Asp(OAll)-OH, respectively. The Alloc group on Dap was
selectively deprotected by Pd(PPh3)4 and phenylsilane in DCM as described above. The
free amine was then acetylated using acetic anhydride (20-fold) in DMF for 30 min.

6.4.3 Cleavage, purification, and analysis
The peptides were cleaved from the resin using Reagent B (85% TFA, 5% phenol,
5% water, and 2% triisopropylsilane) at room temperature for 2 h.21 The crude peptides
were purified by preparative reversed-phase HPLC using a linear gradient of 15-50%
MeCN containing 0.1% TFA over 35 min at a flow rate of 20 mL/min. The purification
was monitored by UV absorbance at 214 nm. The purity of the final peptides was verified
using analytical HPLC in two different solvent systems (see Table 6.2). Molecular
weights of the compounds were determined by ESI-MS. For the detailed procedures for
peptide synthesis, purification and analysis, please refer to Chapters 3 and 4.
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6.4.4 Pharmacological assays
Radioligand binding assays were performed using cloned rat κ and μ opioid
receptors stably expressed in CHO cells as described in Chapter 4. The peptides were
evaluated for their ability to inhibit the synthesis of cAMP by adenylyl cyclase as
described in Chapter 4.
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Chapter 7. Design and Synthesis of Arodyn Analogs Cyclized by RingClosing Metathesis

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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7.1 Introduction
In the last chapter, we described the design, synthesis and pharmacological
activity of arodyn analogs cyclized by lactam bond formation. This chapter is focused on
the design and synthesis of arodyn analogs cyclized by ring-closing metathesis (RCM),
and the study of the effects of the conformational constraint on the affinity, selectivity,
and efficacy of the arodyn analogs for kappa (κ) opioid receptors.
As a potent and highly selective antagonist for κ opioid receptors, arodyn
provides an excellent lead structure for the synthesis of conformationally constrained
analogs with antagonist activity. Previously, we synthesized several cyclic arodyn
analogs through lactam bond formation between amine and carboxylic acid side chains
(see Chapter 6). The conformational constraints achieved for most of these cyclic
peptides were not compatible with κ opioid receptor binding. One compound,
cyclo[Asp5,Dap8]arodyn, retains similar affinity (Ki = 20 nM) as arodyn for κ opioid
receptors and exhibits very higher selectivity (> 500-fold) for κ over μ opioid receptors.
This was the first cyclic arodyn analog that exhibits significant κ receptor affinity and
very high selectivity for κ opioid receptors.
Our current interest is in the design and synthesis of cyclic arodyn analogs
utilizing RCM. RCM has emerged as a very useful method of making cyclic organic
compounds as well as cyclic peptides.1-4 Cyclization of peptides through RCM offers
several advantages over the conventional methods of cyclization, i.e. through amide or
disulfide bond formation. The resultant carbon-carbon bond is more stable than an amide
or disulfide bond.3, 5 Replacement of the disulfide bond in biologically active compounds
can increase metabolic stability, as the double bond is stable to reducing conditions in
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biological systems.5 Furthermore, in contrast to cyclizations via amide or disulfide bond
formation, side chain functionalities can be retained in cyclizations by RCM by
appropriate choice of amino acids for cyclizations. In some cases the pharmacological
activity of cyclic peptides is very different from linear analogs, mainly because of the
change

of

functionality

used

for

cyclization.6

As

shown

in

Chapter

6,

cyclo[Asp2,Dap5,Ile8]arodyn shows about 58-fold lower affinity compared to arodyn,
partially due to such a change in functionalities for cyclization, since the linear analog,
[Asn2,Dap(Ac)5,Ile8]arodyn, also exhibits much lower affinity (23-fold) for κ opioid
receptors compared to arodyn. In another example, a series of [N,5] cyclic Dyn A analogs
and their corresponding linear analogs show considerable losses in affinity for opioid
receptors compared to Dyn A,6 suggesting that the functionalities used for cyclizations
are not tolerated by κ opioid receptors. Since the RCM reaction only requires two alkene
groups, we can easily modify the side chains to maintain functionalities similar to the
parent peptide. For example, the side chain of Leu can be substituted with AllGly for
cyclization without changing the aliphatic nature of the side chain. The side chain of Phe
can be substituted with Tyr(All) for cyclization to maintain an aromatic functionality.
Cyclization of peptides by RCM has been applied to the synthesis of a few
analogs of the opioid peptides dermorphin and the enkephalins.7-9 Some of these cyclic
analogs showed potent activity for both μ and δ opioid receptors. In contrast, there are no
reports of longer opioid peptides such as Dyn A analogs cyclized through RCM. Here we
utilize several different strategies for the synthesis of cyclic arodyn analogs by RCM.
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7.2 Results and discussion
7.2.1 Ligand design
The analogs of arodyn cyclized by RCM were designed based on the structureactivity relationships (SAR) of linear analogs. The contributions of each residue of
arodyn for κ opioid receptor affinity have been evaluated by an alanine scan (Figure
7.1).10 In the N-terminal “message” sequence, Phe1, Phe3, and Arg4 were found to
contribute to the interactions between arodyn and κ opioid receptors.10 Substitution of
Phe2 with Ala does not affect the κ opioid receptor affinity, but this substitution increases
the selectivity for κ opioid receptors by decreasing μ opioid receptor affinity.10 In the Cterminal “address” sequence, the basic residues (Arg6, Arg7, Arg9, and Lys11) contribute
to κ opioid receptor affinity.10 The des-acetyl analog exhibits 4.5-fold lower affinity for κ
opioid receptors, indicating that a basic amine is detrimental for the κ opioid receptor
binding of arodyn.10 Substitution of Phe1 with NMePhe in arodyn results in a 2-fold
increase in κ opioid receptor affinity as well as a 6-fold increase in κ over μ opioid
receptor selectivity compared to arodyn,10 probably due to a change in the peptide
backbone conformation.

Figure 7.1: SAR of arodyn.
Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
4.5a 4b 1 3
5
1 7
8
3 1 4aFold decrease upon removal of
b
the N-terminal acetyl group; Numbers indicate fold decrease upon Ala substitution of the residue
above the number.

A. Cyclizations involving the side chains of two D/L-AllGly residues
Cyclic arodyn analogs involving the side chains from two D/L-AllGly substituted
at positions 2, 5 and/or 8 (i.e., [2,5], [2,8] and [5,8] cyclic analogs) were first designed to
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examine the effects of cyclization on κ opioid receptor affinity, selectivity, and efficacy.
As noted above, substitution with an Ala in position 2 in arodyn is well tolerated by κ
opioid receptors without a dramatic change in κ receptor affinity and selectivity.10 Both
D- and L-AllGly were explored in this position for cyclization. Positions 5 and 8 in
arodyn are two aliphatic amino acids, Leu and D-Ala, respectively. Substituting them
with AllGly, a similar aliphatic group, should not affect possible hydrophobic
interactions of arodyn with κ opioid receptors. Therefore, we designed cyclic analogs
involving two of the three residues (2, 5 and 8) that are substituted with D/L-AllGly
(Table 7.1, compounds 2-6). In the [2,5] analogs 2 and 3, Ile, found in Dyn A, was
incorporated in position 8 rather than D-Ala so that the stereochemistry of this residue
would be the same as in the other cyclic peptides. The corresponding linear analogs
(Table 7.1, compounds 7-11) were also synthesized for comparison in order to determine
the effects of the changes in side chain functionalities on κ opioid receptor affinity,
selectivity, and efficacy.
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Table 7.1: Structures of arodyn analogs cyclized by RCM using the side chains of two L-/DAllGly residues and their corresponding linear analogs
#

Compound

1 Arodyn
Cyclic arodyn analogs
2 cyclo2,5[Ala2(-CH=CH-)
Ala5,Ile8]

Structure

Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2

Phe-Arg- HN

Ac-Phe- HN

3

O

cyclo2,5[D-Ala2(-CH=CH-)
Ala5,Ile8]

Phe-Arg- HN

Ac-Phe- HN

4

O

cyclo2,8[Ala2(-CH=CH-)
Ala8]
Ac-Phe- HN

5

O

Phe-Arg-Leu-Arg-Arg- HN

Arg-Pro-Lys-NH2
O

O

Ac-Phe-Phe-Phe-Arg- HN

Linear analogs
7 [AllGly2,5,Ile8]
8 [D-AllGly2,AllGly5,Ile8]
9 [AllGly2,8]
10 [D-AllGly2,AllGly8]
11 [AllGly5,8]

Arg-Pro-Lys-NH2
O

O

cyclo2,8[D-Ala2(-CH=CH-)
Ala8]

cyclo5,8[Ala5(-CH=CH-)
Ala8]

Arg-Arg-Ile-Arg-Pro-Lys-NH2

Phe-Arg-Leu-Arg-Arg- HN

Ac-Phe- HN

6

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

Arg-Arg- HN
O

Arg-Pro-Lys-NH2
O

Ac-Phe-AllGly-Phe-Arg-AllGly-Arg-Arg-Ile-Pro-Lys-NH2
Ac-Phe-D-AllGly-Phe-Arg-AllGly-Arg-Arg-Ile-Pro-Lys-NH2
Ac-Phe-AllGly-Phe-Arg-Leu-Arg-Arg-AllGly-Pro-Lys-NH2
Ac-Phe-D-AllGly-Phe-Arg-Leu-Arg-Arg-AllGly-Pro-Lys-NH2
Ac-Phe-Phe-Phe-Arg-AllGly-Arg-Arg-AllGly-Pro-Lys-NH2

B. Cyclizations involving an N-terminal vinylacetyl/Alloc group and the side chain of an
AllGly residue
The second strategy involves the so-called “N-terminus-to-side chain”
cyclization. This type of cyclization could constrain the important N-terminal “message”
sequence of arodyn. Arodyn is N-terminal acetylated and, as mentioned previously,
capping of the N-terminal amine with an acetyl group increases κ opioid receptor affinity
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by about 4-fold. Therefore, an additional carbon-carbon double bond was attached to the
acetyl group (vinylacetyl) for cyclization. The cyclizations involved the N-terminal
vinylacetyl group and AllGly substituted in either position 2, 5 or 8 (compounds 12-14,
Table 7.2). Unfortunately, these cyclizations were unsuccessful as only linear precursors
were recovered (see below). Previously our laboratory had successfully synthesized
cycloN,5[Trp3,Trp4,Glu5]Dyn A(1-11)NH2 (cyclodyn) by amide bond formation.11 The
failure of cyclization by RCM was probably due to the preferred conformation of the
peptide. In order to cyclize successfully, the vinylacetyl group must be oriented toward
the AllGly. As we discussed in Chapter 3, substitution of the N-terminal Phe by NMePhe
can favor a folded structure. Furthermore, [NMePhe1]arodyn shows higher affinity and
selectivity toward κ opioid receptors.10 Therefore, cyclizations involving NMePhe1
analogs were designed. However, as also discussed in Chapter 3, the acyl-NMePhe
analogs can undergo deletion under acidic cleavage conditions. This side reaction can be
avoided by substitution of the acetyl group with an alkyloxycarbonyl group. Therefore,
the allyloxycarbonyl (Alloc) group was used for the cyclizations, and the [N,2], [N,5] and
[N,8] cyclizations were performed (Table 7.2, compounds 15-17). Similarly, the linear
analog (Alloc-[NMePhe1,AllGly5,Ile8]arodyn, compound 18) of the successfully
synthesized cyclic peptide 16 was also prepared.
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Table 7.2: Attempted cyclizations by RCM involving an N-terminal vinylacetyl/Alloc group and
the side chain of an AllGly residue in either position 2, 5 or 8. Only compound 16 was
successfully obtained (see text).
#

Compound

1 Arodyn
Cyclic arodyn analogs
12 cycloN,2[COCH2(CH=CH-)Ala2,
Ile8]

Structure

Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2
O
HN

13 cycloN,5[COCH2(CH=CH-)Ala5,
Ile8]

Phe-Arg-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH 2

N
H

Ph O

O
O

HN
O

Ph

Phe-Phe-Arg- HN

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

14 cycloN,8[COCH2(CH=CH-)Ala8]

Ph
O
O
N
H
Phe-Phe-Arg-Leu-Arg-Arg- HN

Arg-Pro-Lys-NH 2
O

15 cycloN,2[COOCH2(CH=CH-)
Ala2,NMePhe1,Ile8]

O

O

H 3C N

Ph

16 cycloN,5[COOCH2(CH=CH-)
Ala5,NMePhe1,Ile8]

O

Phe-Arg-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2

N
H

O

O
O
H 3C

Ph

N
O
Phe-Phe-Arg- HN

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O
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17 cycloN,8[COOCH2(CH=CH-)
Ala8]

Ph

O
O
N
CH3

O

Phe-Phe-Arg-Leu-Arg-Arg- HN

Arg-Pro-Lys-NH2
O

C. Cyclizations involving the side chains of Tyr(All) and AllGly residues
Phe1 and Phe3 contribute to κ opioid receptor affinity.10 By using allyl-protected
Tyr for RCM, we can constrain these important residues while maintaining the aromatic
functionality of Phe1 and Phe3. Arodyn has three Phe residues in the N-terminus, and
therefore serves as a good model peptide to study the scope and limitations of
cyclizations involving allyl-protected Tyr.
We first investigated the cyclization involving the side chains of a Tyr(All)
residue and AllGly. This involved cyclization of AllGly in position 5 with Tyr(All) in
one of the first three residues (Table 7.3, compounds 19-21).

D. Cyclizations involving the side chains of two Tyr(All) residues
The last strategy for cyclization involved the side chains of two Tyr(All) residues.
Two of the first three Phe residues in arodyn were substituted with Tyr(All), and
cyclizations attempted to afford the desired cyclic peptides (compounds 22-24, Table
7.3). In this manner, two of the three Phe residues in the N-terminus of arodyn could be
constrained.
Linear compounds where each of the first three Phe residues was substituted with
Try(All) were also prepared to evaluate the effects of this type of substitution on the
pharmacological activities (compounds 25-27, Table 7.3).
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Table 7.3: Attempted cyclizations by RCM using the side chain(s) of Tyr(All) residue (19-24)
and the linear analogs (25-27) where one of the N-terminal residues was substituted with
Tyr(All). The cyclizations for 19, 20, and 24 were unsuccessful (see text).
#

Compound

1 Arodyn
Cyclic arodyn analogs
19 cyclo1,5[Tyr1(CH25
8
CH=CH)Ala , Ile ]

Structure
Ac-Phe-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2

O

Ac-HN

Phe-Phe-Arg- HN
O

O

20 cyclo2,5[Tyr2(CH25
8
CH=CH)Ala , Ile ]

O

Ac-Phe-HN

Phe-Arg- HN
O

21 cyclo3,5[Tyr3(CH25
8
CH=CH)Ala ,Ile ]

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

O

Ac-Phe-Phe- HN

Arg- HN

O

Ac N
H

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

O

22 cyclo1,2[Tyr1(CH2CH=CH-CH2)
2
8
Tyr ,Ile ]

23 cyclo2,3[Tyr2(CH2CH=CH-CH2)
3
8
Tyr ,Ile ]

Arg-Arg-Ile-Arg-Pro-Lys-NH2

O

N
O H

Phe-Arg-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

O

Ac-Phe N
H

O

N
O H

Arg-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH2
O
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24 cyclo1,3[Tyr1(CH2CH=CH-CH2)
3
8
Tyr ,Ile ]

Ac N
H

25 [Tyr(All)1,Ile8]
26 [Tyr(All)2,Ile8]
27 [Tyr(All)3,Ile8]

O

O

Phe
O

Arg-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH 2

N
H

O

Ac-Tyr(All)-Phe-Phe-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2
Ac-Phe-Tyr(All)-Phe-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2
Ac-Phe-Phe-Tyr(All)-Arg-Leu-Arg-Arg-D-Ala-Pro-Lys-NH2

7.2.2 Chemistry
Second-generation Grubbs’ catalyst (Figure 7.2) was used to cyclize the peptides
on the solid support. A mixture of DCM and DMF (4/1, v/v) was used as the solvent for
the RCM reactions. The addition of a small amount of DMF has several advantages since
DMF is compatible with both the peptide chain and the hydrophilic resin and it also
allows a higher temperature to be used for the reactions.

Figure 7.2: Structure of second-generation Grubbs’ catalyst.

N

N

Cl
Ru C
Cl
H
P

7.2.2.1 Cyclizations involving the side chains of two D/L-AllGly
These cyclizations involved non-critical residues 2, 5 and 8 of arodyn. The
position and stereochemistry of AllGly did not have much influence on the yields of the
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desired cyclic peptides. Cyclizations between the side chains of AllGly with both L- and
D-configurations generally gave high yields of the desired cyclic peptides (70-90%,
Table 7.4). Both the cis and trans isomers were observed for all analogs. The ratio of cis
to trans isomers, as determined by nuclear magnetic resonance (NMR), varied from
approximately 1.2:1 to 1:4.2, depending on the position and stereochemistry of the
AllGly residues (Table 7.4).

Table 7.4: Yield and cis/trans ratio of Dyn A analogs cyclized by RCM.

2,5
2
5
8
cyclo [D-Ala (-CH=CH-)Ala , Ile ]

70%

1:2.1

76%

1:3.3

8

82%

1:4.2

cyclo [Ala (-CH=CH-)Ala ]

77%

1.2:1

Compound

2
3

2,8

2

8

4

cyclo [Ala (-CH=CH-)Ala ]

5

cyclo [D-Ala (-CH=CH-)Ala ]

6
a

cis/transa

2,5
2
5
8
cyclo [Ala (-CH=CH-)Ala , Ile ]

Products (%
by HPLC)
90%

Entry

2

2,8

5,8

5

8

1:1.7

Ratio determined by NMR, see Table 7.6 for details.

Since the cis and trans isomers had very similar retention times (within 0.9 min)
in our standard high-performance liquid chromatography (HPLC) system (5-50% of
MeCN with 0.1% TFA over 45 min), a very slow gradient (0.1% change in MeCN/min)
was used for purification. The two isomers of 6 could not be separated by the slow
gradient of MeCN. The MeOH/water system, on the other hand, resulted in better
separation, even though the peaks were much broader. Therefore, we purified these two
isomers by using a slow gradient of MeOH/water (0.1% change in MeOH/min). The
purified isomers were characterized by HPLC, electrospray ionization mass spectrometry
(ESI-MS) and NMR (Tables 7.5 and 7.6).
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Table 7.5: HPLC and MS data of purified peptides 1-6, 16, and their linear analogs.
Peptides
Cyclic peptides
2-cis

HPLC (tR (min)/% Purity)
System 2b
System 1a
15.91/100

29.60/100

2-trans

16.32/100

30.17/100

3-cis

15.91/100

30.72/100

3-trans

16.02/100

32.44/100

4-cis

17.07/100

31.36/100

4-trans

16.18/100

29.17/100

5-trans

16.10/100

29.56/100

6-cis

20.60/100

34.77/100

6-trans

20.76/100

35.38/100

16-trans

25.81/100

23.52/100c

ESI-MS (m/z)
Calculated
Observed
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+5H]5+=297.4
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+5H]5+=297.4
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+5H]5+=297.4
[M+4H]4+=380.0
[M+3H]3+=506.3
[M+4H]4+=380.0
[M+3H]3+=506.3
[M+4H]4+=398.0
[M+3H]3+=530.3

[M+4H]4+=371.4
[M+3H]3+=494.9
[M+4H]4+=371.4
[M+3H]3+=494.9
[M+4H]4+=371.5
[M+3H]3+=494.9
[M+4H]4+=371.5
[M+3H]3+=494.9
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+5H]5+=297.4
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+5H]5+=297.4
[M+4H]4+=371.5
[M+3H]3+=495.0
[M+5H]5+=297.4
[M+4H]4+=379.9
[M+3H]3+=506.3
[M+4H]4+=379.9
[M+3H]3+=506.3
[M+4H]4+=398.0
[M+3H]3+=530.3

Linear analogs
[M+4H]4+=378.5
[M+4H]4+=378.5
3+
[M+3H] =504.3
[M+3H]3+=504.3
5+
[M+5H] =303.0
[M+5H]5+=303.0
4+
20.03/99.1
35.51/100
[M+4H] =378.5
[M+4H]4+=378.5
8
3+
[M+3H] =504.3
[M+3H]3+=504.3
18.78/98.9
33.25/99.4
[M+4H]4+=378.5
[M+4H]4+=378.5
9
3+
[M+3H] =504.3
[M+3H]3+=504.3
4+
19.70/99.2
34.85/99.7
[M+4H] =378.5
[M+4H]4+=378.5
10
3+
[M+3H] =504.3
[M+3H]3+=504.3
23.03/100
21.27/100c
[M+4H]4+=387.0
[M+4H]4+=387.0
11
3+
[M+3H] =515.6
[M+3H]3+=515.6
c
4+
30.29/100
33.63/100
[M+4H] =405.0
[M+4H]4+=405.0
18
3+
[M+3H] =539.7
[M+3H]3+=539.7
a
System 1: 5-50% Solvent B over 45 min (Solvent A= H2O containing 0.1% TFA; Solvent B=
MeCN containing 0.1% TFA); bSystem 2: 5-50% Solvent B over 45 min (Solvent A= H2O
containing 0.1% TFA; Solvent B= MeOH containing 0.1% TFA); c25-70% Solvent B over 45 min
7

19.09/100

34.05/100
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The NMR J-couplings and chemical shifts were used to distinguish between the
cis and trans isomers.12-14 The splitting patterns of the vinyl protons are very different for
the cis and trans isomers as they are coupled to adjacent methylene protons with different
coupling constants. For the trans isomer, the coupling constants between the two vinyl
protons (J12) are around 15 Hz, while the coupling constants between the vinyl protons
and their corresponding adjacent methylene protons (J13, J14, J25 and J26) are around 7-8
Hz. Because of the coupling constants, the peaks for the trans isomers are generally split
into 5 peaks in the spectrum (Figure 7.3). The approximate ratio for the five peaks is
1:2:2:2:1. For the cis isomer, the coupling constants between the two vinyl protons (J12)
are around 10 Hz, while the coupling constants between the vinyl protons and adjacent
methylene protons are around 10 and 2 Hz. Because of the broad linewidth, only three
peaks are generally observed for the cis isomers in a ratio of 1:2:1 (Figure 7.3). The
chemical shifts of the two vinyl protons in the cyclic peptides are generally between 5.0
and 5.4 ppm (Table 7.6). Generally, the two vinyl protons in the cis isomer are slightly
more shielded (upfield) than in the trans isomers (Figure 7.3 and Table 7.6).
The 1D 1H-NMR for 4-trans and 5-trans are more complex. For 4-trans, the two
peaks for the two vinyl protons are very broad without obvious splitting, and therefore
the coupling constants were difficult to determine. Peptide 5-trans has better splitting.
The coupling constants between the two vinyl protons were determined to be 15 Hz
(Table 7.6). The spectra of 4-trans and 5-trans are very similar to each other. Based on
this, we assigned the isomers with the smaller retention time as the trans isomer.
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Table 7.6: 1H-NMR data of cyclic peptides 1-6 and 16
H4

H3

R

H4

H2

H3

H5

H6

R

H1

R'

R'
H6

H1

H2

H5

Peptides

Chemical shifts (δ) of vinyl
protons

J (Hz)

2-cis

H1 = 5.07

J12 = 10.9

H2 = 5.33

J21 = 10.7

H1 = 5.21

J12 = 14.3

H2 = 5.44

J21 = 14.8

H1 = 5.04

J12 = 10.3

H2 = 5.22

J21 = 11.1

H1 = 5.08

J12 = 14.6

H2 = 5.35

J21 = 14.3

H1 = 5.14

J12 = 15b

H2 = 5.21

J21 = 15b

H1 = 5.17

J12 = 14.7

H2 = 5.23

J21 = 15.5

H1 = 5.07

J12 = 10.6

H2 = 5.36

J21 = 11.2

H1 = 5.13

J12 = 14.5

H2 = 5.39

J21 = 14.6

H1 = 5.47

J12 = 15.5c

H2 = 5.60

J21 = 15.7c

2-trans
3-cis
3-trans
4-transa
5-transa
6-cis
6-trans
16-trans
a

The 1D 1H-NMR for 4-cis and 5-cis were not evaluated because of low yields of the purified
peptide. bJ values estimated based on the similarity between 4-trans and 5-trans; cJ values
determined after decoupling vinyl protons from adjacent methylene protons. See Experimental
Section and Appendix 4 for details.
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Figure 7.3: Chemical shifts and splitting patterns of the two vinyl protons of the cis (bottom) and
trans (top) isomers of 2.

7.2.2.2 Cyclizations involving an N-terminal vinylacetyl/Alloc group and the side
chain of an AllGly residue
Cyclizations involving an N-terminal vinylacetyl group and AllGly substituted in
either position 2, 5, or 8 of arodyn (compounds 12-14) were unsuccessful. Only the linear
precursors were recovered, and no cyclization products were observed by either HPLC or
ESI-MS

following

2

days

reaction.

Previously

we

successfully

synthesized

cycloN,5[Trp3,Trp4,Glu5]Dyn A(1-11)NH2.11 This compound has similar structure to 13.
The cyclization requires groups in close proximity, and, the orientation of groups,
especially for RCM, may be important. Therefore, the failure of the cyclization of 13 may
be due to an extended structure in the N-terminal acyl group.
Cyclizations involving an N-terminal Alloc group and the side chain of AllGly
were more complicated. The [N,2] cyclization (15) was also unsuccessful. The desired
cyclic peptide has a medium size ring (11 atoms), and therefore has ring strain inherent in
the cyclic product. Similar results have been reported in the literature.2,

4

The [N,8]
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cyclization (17) was unsuccessful as well, probably due to the large distance between the
two double bonds. The only successful reaction was the [N,5] cyclization (16), with a
40% yield. Only the trans isomer was observed for the cyclic product based on NMR.
The 1D 1H-NMR spectrums for the vinyl protons of 16 are very complex. After double
decoupling of the adjacent methylene protons, the two vinyl protons show an AB pattern
(see Appendix 4). The chemical shifts and the coupling constants were then determined
accordingly (Table 7.6).12 The presence of an N-methyl group in Phe1 probably favors a
folded conformation, which facilitates the cyclization reaction. The HPLC and MS data
are shown in Table 7.5.

7.2.2.3 Cyclizations involving the side chains of a Tyr(All) and an AllGly residue
By this method of cyclization, the important aromatic residues (Phe1 and Phe3) of
arodyn could be constrained. However, the cyclizations were unsuccessful for the [1,5]
and [2,5] cyclic peptides (compounds 19 and 20, respectively), and only the des-OAll Tyr
products were observed. This is a new side reaction that has not been reported before.
More details on the mechanism of this side reaction will be discussed later in section
7.2.2.5.
For the [3,5] cyclic peptide (21), both the cyclic and des-OAll products were
observed, with the cyclic peptide constituting 50% of the products based on the HPLC
chromatogram. Only the trans isomer was observed, with coupling constants between the
two vinyl protons around 16 Hz (Table 7.8). This peptide was purified by HPLC and the
analytical data are shown in Tables 7.7 and 7.8. Structural comparisons of the [3,5] cyclic
peptide (21), the des-OAll product, and arodyn are shown in Figure 7.4.
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Table 7.7: HPLC and MS data of purified peptides 21-23 and linear analogs (25-27) substituted
with a Tyr(All) in the N-terminus of arodyn.
#

HPLC (tR (min)/% Purity)
a

ESI-MS (m/z)

b

System 1
20.94/100

Calculated
Observed
[M+4H]4+=398.0
[M+4H]4+=398.0
[M+3H]3+=530.3
[M+3H]3+=530.3
c
4+
27.11/100
23.13/100
[M+4H] =416.2
[M+4H]4+=416.2
22
3+
[M+3H] =554.7
[M+3H]3+=554.7
24.87/100
44.44/100
[M+3H]3+=554.7
[M+3H]3+=554.7
23
2+
[M+2H] =831.0
[M+2H]2+=831.0
c
4+
26.74/100
31.05/100
[M+4H] =409.0
[M+4H]4+=409.0
25
3+
[M+3H] =545.0
[M+3H]3+=545.0
27.57/100
31.53/100c
[M+4H]4+=409.0
[M+4H]4+=409.0
26
3+
[M+3H] =545.0
[M+3H]3+=545.0
c
4+
27.57/100
30.29/100
[M+4H] =409.0
[M+4H]4+=409.0
27
3+
[M+3H] =545.0
[M+3H]3+=545.0
a
System 1: 5-50% Solvent B over 45 min at 1 mL/min (Solvent A= H2O containing 0.1% TFA;
Solvent B= MeCN containing 0.1% TFA); bSystem 2: 5-50% Solvent B over 45 min at 1 mL/min
(Solvent A= H2O containing 0.1% TFA; Solvent B= MeOH containing 0.1% TFA); c25-70%
Solvent B over 45 min
21

System 2
38.68/100

Table 7.8: 1H-NMR data of cyclic peptides 21-23
H4

H3

R

H4

H2

H3

H5

H6

R

H1

R'

R'
H6

H1

H2

H5

Peptides

Chemical shifts (δ) of two
vinyl protonsa

J (Hz)a

21-trans

H1 = 5.51

J12 = 15.3

H2 = 5.58

J21 = 16.3

H1 = 5.81

J12 = 16.0

H2 = 5.86

J21 = 16.6

H1 = 5.81

J12 = 16.0

H2 = 5.89

J21 = 16.1

22-trans
23-trans
a

Chemical shift and J values determined after decoupling vinyl protons from adjacent methylene
protons. See Experimental Section and Appendix 4 for details.
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Figure 7.4: Structures of arodyn, the [3,5] cyclic peptide (21) and its des-OAll analog

Arodyn
Ac-Phe-Phe- HN

Arg- HN

Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
O

O
O
[3,5] cyclic peptide
Arg- HN

Ac-Phe-Phe- HN

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

O
OH
des-OAll analog
Ac-Phe-Phe-HN

Arg- HN
O

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

Preliminary modeling on the linear and cyclic peptides was performed using the
Biopolymer module in Sybyl 7.0 to examine possible reasons for the differences in the
success of the cyclizations. The structures were energy minimized. The two double bonds
of the 1,5-substituted (19-linear, left top) and the 2,5-substituted (20-linear, right top)
linear peptides are far away from each other (22.0 and 17.4 angstroms (Å), respectively,
Figure 7.3 and Table 7.9). In order to form the cyclic peptides, the linear peptides must
undergo huge conformational changes that may imply energy barrier to get the probably
needed conformation. In this situation, the side reaction involving the deletion of the allyl
group from Tyr(All) dominated, and therefore no desired cyclic peptide was formed. The
two double bonds of the 3,5-substituted linear analog (21-linear, left bottom) were closer
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to each other (10.0 Å, Table 7.9). Also the cyclic peptide 21 (right bottom) did not appear
to have much ring strain. Therefore the cyclic peptide was successfully obtained.

Figure 7.5: Molecular modeling of the linear precursors of 19-21 and the cyclic peptide 21a

a

N indicates N-terminus, 1-5 indicate the positions of each amino acid in the peptides, while C
designates the rest of the C-terminal sequence; for simplicity, it was replaced by an N-methyl
group in the modeling. The double bonds are shown in magenta.
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Table 7.9: Distances between the two double bonds measured between the two internal carbons
of the double bonds in the linear peptides of 19-24
Compound

#
19
20
21
22
23
24

1,5

1

cyclo [Tyr (CH2CH=CH)5
8
Ala , Ile ]
2,5
2
cyclo [Tyr (CH2CH=CH)5
8
Ala , Ile ]
3,5
3
cyclo [Tyr (CH2CH=CH)5
8
Ala ,Ile ]
1,2
1
cyclo [Tyr (CH2CH=CH2
8
CH2)Tyr ,Ile ]
2,3
2
cyclo [Tyr (CH2-CH=CH3
8
CH2)Tyr ,Ile ]
1,3
1
cyclo [Tyr (CH2-CH=CH3
8
CH2)Tyr ,Ile ]

Distance between two C=Cs (Å)
22.0
17.4
10.0
4.5
11.9
6.2

7.2.2.4 Cyclizations involving the side chains of two Tyr(All) residues
For the [1,2] and [2,3] cyclic peptides (compounds 22 and 23) involving two
adjacent Tyr(All) residues, we obtained the desired cyclic peptides, although all three
possible des-OAll products were also observed with different yields (Table 7.10). Based
on NMR, only the trans isomer was observed in these two cyclic peptides. The purified
peptides were characterized by HPLC, MS and NMR (Tables 7.7 and 7.8).
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Table 7.10: Ratios of different products obtained during the synthesis of 22-24
Desired cyclic
peptide
22

Peak #

HPLC tR
(min)a

Area %

ESI-MS
([M+3H]+)

Identificationb

1

18.5

8.5

537.3

Des-OAll 1 & 2

2

23.3

15.5

550.7

Des-OAll 1 or 2

3

23.7

20.3

550.7

Des-OAll 1 or 2

4

24.9

38.0

554.7

Cyclic peptide 22

5

28.8

17.7

561.7

Linear precursor

1

18.9

13.8

537.3

Des-OAll 1 & 2

2

23.0

5.0

550.7

Des-OAll 1 or 2

3

24.2

5.1

550.7

Des-OAll 1 or 2

4

24.7

63.9

554.7

Cyclic peptide 22

5

27.6

9.2

561.7

Linear precursor

1

18.7

26.3

537.3

Des-OAll 1 & 2

2

23.4

15.5

550.7

Des-OAll 1 or 2

3

24.5

13.0

550.7

Des-OAll 1 or 2

4

28.5

15.7

561.7

Linear precursor

23

24

a

HPLC conditions: 50-90% Solvent B over 45 min at 1 mL/min (Solvent A= H2O; Solvent B=
MeOH, both containing 0.1% TFA); bBased on ESI-MS.

In preliminary molecular modeling the two double bonds in compounds 22 and 23
are relatively close (4.5 and 11.9 Å, respectively, Table 7.9 and Figure 7.6), and the
desired cyclic peptides do not have strained structures; therefore the cyclizations were
successful.
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Figure 7.6: Molecular modeling of 22 ([1,2] cyclic peptide), 23 ([2,3] cyclic peptide) and their
linear precursors

a

N indicates N-terminus, 1-3 indicate the positions of each amino acid in the peptides, while C
designates the rest of the C-terminal sequence; for simplicity, it was replaced by an N-methyl
group in the modeling.

However, for [1,3] cyclic peptide (24), where the two Tyr(All) residues are
separated by one Phe, no desired cyclic peptide was observed by ESI-MS. In contrast, the
des-OAll products were observed as major products (Table 7.10). We then did similar
molecular modeling of the structures of the [1,3] cyclic peptide (24) and its linear
precursor (Figure 7.7). The two double bonds of the 1,3-substituted linear peptide (top)
were observed in relatively close proximity to each other (6.2 Å, Table 7.9). But in the
desired cyclic peptide (bottom), the ring system was very strained and the aromatic ring
in residue 1 was not planar but distorted. This suggested that the cyclization reaction
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would require high activation energy. Therefore, the side reaction involving the deletion
of the allyl group from Tyr predominated and no desired cyclic peptide was obtained.

Figure 7.7: Molecular modeling of 24 ([1,3] cyclic peptide, bottom) and its linear precursor (top)

a

N indicates N-terminus, 1-3 indicate the positions of each amino acid in the peptides, while C
designates the rest of the C-terminal sequence; for simplicity, it was replaced by an N-methyl
group in the modeling.

7.2.2.5 Deletion of the allyl group from Tyr(All) during the metathesis and cleavage
reactions
When we attempted to make the cyclic peptide 22, three major products other
than the desired cyclic peptide were obtained (Table 7.10). These products were purified
by HPLC and the molecular weights of these peptides corresponded to loss of the allyl
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group from one or both of the allyl-protected Tyr residues. The deletion reaction was also
observed for the other cyclization reactions involving Tyr(All).
We propose the following mechanism for the loss of the allyl group (Scheme 7.1).
First, the double bond of the allyl group migrates under the metathesis conditions to form
the vinyl ether intermediate, which is then hydrolyzed under acidic cleavage conditions to
form the des-OAll analog. To prove this mechanism, we wanted to trap the intermediate
and analyze its structure. Therefore, we examined a similar reaction in solution so that the
products could be examined prior to acidic cleavage reaction.

Scheme 7.1: Proposed mechanism for the deletion of the allyl group from Tyr(All)
"Ru"
R

R

O

TFA/H 2O

O

O
R'

OH

+

Fmoc-Tyr(All)-OH was treated with second generation Grubbs catalyst for two
days (Scheme 7.2), and the mixture then analyzed by HPLC. In addition to the expected
two cross metathesis products (Figure 7.8 A, [M-H]- = 857.3), a major product was
observed (X in Figure 7.8 A). This intermediate was then purified by HPLC and its
structure confirmed by 1H-NMR (Figure 7.9). No des-OAll product was observed at this
stage. Then the same mixture was treated with 95% TFA in water for 30 min followed by
HPLC analysis, and we observed the presence of the des-allyl product Fmoc-Tyr-OH and
the degradation of the intermediate X (Figure 7.8 B).
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Scheme 7.2: Metathesis of Fmoc-Tyr(All)-OH
O
HN

Fmoc

10 mol% 2nd Gen
Grubbs Catalyst
0.1 mM, 48 h

OH

A

HPLC
Mixture

Remove catalyst
TFA/H 2O (95/5) 30 min
B
Then HPLC

O

Figure 7.8: HPLC analysisa of the Fmoc-Tyr(All)-OH metathesis products before (A) and after
(B) acidic treatment.
(A)

SPD-10Avp Ch1-220nm
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0
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25
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(B)

SPD-10Avp Ch1-220nm
Fmoc-Tyr(All)-OH metathesis2dfollowedbyTFAtreatment

Fmoc-Tyr-OH

100

cross metathesis

mVolts

X
50

50

starting material

0

mVol ts

100

0
0

5

10

15

20

25

30

35

Minutes

a

HPLC conditions: 50-90% Solvent B over 45 min at 1 mL/min (Solvent A= H2O; Solvent B=
MeOH, both containing 0.1% TFA)
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Figure 7.9: 1H-NMR analysis of intermediate Xa

O

O
O

a

N
H

OH
O

Arrows point to methyl and vinylether protons.

7.2.3 Pharmacology
The successfully synthesized cyclic peptides and their linear precursors were
examined for their opioid receptor affinity as described previously using Chinese hamster
ovary (CHO) cells stably expressing cloned opioid receptors.15 These arodyn analogs
were evaluated for their intrinsic activity at 10 μM in the adenylyl cyclase (AC) assay
using cloned rat κ opioid receptors stably expressed on CHO cells.16 The initial results
are shown in Table 7.11. Additional assays are currently under way and the results will
be reported as well.
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Table 7.11: Pharmacological activity of cyclic arodyn analogs by RCM
Ki ± SEM (nM)

Compound
κ

Ki ratio
(κ/μ)

μ

1, arodynb
10.0 ± 3.0
1750 ± 130
2-cis
130 ± 22
2310 ± 440
2-trans
410 ± 54
>10,000
3-cis
200 ± 12
>10,000
3-trans
130 ± 20
>10,000
a
Compared to Dyn A (1-13)NH2 (100%). bFrom Ref.17

1/175
1/18
1/>24
1/>50
1/>77

AC %
inhibition
@ 10 µMa
12 ± 8
112 ± 4
60 ± 5
87 ± 16
38 ± 10

Like the cyclizations involving lactam bond formation described in Chapter 6,
cyclization in the N-terminal “message” sequence of arodyn between residues 2 and 5
using RCM between two AllGly residues resulted in unfavorable κ opioid receptor
binding. The cis isomer of 2 (cyclo2,5[Ala2(-CH=CH-)Ala5,Ile8]arodyn) shows about 13-fold
lower affinity for κ opioid receptors compared to arodyn. Its affinity for μ opioid
receptors also decreases by 2-fold compared with arodyn. The trans isomer exhibits
about 3-fold lower affinity for κ opioid receptors compared with the cis isomer. The trans
isomer shows negligible binding affinity for μ opioid receptors (Ki > 10 μM). The cis
isomer of 3 (cyclo2,5[D-Ala2(-CH=CH-)Ala5,Ile8]arodyn) shows about 20-fold lower affinity
for κ opioid receptors compared to arodyn. Its trans isomer exhibits slightly higher
affinity for κ opioid receptors compared with the cis isomer. Both compounds show
negligible binding affinity for μ opioid receptors (Ki > 10 μM). Compounds 4-6 are
currently undergoing pharmacological testing.
Surprisingly, the cyclic arodyn analogs tested were partial to full agonists at κ
opioid receptors in the adenylyl cyclase assay (38-112% intrinsic activity compared with
Dyn

A(1-13)-NH2,

Table

7.11).

This

is

very

interesting

since

cyclo[Asp2,Dap5,Ile8]arodyn described in Chapter 6 does not show agonist activity. The
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differences probably arise from the different types of cyclizations having different effects
on the conformations of the residues important for κ opioid receptor binding and
activation.
Cyclization in the N-terminal “message” sequence of arodyn involving residues 3
and 5 using RCM between the side chains of a Tyr(All) and an AllGly residue,
respectively, is also unfavorable for κ opioid receptor binding. The trans isomer of
3,5
3
5
8
cyclo [Tyr (CH2-CH=CH)Ala ,Ile ]arodyn (21) shows about 40-fold lower affinity (Ki =

400 ± 40 nM) compared to arodyn (1, Ki = 10 nM). Interestingly, cyclization in the Nterminal “message” sequence of arodyn involving residues 2 and 3 using RCM between
two Tyr(All) residues turned out to be tolerated by κ opioid receptors. The trans isomer
of cyclo2,3[Tyr2(CH2-CH=CH-CH2)Tyr3,Ile8]arodyn (23) shows only 5.5-fold lower affinity
(Ki = 55 ± 4 nM) compared to arodyn (1, Ki = 10 nM). This is the first arodyn analog
cyclized by RCM that exhibits reasonable affinity for κ opioid receptors and is a
promising lead peptide. These initial cyclic arodyn analogs containing Ile in position 8,
which in arodyn decreases κ opioid receptor affinity by 4-fold (Ki = 40 nM, Bennett,
Murray and Aldrich, unpublished results). Thus peptide 23 exhibits only a 40% lower κ
opioid receptor affinity compared to [Ile8]arodyn. D-Ala8 will be incorporated in position
8 of 23 to determine whether this modification will also enhance the κ opioid receptor
affinity of the cyclic peptide. The pharmacological assays on the remaining compounds
will be conducted shortly.
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7.3 Conclusions
In conclusion, we have successfully applied RCM to the synthesis of cyclic
arodyn analogs utilizing different approaches. Cyclization by RCM has some advantages
over traditional approaches such as amide bond or disulfide bond formation. By using the
side chains of D/L-AllGly for cyclization, the functionalities of the lipophilic side chains
of Leu and Ile can be maintained. By using Tyr(All) for cyclization, important aromatic
residues can be constrained without loss of functionality.
Cyclizations involved the side chains of two AllGly residues in the non-critical 2,
5 and 8 positions of arodyn generally gave high yields of the desired cyclic peptides.
Both isomers were observed in all the cases described here. Cyclizations involving an Nterminal vinylacetyl group and AllGly substituted in position 2, 5, or 8 of arodyn were
unsuccessful, probably due to an extended conformation resulting in too large a distance
between the two double bonds. Incorporation of an N-methyl group in Phe1 could favor a
folded structure in the N-terminus of the peptide. The cyclization involving the Nterminal Alloc group and the side chain of AllGly in position 5 was successful; only the
trans isomer of the cyclic peptide was obtained. The [N,2] and [N,8] cyclizations were
unsuccessful, probably due to ring strain (11-membered ring) inherent in the cyclic
product in the first case and the long distance between the two double bonds in the
second case.
By using Tyr(All) for cyclization, the important aromatic residues of arodyn could
be constrained without loss of the aromatic functionality. However, the cyclization is
dependent on the linear and cyclic peptide sequences and conformations. For the
cyclization to be successful, the two double bonds in the linear peptide must be in close
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proximity and oriented properly. Also the product should not have significant ring strain
that would require a high activation energy for cyclization. Interestingly, for the
successfully synthesized peptides, only the trans isomers were obtained as confirmed by
NMR.
A side reaction involving the deletion of the allyl group from Tyr competes with
the cyclization reactions involving Tyr(All). A mechanism for this side reaction has been
proposed and studied using Fmoc-Tyr(All)-OH. The double bond of the allyl group
migrates under the metathesis conditions to form the vinyl ether intermediate, which is
then hydrolyzed under acidic cleavage conditions to form the des-OAll analog.
One cyclic analog of arodyn involving cyclization between two Tyr(All)
(cyclo2,3[Tyr2(CH2-CH=CH-CH2)Tyr3]arodyn, 23) retains reasonable affinity (Ki = 55 nM)
for κ opioid receptors. The loss (5.5-fold) of affinity may be mainly due to the
substitution of Ile for D-Ala8. Further analogs will be synthesized to increase the affinity
for κ opioid receptors.

7.4 Experimental section
7.4.1 Materials
Fmoc-AllGly-OH and Fmoc-D-AllGly-OH were purchased from NeoMPS (San
Diego, CA). Fmoc-Tyr(All)-OH was purchased from Senn Chemicals (San Diego, CA).
Second generation Grubbs’ catalyst and dimethyl sulfoxide-d6 (DMSO-d6) were
purchased from Aldrich Chemical Co. (Milwaukee, WI). The sources of other materials
are listed in Chapter 3.
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7.4.2 Synthesis, purification and analysis of cyclic peptides by RCM
Peptide synthesis: The peptides were synthesized on the Fmoc-PAL-PEG-PS
resin (PAL-PEG-PS = peptide amide linker-poly(ethylene glycol)-polystyrene, 300 mg,
0.19-0.21 mmol/g) using a CS Bio automated peptide synthesizer, except for the
couplings of Fmoc-AllGly-OH and Fmoc-D-AllGly-OH (2 equiv each were used for
coupling), which were performed manually. The couplings of these two amino acids were
generally performed for 2 h or until completion of the reaction as determined by the
ninhydrin

test.18

The

synthesis

of

the

peptide

cyclo1,2[Tyr1(CH2-CH=CH-

CH2)Tyr2,Ile8]arodyn (22) is shown in Scheme 7.3 as an example. The linear precursor
was first assembled on the resin by standard solid-phase peptide synthesis (SPPS) as
described in Chapter 3. The resin was mixed with 40 mol% second-generation Grubbs’
catalyst (3 mM, Figure 7.1) in DCM/DMF (4/1, v/v) under reflux conditions (60 oC) for 2
d (Scheme 7.3). The resin was then washed with DCM (10 X 5 mL) to remove the
catalyst. Finally, the resin was shrunk by washing with methanol and dried under
vacuum.
Cleavage of peptides: The peptides were cleaved from the resin by reacting with 5
mL Reagent B (88% TFA, 5% phenol, 5% water, and 2% TIPS) for 2 h as described in
Chapter 3.19
Purification and analysis of the peptides: The successfully synthesized crude
cyclic peptides were purified by preparative reversed-phase HPLC. The purification
conditions were chosen individually according to the analytical HPLC chromatogram.
For the purification of 2-5, a linear gradient of 10-28% aqueous MeCN containing 0.1%
TFA over 3 h, at a flow rate of 20 mL/min, was used. For the purification of 6, a linear
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gradient of 33-45% aqueous MeOH containing 0.1% TFA over 2 h (0.1% MeOH/min), at
a flow rate of 20 mL/min, was used. For the purification of 16 and 21-23 where there was
only one isomer (trans), a linear gradient of 15-50% MeCN containing 0.1% TFA over
35 min was used. The linear analogs (7-11, 18, and 25-27) were also purified using a
linear gradient of 15-50% MeCN containing 0.1% TFA over 35 min.

Scheme 7.3: Synthesis of cyclic peptide 22
Fmoc-PAL-PEG-PS Resin
SPPS
Ac-Tyr(All)-Tyr(All)-Phe-Arg(Pbf)-Leu-Arg(Pbf)-Arg(Pbf)-Ile-Arg(Pbf)-Pro-Lys(Boc)-Resin
O

Ac N
H

O

O

N
H

O

Ac N
H

40% 2nd Gen. Grubbs Catalyst
in DCM/DMF (4/1), 60o C, 2d

Phe-Arg(Pbf )-Leu-Arg(Pbf)-Arg(Pbf)-Ile-Arg(Pbf)-Pro-Lys(Boc)-Resin
O
Reagent B (TFA/Phenol/H 2O/TIPS=88/5/5/2)
2h

O

O

N
H

Phe-Arg-Leu-Arg-Arg-Ile-Arg-Pro-Lys-NH 2
O
22

The purity of the final peptides was verified by analytical HPLC using two
solvent systems. For analytical HPLC, a linear gradient of 5-50% solvent B (solvent A,
aqueous 0.1% TFA and solvent B, MeCN or MeOH containing 0.1% TFA) over 45
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minutes, at a flow rate of 1 mL/min, was used for the analysis. The final purity of all of
the peptides in both solvent systems was greater than 98%. Molecular weights of the
peptides were determined by ESI-MS (Waters, analyzer Q-TOF).
Analysis of the peptides by NMR: The configuration of the double bond of the
cyclic RCM compounds was established by NMR analysis. 1H NMR spectra of these
compounds were performed at 25 oC on a Bruker AVANCE DRX-500 spectrometer
(500.13 MHz proton frequency) equipped with a 5 mm z-gradient Cryoprobe. The pure
peptides (2-5 mg) were dissolved in 0.7 mL DMSO-d6. 1H chemical shifts and coupling
constants were extracted from 1D spectra. 1H chemical shifts were referenced to the
residual DMSO signal at 2.49 ppm. Coupling constants of the two cis vinyl protons are
around 10 Hz, while the coupling constants of the two trans vinyl protons are around 15
Hz.
Time shared homonuclear decoupling was performed with a standard Bruker
pulse program. This program was modified locally to perform simultaneous homonuclear
decoupling at two separate frequencies. The 1D 1H-NMR spectra of these cyclic analogs
are attached in Appendix 4.

7.4.3 Metathesis of Fmoc-Tyr(All)-OH
Fmoc-Tyr(All)-OH (44.3 mg, 0.1 mmol) and second-generation Grubbs’ catalyst
(8.49 mg, 0.01 mmol, 0.1 mM) were dissolved in DCM (100 mL) and allow to reaction
for 2 d under refluxing conditions. Then DCM was removed, the mixture went through
C18 Ziptip, and washed with methanol. The methanol was then removed, and part of the
mixture was run analytical HPLC in a linear gradient of 50-90% solvent B (solvent A,
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water and solvent B, MeOH). Another part of the compound was treated with TFA/water
(95/5) for 30 min, followed by same analytical HPLC method. The intermediate X was
purified using 50-90% MeOH over 40 min on the preparative column. Fmoc-Tyr-OH was
obtained by treating Fmoc-Tyr(tBu)-OH with TFA/DCM (1/1) for 2 h.

7.4.4 Molecular modeling
The structures of the linear and cyclic peptides were constructed using the amino
acid templates in the Biopolymer module and were assigned random geometries. The
linear peptides were energy minimized and evaluated for the distance between the two
double bonds. Due to the large conformational flexibility of the linear peptides, the
energy-minimized conformations obtained from random geometries were used for further
analysis.

7.4.5 Pharmacological assays
Radioligand binding assays were performed using cloned rat κ and μ opioid
receptors stably expressed in CHO cells as described in Chapter 4. The peptides were
evaluated for their ability to inhibit the synthesis of cAMP by adenylyl cyclase as
described in Chapter 4.
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Chapter 8. Design, Synthesis, and Biological Activities of Dynorphin A
Analogs Cyclized by Ring-Closing Metathesis

*Note that the compound numbers used in this chapter are only applicable within this
specific chapter.
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8.1 Introduction
Clinically used analgesic agents, such as morphine and its analogs, are very potent
and mainly act on μ opioid receptors. However, their use is associated with some serious
side effects, such as respiratory depression, physiological and psychological dependence,
and constipation.1 Therefore considerable effort has focused on the development of κ
selective opioid agonists, especially those acting in the periphery, as potential analgesics
without the significant clinical side effects associated with morphine and other μ receptor
selective analgesic drugs.2, 3 Besides their roles in analgesia, κ opioid receptor agonists
may also have other therapeutic applications, which include the treatment of cocaine
dependence,4 as neuroprotective and anticonvulsant agents,5 and the treatment of HIV-1
and HIV-1 related encephalopathy.6,

7

Kappa opioid receptor antagonists, on the other

hand, may be useful for the treatment of opioid8,

9

and cocaine10,

11

addiction and as

antidepressant agents.12 Therefore, ligands for κ opioid receptors are very useful for
studying the functions of κ opioid receptors at the molecular level, which in turn could be
very important in the development of new therapeutic agents.
Dynorphin A (Dyn A, Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-LysTrp-Asp-Asn-Gln), a heptadecapeptide first isolated from porcine pituitary,13 is an
endogenous ligand for κ opioid receptors and is thought to be involved in a variety of
physiological functions.14 Dyn A has an identical N-terminal tetrapeptide sequence (the
“message” sequence, Tyr-Gly-Gly-Phe)15 as most other mammalian opioid peptides and a
C-terminal sequence (the “address” sequence)15 which is unique to Dyn A. Dyn A-(1-13)
and Dyn A-(1-11) exhibit similar κ opioid receptor activity to Dyn A,15 and therefore
these two shorter peptides have often served as parent structures for structure-activity
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relationship (SAR) studies and for the development of analogs with improved κ affinity,
selectivity, potency, and/or altered efficacy.
Like most linear peptides, Dyn A can adopt numerous conformations, and
because of this, the biologically active conformation is not yet clear.16-21 This inherent
conformational flexibility may be one of the reasons that Dyn A also exhibits significant
affinity for μ and δ opioid receptors, resulting in low selectivity for κ opioid receptors.
Conformational constraint by cyclization is one approach that can be used to
restrict the flexibility of peptide molecules, and therefore is a valuable tool to study
topographical requirements of receptors.22-24 In addition, cyclization of peptides can
provide potent and selective ligands for receptors when appropriate conformational
constraints are incorporated,24 because a well-fit pre-organized conformation decreases
the entropy penalty for receptor binding.23 Furthermore, cyclic peptides are often more
stable to peptidases,25-27 and therefore they can have improved pharmacokinetic profiles
and represent promising lead compounds for further development.
Conformational constraint by cyclization has been successfully employed in the
development of several potent opioid peptides. Several cyclic Dyn A analogs have been
synthesized and evaluated for their biological activity.1, 23, 28-33 Our laboratory previously
reported several cyclic Dyn A analogs where either the “message” or “address”
sequence15 was constrained. cyclo[D-Asp2,Dap5]Dyn A(1-13)NH2 (Dap = 2,3diaminopropionic acid) exhibits high affinity for both κ and μ opioid receptors and
therefore low selectivity for κ receptors.28 cyclo[D-Asp5,Dap8]Dyn A(1-13)NH2 shows
modest affinity for κ opioid receptors compared with the linear peptide Dyn A(1-13)NH2,
but it shows increased selectivity for κ over μ and δ opioid receptors compared with Dyn
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A(1-13)NH2.29 Cyclic Dyn A analogs were also pursued by other research groups
utilizing either disulfide30, 31 or amide32, 33 bonds to constrain the peptides.
Our current interest is in the design and synthesis of cyclic Dyn A analogs
utilizing ring-closing metathesis (RCM). RCM has emerged as a very useful method for
making cyclic organic compounds as well as cyclic peptides.34-37 Compared with peptides
cyclized by amide or disulfide bond formation, there are some advantages of using RCM.
The resultant carbon-carbon bond is more stable than an amide bond or disulfide bond.36,
38

The disulfide bond can be cleaved in vivo.36 Furthermore, in contrast to cyclization via

amide or disulfide bond formation, in RCM side chain functionalities can be maintained
by appropriate choice of the amino acid side chains for cyclization. Cyclization of
peptides by RCM has been applied to the synthesis of a few analogs of the opioid
peptides dermorphin and the enkephalins.39-41 Some of the cyclic analogs showed potent
activity for μ and δ opioid receptors. In contrast, there are no reports of longer opioid
peptides (e.g. Dyn A analogs) cyclized through RCM. Here we describe our results for
incorporating a cyclic constraint in the “message” (N-terminal) as well as “address” (Cterminal) sequences of Dyn A via RCM.

8.2 Results and discussion
8.2.1 Analog design
Cyclic [2,5] and [5,8] Dyn A(1-11)NH2 analogs (Figure 8.1) were chosen to
evaluate RCM for cyclizing Dyn A analogs and to examine the effects of these
cyclizations on κ opioid receptor affinity, selectivity, efficacy, and potency. Substitution
of a D-amino acid in position 2 for Gly in the linear peptides is well tolerated by κ opioid
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receptors; however, this modification in Dyn A analogs can greatly increase μ receptor
affinity, resulting in compounds that are either nonselective or selective for μ opioid
receptors.42 Substitution of this position with an L-amino acid decreases binding affinity
for all three types of opioid receptors. However, κ opioid receptor is more tolerant of the
L-configuration in this position than the other opioid receptors, and therefore the
selectivity for κ receptor can be increased by substitution with an L-amino acid.42 Based
on these observations, in the [2,5] cyclic analogs both L- and D-allylglycine (AllGly)
were introduced in position 2 to evaluate their effects on affinity, selectivity, potency, and
efficacy at κ opioid receptors. Leu5 in Dyn A is not important for opioid activity and can
be used for cyclization.43 The major differences between these cyclic peptides and the
parent compound Dyn A(1-11)NH2 are the constrained conformation plus the chiral
carbon that was introduced in the second amino acid residue (Figure 8.1). Similar effects
can be seen for the [5,8] cyclic analogs, where Leu5 and Ile8 were substituted with AllGly
and then the two double bonds were cyclized through RCM (Figure 8.1).
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Figure 8.1: Structural comparison of cyclo[L/D-Ala2(-CH=CH-)Ala5]Dyn A (1-11)NH2 and
cyclo[Ala5(-CH=CH-)Ala8]Dyn A (1-11)NH2 with Dyn A (1-11)NH2

Tyr- HN

Gly-Phe- HN

Arg-Arg-Ile-Arg-Pro-Lys-NH2

O

O

cyclo[Ala2 (-CH=CH-)Ala 5]Dyn A (1-11)NH2

Tyr- HN

Gly-Phe- HN

Arg-Arg-Ile-Arg-Pro-Lys-NH2

O

O

cyclo[D-Ala2 (-CH=CH-)Ala 5]Dyn A (1-11)NH2

Tyr-Gly-Gly-Phe-HN

Arg-Arg- HN
O

Arg-Pro-Lys-NH2
O

5

8

cyclo[Ala (-CH=CH-)Ala ]Dyn A (1-11)NH2

Tyr- HN

Gly-Phe- HN
O

Arg-Arg- HN
O

Arg-Pro-Lys-NH2
O

Dyn A (1-11)NH 2

8.2.2 Chemistry
Second generation Grubbs’ catalyst (Figure 7.2) was used to cyclize the peptides
on the solid support. A mixture of dichloromethane (DCM) and N,N-dimethylformamide
(DMF) (4/1, v/v) was used for the RCM reaction. The addition of a small amount of
DMF has several advantages since DMF is compatible with both the peptide chain and
hydrophilic resin and allows a higher temperature to be used for the reaction. The
position or stereochemistry of the AllGly residue did not have much influence on the
yield of the desired cyclic peptides. Cyclizations between the side chains of AllGly
generally gave reasonable yields of the desired cyclic peptides (56-74%, Table 8.1). Both
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the cis and trans isomers were obtained for all the cyclic peptides, with the ratio of cis to
trans isomers, as determined by NMR, varying from approximately 1:1.1 to 1:2.3,
depending on the position and stereochemistry of the AllGly (Table 8.1).

Table 8.1: Yields and cis/trans ratios of cyclic Dyn A(1-11)NH2 analogs by RCM
Entry

Compound

Products (% by HPLC)

2
5
56
cyclo[Ala (-CH=CH-)Ala ]
cis, 1; trans, 2
2
5
74
B
cyclo[D-Ala (-CH=CH-)Ala ]
cis, 3; trans, 4
5
8
63
C
cyclo[Ala (-CH=CH-)Ala ]
cis, 5; trans, 6
a
Configuration determined by NMR, see Table 8.3 for details.

A

cis/transa
1:1.8
1:2.3
1:1.1

Because the cis and trans isomers have very similar retention times (within 0.7
min) in the standard high-performance liquid chromatography (HPLC) system (5-50% of
MeCN with 0.1% TFA over 45 min at 1 mL/min), a very slow gradient (0.1% change
solvent B/min) was used for purification. The two isomers were successfully purified as
determined by HPLC, electrospray ionization mass spectrometry (ESI-MS), and nuclear
magnetic resonance (NMR) of the purified fractions (Tables 8.2 and 8.3).

168

Table 8.2: HPLC and ESI-MS data of purified peptides 1-6
Peptides

a

HPLC (tR (min)/% purity)a
System 1
System 2

1

13.23/100

24.08/100

2

13.30/100

25.38/100

3

12.78/100

24.87/100

4

13.49/100

26.99/100

5

9.11/100

16.32/100

6

9.63/100

17.85/100

Details are in the experimental section: system 1:
MeOH.

ESI-MS (m/z)
Calculated
Observed
[M+3H]3+=453.3 [M+3H]3+=453.3
[M+4H]4+=340.2 [M+4H]4+=340.2
[M+2H]2+=679.4 [M+2H]2+=679.4
[M+4H]4+=340.2 [M+4H]4+=340.2
[M+3H]3+=453.3 [M+3H]3+=453.3
[M+2H]2+=679.4 [M+2H]2+=679.4
[M+4H]4+=340.2 [M+4H]4+=340.2
[M+3H]3+=453.3 [M+3H]3+=453.2
[M+2H]2+=679.4 [M+2H]2+=679.4
[M+4H]4+=340.2 [M+4H]4+=340.2
[M+3H]3+=453.3 [M+3H]3+=453.3
[M+2H]2+=679.4 [M+2H]2+=679.4
[M+3H]3+=434.6 [M+3H]3+=434.6
[M+4H]4+=326.2 [M+4H]4+=326.2
[M+3H]3+=434.6 [M+3H]3+=434.6
[M+4H]4+=326.2 [M+4H]4+=326.2
Solvent B = MeCN; system 2: Solvent B =

The NMR J-couplings and chemical shifts were used to distinguish between the
cis and trans isomers.44-46 The splitting patterns of the vinyl protons are very different for
the cis and trans isomers as they are coupled to adjacent methylene protons with different
coupling constants. For the trans isomer, the coupling constants between the two vinyl
protons (J12) are around 15 Hz, while the coupling constants between the vinyl protons
and their corresponding adjacent methylene protons (J13, J14, J25 and J26) are around 7-8
Hz. Because of the coupling constants, the peaks for the trans isomers are generally split
into 5 peaks in the spectrum (Figure 8.2). The approximate ratio for the five peaks is
1:2:2:2:1. For the cis isomer, the coupling constants between the two vinyl protons (J12)
are around 10 Hz, while the coupling constants between the vinyl protons and adjacent
methylene protons are around 10 and 2 Hz. Because of the broad linewidth, only three
peaks are generally observed for the cis isomers in a ratio of 1:2:1 (Figure 8.2). The
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chemical shifts of the two vinyl protons in the cyclic peptides are generally between 5.0
and 5.5 ppm (Table 7.6). Generally, the two vinyl protons in the cis isomer are slightly
more shielded (upfield) than in the trans isomers (Figure 8.2 and Table 8.3).

Figure 8.2: Chemical shifts and splitting patterns of the two vinyl protons of cyclic peptides 5
(bottom) and 6 (top)
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Table 8.3: 1H-NMR data of cyclic peptides 1-6
H4

H3

R

H4

H2

H3

H5

H6

R

H1

R'

R'
H6

H1

H2

H5

Peptides

Chemical shifts (δ) of two
vinyl protons

J (Hz)d

1 (cis)

H1 = 5.10

J12 = 10.4

H2 = 5.34

J21 = 12.4

H1 = 5.25

J12 = 14.9

H2 = 5.47

J21 = 13.9

H1 = 5.05

J12 = 11.4

H2 = 5.16

J21 = 7.6

H1 = 5.12

J12 = 17.4

H2 = 5.26

J21 = 15.4

H1 = 5.14

J12 = 10.5

H2 = 5.41

J21 = 12.9

H1 = 5.21

J12 = 14.9

H2 = 5.46

J21 = 13.9

2 (trans)
3 (cis)
4 (trans)
5 (cis)
6 (trans)

8.2.3 Pharmacology
The cyclic peptides were evaluated for their binding affinity at κ, μ, and δ opioid
receptors using radioligand-binding assays (Table 8.4).29 Except for compound 1, all of
the cyclic Dyn A analogs examined exhibit reasonably high binding affinity for κ opioid
receptors (Ki = 0.84 - 11 nM).
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Table 8.4: Opioid receptor binding affinities of Dyn A analogs cyclized by RCM
Compound

Ki (nM)a
μ
763 ± 35
180 ± 10
2.33 ± 0.20
2.33 ± 0.22
93.0 ± 6.0
36.0 ± 2.1
1.85 ± 0.52

κ
δ
87.2 ± 6.9
7670 ± 1030
1
9.46 ± 1.80
1130 ± 98
2
0.84 ± 0.10
9.30 ± 1.00
3
1.38 ± 0.31b
7.17 ± 0.55
4
10.9 ± 1.8
1210 ± 90
5
2.46
±
0.57
460 ± 51
6
Dyn A(10.57 ± 0.01
6.18 ± 1.01
11)NH2c
a
Values are the mean ± SEM for three independent experiments. bValue
experiments. cFrom reference 47.

Ki ratio
(κ/μ/δ)
1/8.8/88
1/19/119
1/2.8/11
1/1.7/5.2
1/8.5/111
1/15/187
1/3/11
is for four independent

The [2,5] cyclizations involving an L-AllGly in position 2 decrease κ opioid
receptor binding. The trans isomer of cyclo[Ala2(-CH=CH-)Ala5]Dyn A(1-11)NH2 (2),
however, has reasonable κ opioid receptor affinity (Ki = 9.5 nM) compared with Dyn
A(1-11)NH2 (Table 8.4).47 However, the cis isomer 1 exhibits 10-fold lower affinity for κ
receptors than the trans isomer 2, presumably due to the differences in the peptides’
conformations. Compared with Dyn A(1-11)NH2, both of the two isomers 1 and 2 exhibit
much lower affinity for μ and δ receptors, therefore resulting in higher κ opioid receptor
selectivity for these compounds than Dyn A(1-11)NH2 (Table 8.4). The cis isomer (1) has
similar selectivity as the trans isomer (2), even though it shows about 10-fold lower
affinity for κ opioid receptors. These results suggest that even thought substitution of an
L-amino acid in position 2 in the cyclic peptides decreases κ receptor affinity compared
with Dyn A (1-11)NH2, the selectivity towards the other opioid receptors (μ and δ) can be
increased, as these receptors are less tolerant of the introduction of an L-amino acid in
position 2 compared to κ opioid receptors.
In contrast, the [2,5] cyclizations involving a D-AllGly in position 2 are well
tolerated by κ opioid receptors. The two isomers of cyclo[D-Ala2(-CH=CH-)Ala5]Dyn
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A(1-11)NH2 (3 and 4) exhibit high affinity for κ opioid receptors (Ki = 0.84 and 1.33 nM
for the cis and trans isomers, respectively, Table 8.4). However, these two compounds
also exhibit high affinity for μ and δ opioid receptors, and therefore have very low
selectivity for κ over these opioid receptors. These results are similar to those for
cyclo[D-Asp2,Dap5]Dyn A (1-13)NH2 and cyclo[D-Asp2,Dap5]Dyn A (1-11)NH2.28, 48
Schiller and Hruby previously separately reported the synthesis of several
dermorphin and enkephalin analogs utilizing RCM.39-41 The two olefinic dicarba analogs
of the enkephalin-derived cyclic peptide H-Tyr-c[D-Cys-Gly-Phe-L-Cys]NH2 exhibit
nanomolar affinity for both μ (2.40 nM and 0.616 nM for the cis and trans isomers,
respectively) and δ (6.55 nM and 1.25 nM for the cis and trans isomers, respectively)
opioid receptors.40 As expected, these enkephalin analogs exhibit low affinity for κ opioid
receptors (200 nM and 57.6 nM for the cis and trans isomers, respectively).40 The
addition of the C-terminal residues of Dyn A(1-11)NH2 substantially increases the
affinity for κ opioid receptors, while maintaining the affinity for μ opioid receptors and
decreasing the affinity for δ opioid receptors. Interestingly, while the two isomers
reported in that reference have different affinities for all three opioid receptors, our two
compounds do not have any significant differences in opioid receptor affinities.
The cyclizations in the “address” sequence of Dyn A involving two AllGly
residues substituted in positions 5 and 8 are also tolerated by κ opioid receptors. The
5
8
trans isomer of cyclo[Ala (-CH=CH-)Ala ]Dyn A(1-11)NH2 (6) has an affinity of 2.5 nM

for κ receptors, 5-fold lower compared with Dyn A(1-11)NH2. However, this compound
exhibits higher selectivity for κ over μ and δ receptors (15- and 187-fold, respectively,
Table 8.4) than the linear peptide. The cis isomer of cyclo[Ala5(-CH=CH-)Ala8]Dyn A-
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(1-11)NH2 (5) shows 4.4-fold lower affinity for κ opioid receptors (Ki = 11 nM)
compared with the trans isomer 6. This is another case where the cis and trans isomers
have different affinities. The two isomers exhibit similar selectivities for κ vs μ and δ
opioid receptors (Table 8.4).
The cyclic analogs were examined for dose-dependent inhibition of adenylyl
cyclase (AC) under standard assay conditions (Table 8.5).48 All compounds inhibit AC
activity in a dose-dependent manner with similar efficacy (≥ 90%) to Dyn A(1-13)NH2.
Thus the cyclizations have little or no effect on the efficacy of Dyn A(1-11)NH2 analogs.
The potencies (EC50) of these cyclic analogs in the AC assays (Table 8.5) correlate with
their corresponding κ opioid affinities.

Table 8.5: Potencies and efficacies for κ opioid receptor of Dyn A analogs cyclized by RCM
Compound

EC50 (nM)a

Maximum AC %
inhibitionb

190 ± 19
90 ± 2
1
27
±
0.0
104
±4
2
3
0.80 ± 0.34 (4)
111 ± 6 (4)
0.47 ± 0.11 (4)
107 ± 4 (4)
4
23 ± 11
110 ± 10
5
8.3 ± 3.7
106 ± 6
6
Dyn A(1-11)NH2
0.5
100
a
Values are the mean ± SEM for three independent experiments except where noted; bCompared
to Dyn A (1-13)NH2 (100%).
2
5
The two isomers of cyclo[D-Ala (-CH=CH-)Ala ]Dyn A(1-11)NH2 (3 and 4)

exhibit the highest potency with EC50 values (0.80 and 0.47 nM, respectively, Table 8.5)
comparable to that of the parent peptide Dyn A(1-11)-NH2. This is consistent with the
results reported for cyclo[D-Asp2,Dap5]Dyn A (1-11)NH2.48
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For the two isomers of cyclo[Ala2(-CH=CH-)Ala5]Dyn A(1-11)NH2 (1 and 2),
where the configuration of position 2 is L instead of D, the potency dropped significantly
(380- and 54-fold for 1 and 2, respectively) compared with Dyn A(1-11)NH2. Similar to
the affinities for κ opioid receptors, the trans isomer (2) is about 7-fold more potent than
the cis isomer (1). The two isomers of cyclo[Ala5(-CH=CH-)Ala8]Dyn A(1-11)NH2 (5
and 6) show intermediate potency among these cyclic peptides, with the trans isomer 6
being 2.8-fold more potent than the corresponding cis isomer 5.

8.3 Conclusions
In conclusion, here we report the synthesis of the first Dyn A analogs cyclized by
RCM. Cyclizations in both the “message” and “address” sequences of Dyn A were
explored for the successful synthesis of potent κ opioid receptor agonists. Cyclization by
RCM has some advantages over traditional approaches such as amide or disulfide bond
formation. The carbon-carbon double bond in these peptides retains similar lipophilicity
to the side chains of Leu and Ile found in positions 5 and 8 in Dyn A. The positions and
stereochemistry of the residues involved in the cyclizations influence affinity and
selectivity for κ opioid receptors. The [2,5] cyclic analogs with the D-configuration in
position 2 (3 and 4) retain high affinity for κ, μ, and δ receptors, indicating that the
conformations which are adopted by these two peptides are compatible with all three
opioid receptor types. These two peptides show minimal selectivity for κ over μ receptors
and low selectivity for κ over δ receptors. The [5,8] cyclic analogs (5 and 6) show
intermediate affinity for κ opioid receptors; however, their selectivity over the other
opioid receptors is greater than Dyn A(1-11)NH2. The [2,5] cyclic analogs with the L-

175

configuration in position 2 (1 and 2) show the lowest affinity for κ opioid receptors;
however, these two compounds also exhibit higher selectivity for κ receptors compared
with the parent peptide. In two of the three cases the configuration of the double bond has
a significant influence on the opioid receptor affinity and agonist potency. Similar to Dyn
A, these cyclic Dyn A analogs exhibit dose-dependent agonist activity (≥ 90% efficacy)
at κ opioid receptors with potencies correlated with their affinities. These analogs
represent interesting lead compounds for further characterization of conformation-activity
relationships for Dyn A at κ opioid receptors.

8.4 Experimental section
8.4.1 Materials
Fmoc-AllGly-OH and Fmoc-D-AllGly-OH were purchased from NeoMPS (San
Diego, CA). Second generation Grubbs’ catalyst and DMSO-d6 (dimethyl sulfoxide-d6)
were purchased from Aldrich Chemical Co. (Milwaukee, WI). The sources of other
materials are listed in Chapter 3.

8.4.2 Synthesis of cyclic Dyn A analogs
The synthesis of these cyclic peptides followed the procedure developed for the
synthesis of cyclic arodyn analogs described in Chapter 7. The synthesis of the peptides
cyclo[Ala2(-CH=CH-)Ala5]Dyn A (1-11)NH2 (1, cis; 2, trans) is shown in Scheme 8.1 as
an example. The linear precursor was first assembled on the resin by standard solid-phase
peptide synthesis (SPPS) as described in Chapter 3. The resin was mixed with 40 mol%
second-generation Grubbs’ catalyst (3 mM) in DCM/DMF (4/1, v/v) under reflux
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conditions (60 oC) for 2 d (Scheme 8.1). The resin was then washed with DCM (10 X 5
mL) to remove the catalyst. Finally, the resin was shrunk by washing with methanol and
dried under vacuum.

Scheme 8.1: Synthesis of cyclic peptides 1 and 2
Fmoc-PAL-PEG-PS Resin
SPPS
Boc-Tyr(tBu)-AllGly-Gly-Phe-AllGly-Arg(Pbf)-Arg(Pbf)-Ile-Arg(Pbf)-Pro-Lys(Boc)-Resin
40% 2nd Gen. Grubbs Catalyst
in DCM/DMF (4/1), 60 o C, 2d

Boc-Tyr(tBu)- HN

Gly-Phe- HN
O

Arg(Pbf)-Arg(Pbf)-Ile-Arg(Pbf)-Pro-Lys(Boc)-Resin
O

Reagent B (TFA/Phenol/H2 O/TIPS=88/5/5/2)
2h

Tyr- HN

Gly-Phe- HN
O

Arg-Arg-Ile-Arg-Pro-Lys-NH2
O

cy clo 2,5 [Ala2 (-CH=CH-)Ala5]Dyn A (1-11)NH 2
1, cis; 2, tr ans

The crude cyclic peptides were cleaved from the resin by treating with 5 mL
Reagent B (88% TFA, 5% phenol, 5% water, and 2% TIPS) for 2 h.49 The detailed
procedure is discussed in Chapter 3.

8.4.3 Analysis of cyclic Dyn A analogs
The crude peptides were analyzed by analytical reversed-phase HPLC to
determine the yields and ratios of the two isomers obtained from RCM reaction. A linear
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gradient of 5-50% MeCN containing 0.1% TFA over 45 minutes, at a flow rate of 1
mL/min, was used for the analysis.
The crude peptides were purified by preparative reversed-phase HPLC. For
purification, a linear gradient of 5-23% aqueous MeCN containing 0.1% TFA over 3 h
(0.1% MeCN/min), at a flow rate of 20 mL/min, was used. The purity of the final
peptides was verified using two analytical HPLC systems and ESI-MS (Table 8.1). For
analytical HPLC, a linear gradient of 5-50% solvent B (solvent A, aqueous 0.1% TFA
and solvent B, MeCN or MeOH containing 0.1% TFA) over 45 minutes, at a flow rate of
1 mL/min, was used. The final purity of all peptides by both methods was greater than
98%. Molecular weights of the peptides were determined by ESI-MS (Waters, analyzer
Q-TOF).
Analysis of the peptides by NMR: The configuration of the double bond of cyclic
RCM compounds was established by NMR analysis.

1

H NMR spectra of these

compounds were obtained at 25 oC on a Bruker AVANCE DRX-500 spectrometer
(500.13 MHz proton frequency) equipped with a 5 mm z-gradient Cryoprobe. The pure
peptides (2-5 mg) were dissolved in 0.7 mL DMSO-d6. 1H chemical shifts and coupling
constants were extracted from 1D spectra. 1H chemical shifts were referenced to the
residual DMSO signal at 2.49 ppm. Coupling constants of the two cis vinyl protons are
around 10 Hz, while the coupling constants of the two trans vinyl protons are around 15
Hz (Table 8.3). The 1D 1H-NMR spectra of these cyclic analogs are attached in Appendix
5.
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8.4.4 Pharmacological assays
Radioligand binding assays were performed using cloned rat κ, μ and δ opioid
receptors stably expressed on CHO cells as described in Chapter 4. [3H]DPDPE
(cyclo[D-Pen2,D-Pen5]enkephalin) was used as the radioligand in assays for δ opioid
receptors The peptides were evaluated for their ability to inhibit the synthesis of cAMP
by AC as described in Chapter 4. Peptide concentration was varied from 0.1-10,000 nM
in 10-fold dilutions to determine the efficacies and potencies of the peptides.

8.5 Bibliography
1.
Aldrich, J. V.; Vigil-Cruz, S. C. Narcotic Analgesics. In Burger's Medicinal
Chemistry & Drug Discovery, Abraham, D. J., Ed. John Wiley & Sons, Inc.: New York,
2003; Vol. 6, pp 329-481.
2.
Millan, M. J. κ-Opioid Receptors and Analgesia. Trends Pharmacol. Sci. 1990,
11, 70-76.
3.
Riviere, P. J. M.; Junien, J. L. Opioid Receptors, Targets for New Gastrointestinal
Drug Development. In Drug Development, Molecular Targets for GI Diseases,
Gaginella, T. S.; Guglietta, A., Eds. Humana Press: Totowa, NJ, 2000; pp 203-238.
4.
Kreek, M. J. Multiple Drug Abuse Patterns and Medical Consequences. In
Psychopharmacology: The Third Generation of Progress, Meltzer, H. Y., Ed. Raven,
New York, 1987; pp 1597–1604.
5.
Tortella, F. C.; Decoster, M. A. Kappa Opioids: Therapeutic Considerations in
Epilepsy and CNS Injury. Clin. Neuropharmacol. 1994, 17, 403-416.
6.
Chao, C. C.; Gekker, G.; Hu, S.; Sheng, W. S.; Shark, K. B.; Bu, D.-F.; Archer,
S.; Bidlack, J. M.; Peterson, P. K. κ Opioid Receptors in Human Microglia Downregulate
Human Immunodeficiency Virus 1 Expression. Proc. Natl. Acad. Sci. U.S.A. 1996, 93,
8051-8056.
7.
Peterson, P. K.; Gekker, G.; Lokensgard, J. R.; Bidlack, J. M.; Chang, A.-C.;
Fang, X.; Portoghese, P. S. κ-Opioid Receptor Agonist Suppression of HIV-1 Expression
in CD4+ Lymphocytes. Biochem. Pharmacol. 2001, 61, 1145-1151.
8.
Rothman, R. B.; Gorelick, D. A.; Heishman, S. J.; Eichmiller, P. R.; Hill, B. H.;
Norbeck, J.; Liberto, J. G. An Open-Label Study of a Functional Opioid κ Antagonist in
the Treatment of Opioid Dependence. J. Subst. Abuse Treat. 2000, 18, 277-281.
9.
Carroll, F. I.; Harris, L. S.; Aceto, M. D. Effects of JDTic, a Selective κ-Opioid
Receptor Antagonist, on the Development and Expression of Physical Dependence on
Morphine Using a Rat Continuous-Infusion Model. Eur. J. Pharmacol. 2005, 524, 89-94.
10.
Beardsley, P.; Howard, J.; Shelton, K.; Carroll, F. Differential Effects of the
Novel Kappa Opioid Receptor Antagonist, JDTic, on Reinstatement of Cocaine-Seeking
179

Induced by Footshock Stressors vs Cocaine Primes and Its Antidepressant-Like Effects in
Rats. Psychopharmacology 2005, 183, 118-126.
11.
Carey, A. N.; Borozny, K.; Aldrich, J. V.; McLaughlin, J. P. Reinstatement of
Cocaine Place-Conditioning Prevented by the Peptide Kappa-Opioid Receptor Antagonist
Arodyn. Eur. J. Pharmacol. 2007, 569, 84-89.
12.
Mague, S. D.; Pliakas, A. M.; Todtenkopf, M. S.; Tomasiewicz, H. C.; Zhang, Y.;
Stevens, W. C., Jr.; Jones, R. M.; Portoghese, P. S.; Carlezon, W. A., Jr. AntidepressantLike Effects of κ-Opioid Receptor Antagonists in the Forced Swim Test in Rats. J.
Pharmacol. Exp. Ther. 2003, 305, 323-330.
13.
Goldstein, A.; Tachibana, S.; Lowney, L. I.; Hunkapiller, M.; Hood, L.
Dynorphin-(1-13), an Extraordinarily Potent Opioid Peptide. Proc. Nat. Acad. Sci. U.S.A.
1979, 76, 6666-6670.
14.
Caudle, R. M.; Mannes, A. J. Dynorphin: Friend or Foe? Pain 2000, 87, 235-239.
15.
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.
16.
Schwyzer, R. Estimated Conformation, Orientation, and Accumulation of
Dynorphin A-(1-13)-Tridecapeptide on the Surface of Neutral Lipid Membranes.
Biochemistry 1986, 25, 4281-4286.
17.
Schwyzer, R. Molecular Mechanism of Opioid Receptor Selection. Biochemistry
1986, 25, 6335-6342.
18.
Taylor, J. W.; Osapay, G. Determining the Functional Conformations of
Biologically Active Peptides. Acc. Chem. Res. 1990, 23, 338-344.
19.
Renugopalakrishnan, V.; Paraka, R. S.; Bhargava, H. N. Conformational Features
of Opioid Peptides: Ligand Receptor Interactions. In Opioid Peptides, Biochemistry and
Applied Physiology, Szekely, J. I.; Ramabadran, K., Eds. CRC Press: 1990; Vol. IV, pp
53-114.
20.
Lancaster, C. R. D.; Mishra, P. K.; Hughes, D. W.; St.-Pierre, S. A.; Bothner-By,
A. A.; Epand, R. M. Mimicking the Membrane-Mediated Conformation of Dynorphin A(1-13)-Peptide: Circular Dichroism and Nuclear Magnetic Resonance Studies in
Methanolic Solution. Biochemistry 1991, 30, 4715-4726.
21.
Kallick, D. A. Conformation of Dynorphin A(1-17) Bound to
Dodecylphosphocholine Micelles. J. Am. Chem. Soc. 1993, 115, 9317-9318.
22.
Deber, C. M.; Madison, V.; Blout, E. R. Why Cyclic Peptides? Complementary
Approaches to Conformations. Acc. Chem. Res. 1976, 9, 106-113.
23.
Hruby, V. J.; Agnes, R. S. Conformation-Activity Relationships of Opioid
Peptides with Selective Activities at Opioid Receptors. Biopolymers Pept. Sci. 1999, 51,
391-410.
24.
Freidinger, R. M.; Veber, D. F.; Perlow, D. S. Bioactive Conformation of
Luteinizing Hormone-Releasing Hormone: Evidence from a Conformationaily
Constrained Analog. Science 1980, 210, 656-658.
25.
Miranda, L. P.; Winters, K. A.; Gegg, C. V.; Patel, A.; Aral, J.; Long, J.; Zhang,
J.; Diamond, S.; Guido, M.; Stanislaus, S.; Ma, M.; Li, H.; Rose, M. J.; Poppe, L.;
Veniant, M. M. Design and Synthesis of Conformationally Constrained Glucagon-Like
Peptide-1 Derivatives with Increased Plasma Stability and Prolonged in Vivo Activity. J.
Med. Chem. 2008, 51, 2758-2765.

180

26.
Sako, Y.; Goto, Y.; Murakami, H.; Suga, H. Ribosomal Synthesis of PeptidaseResistant Peptides Closed by a Nonreducible Inter-Side-Chain Bond. ACS Chem. Biol.
2008, 3, 241-249.
27.
Chappa, A. K. Biopharmaceutical Aspects of the Development of Peptides as
CNS Drug Delivery Vectors and Therapeutic Agents: Studies with Substance P and
Dynorphin A Analogs. Ph. D. Thesis, Department of Pharmaceutical Chemistry, the
University of Kansas, Lawrence, 2007.
28.
Arttamangkul, S.; Murray, T. F.; DeLander, G. E.; Aldrich, J. V. Synthesis and
Opioid Activity of Conformationally Constrained Dynorphin A Analogs. 1.
Conformational Constraint in the "Message" Sequence. J. Med. Chem. 1995, 38, 24102417.
29.
Arttamangkul, S.; Ishmael, J. E.; Murray, T. F.; Grandy, D. K.; DeLander, G. E.;
Kieffer, B. L.; Aldrich, J. V. Synthesis and Opioid Activity of Conformationally
Constrained Dynorphin A Analogues. 2.1 Conformational Constraint in the "Address"
Sequence. J. Med. Chem. 1997, 40, 1211-1218.
30.
Kawasaki, A. M.; Knapp, R. J.; Kramer, T. H.; Wire, W. S.; Vasquez, O. S.;
Yamamura, H. I.; Burks, T. F.; Hruby, V. J. Design and Synthesis of Highly Potent and
Selective Cyclic Dynorphin A Analogs. J. Med. Chem. 1990, 33, 1874-1879.
31.
Kawasaki, A. M.; Knapp, R. J.; Kramer, T. H.; Walton, A.; Wire, W. S.;
Hashimoto, S.; Yamamura, H. I.; Porreca, F.; Burks, T. F.; Hruby, V. J. Design and
Synthesis of Highly Potent and Selective Cyclic Dynorphin A Analogs. 2. New Analogs.
J. Med. Chem. 1993, 36, 750-757.
32.
Lung, F. D. T.; Collins, N.; Stropova, D.; Davis, P.; Yamamura, H. I.; Porreca, F.;
Hruby, V. J. Design, Synthesis, and Biological Activities of Cyclic Lactam Peptide
Analogues of Dynorphin A(1-11)-NH2. J. Med. Chem. 1996, 39, 1136-1141.
33.
Schiller, P. W.; Nguyen, T. M. D.; Lemieux, C. Synthesis and Opioid Activity
Profiles of Cyclic Dynorphin Analogs. Tetrahedron 1988, 44, 733-743.
34.
Fu, G. C.; Grubbs, R. H. The Application of Catalytic Ring-Closing Olefin
Metathesis to the Synthesis of Unsaturated Oxygen Heterocycles. J. Am. Chem. Soc.
1992, 114, 5426-5427.
35.
Miller, S. J.; Blackwell, H. E.; Grubbs, R. H. Application of Ring-Closing
Metathesis to the Synthesis of Rigidified Amino Acids and Peptides. J. Am. Chem. Soc.
1996, 118, 9606-9614.
36.
Stymiest, J. L.; Mitchell, B. F.; Wong, S.; Vederas, J. C. Synthesis of Oxytocin
Analogues with Replacement of Sulfur by Carbon Gives Potent Antagonists with
Increased Stability. J. Org. Chem. 2005, 70, 7799-7809.
37.
Reichwein, J. F.; Versluis, C.; Liskamp, R. M. J. Synthesis of Cyclic Peptides by
Ring-Closing Metathesis. J. Org. Chem. 2000, 65, 6187-6195.
38.
Nutt, R. F.; Veber, D. F.; Saperstein, R. Synthesis of Nonreducible Bicyclic
Analogs of Somatostatin. J. Am. Chem. Soc. 1980, 102, 6539-6545.
39.
Berezowska, I.; Chung, N. N.; Lemieux, C.; Wilkes, B. C.; Schiller, P. W. Cyclic
Dermorphin Tetrapeptide Analogues Obtained via Ring-Closing Metathesis. Acta
Biochim. Pol. 2006, 53, 73-76.
40.
Berezowska, I.; Chung, N. N.; Lemieux, C.; Wilkes, B. C.; Schiller, P. W.
Dicarba Analogues of the Cyclic Enkephalin Peptides H-Tyr-c[D-Cys-Gly-Phe-D(or L)Cys]NH2 Retain High Opioid Activity. J. Med. Chem. 2007, 50, 1414-1417.

181

41.
Mollica, A.; Guardiani, G.; Davis, P.; Ma, S. W.; Porreca, F.; Lai, J.; Mannina, L.;
Sobolev, A. P.; Hruby, V. J. Synthesis of Stable and Potent δ/μ; Opioid Peptides:
Analogues of H-Tyr-c[D-Cys-Gly-Phe-D-Cys]-OH by Ring-Closing Metathesis. J. Med.
Chem. 2007, 50, 3138-3142.
42.
Story, S. C.; Murray, T. F.; Delander, G. E.; Aldrich, J. V. Synthesis and Opioid
Activity of 2-Substituted Dynorphin A-(1-13) Amide Analogs. Int. J. Pept. Prot. Res.
1992, 40, 89-96.
43.
Bennett, M. A.; Murray, T. F.; Aldrich, J. V. Structure-Activity Relationships of
Arodyn, a Novel Acetylated Kappa Opioid Receptor Antagonist. J. Pept. Res. 2005, 65,
322-332.
44.
Bovey, F. A.; Mirau, P. A.; Gutowsky, H. S. Nuclear Magnetic Resonance
Spectroscopy. 2nd ed.; Academic Press: San Diego, 1988.
45.
Braun, S.; Kalinowski, H. O.; Berger, S. 150 and More Basic NMR Experiments.
2nd ed.; Wiley-VCH: Weinheim, 1998.
46.
Silverstein, R. M.; Webster, F. X. Spectrometric Identification of Organic
Compounds. John Wiley & Sons, Inc.: New York, 1997.
47.
Patkar, K. A.; Yan, X.; Murray, T. F.; Aldrich, J. V. [Nα-BenzylTyr1,cyclo(D5
Asp ,Dap8)]- dynorphin A-(1-11)NH2 Cyclized in the "Address" Domain Is a Novel κOpioid Receptor Antagonist. J. Med. Chem. 2005, 48, 4500-4503.
48.
Vig, B. S.; Murray, T. F.; Aldrich, J. V. Synthesis and Opioid Activity of SideChain-to-Side-Chain Cyclic Dynorphin A-(1-11) Amide Analogues Cyclized between
Positions 2 and 5. 1. Substitutions in Position 3. J. Med. Chem. 2004, 47, 446-455.
49.
Sole, N. A.; Barany, G. Optimization of Solid-Phase Synthesis of [Ala8]Dynorphin A. J. Org. Chem. 1992, 57, 5399-5403.

182

Chapter 9. Summary, Conclusions and Future Work
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The main objective of this dissertation research was to develop potent and
selective peptide ligands for kappa (κ) opioid receptors and explore the influence of
constraining the conformation on opioid receptor affinity and activity, based on two lead
compounds arodyn and Dyn A.
Previous results indicate that the potent and highly selective κ opioid receptor
antagonist [NMePhe1]arodyn is unstable under the acidic cleavage conditions.1 We
investigated the cleavage conditions by using different cleavage cocktails as well as
varying the cleavage time at 4 oC (Chapter 3). While alternative cleavage conditions
increased the yields of the full-length peptides, the deletion reaction still occurred,
decreasing the yield of the desired peptides. Substitution of the N-terminal acetyl group
with a different heteroatom-containing group (for example, a methoxycarbonyl group or
an amino acid) was found to prevent the side reaction (Chapter 3). On the other hand,
other acyl groups, including those with bulky substituents, are not effective at preventing
the deletion reaction.
Pharmacological evaluation shows that a methoxycarbonyl group can be
substituted for the acetyl group in [NMePhe1]arodyn without loss of κ opioid receptor
affinity (Chapter 4). [CH3OCO-NMePhe1]arodyn has similar κ opioid receptor affinity as
[NMePhe1]arodyn and retains high κ opioid receptor selectivity. For other substituents
(i.e. C6H5OCH2CO, Gly, and Ac-Gly), the affinity and/or selectivity for κ receptors
decreased compared to the parent peptides. The N-terminal methoxycarbonyl analogs
where Phe3 is replaced with other aromatic or non-aromatic amino acids generally retain
similar affinity for κ opioid receptors as [CH3OCO-NMePhe1]arodyn. The selectivity of
these methoxycarbonyl analogs for κ over μ opioid receptors, however, is generally lower
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than [CH3OCO-NMePhe1]arodyn. [CH3OCO-NMePhe1]arodyn reverses the agonism of
Dyn A-(1-13)NH2 at κ opioid receptors in the AC assay with high potency (KB = 2.6
nM). Thus we have successfully identified highly selective, potent, and stable
[NMePhe1]arodyn analogs for κ opioid receptors. [CH3OCO-NMePhe1]arodyn could
prove to be quite useful as a pharmacological tool to compliment the non-peptide κ
receptor selective antagonists to study the physiological processes mediated by κ opioid
receptors and also as a lead peptide for further modification.
The N-terminal “message” sequence of arodyn is not only important for κ opioid
receptor affinity but also efficacy. While arodyn is a potent and selective neutral κ opiod
receptor antagonist, some analogs exhibit either inverse agonist activity or full agonist
activity at κ opiod receptors.1, 2 Structure-activity relationships (SAR) for opioid receptor
affinity, selectivity, and efficacy were explored in positions 1 and 3 of arodyn (Chapter
5).
Kappa opioid receptors generally tolerate bulky aromatic amino acids at position
3 of arodyn with minimal loss in affinity. Substitution of Nal(2’) in both positions 1 and 3
(compound 2) results in a 2-fold increase in κ opioid receptor affinity. However,
incorporation of a bulky aromatic amino acid at position 3 and/or 1 generally increases
mu (μ) opioid receptor affinity, therefore decreasing selectivity for κ over μ opioid
receptors compared with arodyn. A bulky aromatic ring in position 3 (such as Trp or
Nal(2’)) of arodyn appears to be important for the observed inversed agonist activity of
selected arodyn analogs, while the residue in position 1 is not important for inverse
agonist activity (Chapter 5). [Nal(2’)1,3]arodyn shows dose-dependent inverse agonist
activity with high potency (EC50 = 9.0 nM) at κ opioid receptors.
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[Tic1,Cha3]arodyn and its Lys4 analog are the only two arodyn analogs that show
almost full agonist activity at κ opioid receptors.1 The combination of the modifications
of both the first and third residues are required for the agonist activity. These two
compounds also show increased affinity (3.5- and 10-fold, respectively) for κ opioid
receptors compared to arodyn. The efficacy might be due to the changes in residue 3
(from Phe to Cha) shifting the position of Tic1 in the binding site such that hydrogen
bonding of the N-terminal moiety with a group on the receptor changes the receptor
conformation and results in receptor activation. Changing of the configuration of the first
amino acid Tic could alter or eliminate a possible hydrogen bond between the N-terminal
acetyl group with κ opioid receptors so that [D-Tic1,Cha3]arodyn is no longer an agonist.
Substitution of the N-terminal acetyl moiety Ac-Tic1 in [Tic1,Cha3]arodyn with
phenylproprionic acid (Ppa), its 2-methyl derivative 2-MePpa, and 1,2,3,4-tetrahydro-2naphthoic acid (Tna) prevents H-bonding, and therefore could eliminate the agonist
activity. These analogs generally exhibit higher affinity for κ opioid receptors and similar
affinity for μ opioid receptors compared to arodyn (Chapter 5). [(S/R)-2MePpa1,Cha3]arodyn exhibits the highest affinity (Ki = 2.7 nM) and selectivity (Ki ratio
(κ/μ) = 1/745) for κ opioid receptors. This mixture does not inhibit AC activity,
consistent with our hypothesis, and therefore is a potential antagonist for κ opioid
receptors. The two enantiomers of 2-MePpa have been resolved and incorporated into the
peptides as single isomers. The pharmacological activities of these peptides will be
evaluated shortly (Chapter 5).
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We are specifically interested in developing conformationally constrained peptide
ligands for κ opioid receptors. In an effort to reduce conformational flexibility of arodyn,
various arodyn analogs cyclized by different strategies were designed (Chapters 6 and 7).
Based on the SAR and sequence of arodyn, a series of side chain-to-side chain
analogs cyclized by using lactam bond were synthesized (Chapter 6). The cyclizations in
the N-terminal “message” sequence involving residues 2 and 5 and longer-range
cyclizations involving residues 2 and 8 of arodyn are unfavorable for κ opioid receptor
binding, while cyclizations in the C-terminal “address” sequence of arodyn involving
residues 5 and 8 are tolerated by κ opioid receptors. cyclo[Asp5,Dap8]arodyn (Dap = 2,3diaminopropionic acid) retains high binding affinity (Ki = 20 nM) and exhibits about 3fold higher selectivity for κ over μ opioid receptors than arodyn. It also exhibits no
agonist activity in the adenylyl cyclase assay. This compound is the first
conformationally constrained analog of arodyn with high affinity at κ opioid receptors
and is a promising lead peptide that can be further modified to increase affinity and to
study its interactions with κ opioid receptors. The first step towards a systematic SAR
studies will be to modify the ring size. Such modifications will provide information with
regard to the optimal ring size required for activity as it may alter the backbone
conformation and orientation of the side chains. This can be accomplished by changing
the amino acid Dap8 to Dab (2,4-diaminobutyric acid) and Orn. These two compounds
(cyclo[Asp5,Dab8]arodyn and cyclo[Asp5,Orn8]arodyn) have been synthesized and
purified and are currently undergoing pharmacological assays (Chapter 6).
Cyclic arodyn analogs were also designed and synthesized using ring-closing
metathesis (RCM) (Chapter 7). Cyclization of peptides through RCM offers several
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advantages over conventional methods of cyclization, i.e. through amide or disulfide
bond formation. The resultant carbon-carbon bond is more stable than an amide or
disulfide bond.3,

4

Furthermore, in contrast to cyclization via amide or disulfide bond

formation, side chain functionalities can be retained in cyclization by RCM by
appropriate choice of amino acid side chains for cyclization.
Like cyclizations involving a lactam bond, cyclizations in the N-terminal
“message” sequence of arodyn involving residues 2 and 5 using RCM between two
AllGly residues are unfavorable for κ opioid receptor binding. The cis and trans isomers
of cyclo[Ala2(-CH=CH-)Ala5,Ile8]arodyn show about 13- and 41-fold lower affinity for κ
opioid receptors, respectively, compared to arodyn. Surprisingly, these cyclic arodyn
analogs are partial or full agonists at κ opioid receptors in the adenylyl cyclase assay (38112% intrinsic activity compared to Dyn A(1-13)-NH2). This is very interesting since
cyclo[Asp2,Dap5,Ile8]arodyn is a neutral ligand that does not inhibit adenylyl cyclase
activity. The differences probably arise from the different types of cyclizations having
different effects on backbone conformation that affects the orientation of important
residues.
Cyclization in the N-terminal “message” sequence of arodyn involving the
residues 2 and 3 using RCM between two Tyr(All) residues is tolerated by κ opioid
receptors (Chapter 7). The trans isomer of cyclo[Tyr2(CH2-CH=CH-CH2)Tyr3,Ile8]arodyn
shows only 5.5-fold lower affinity (Ki = 55 nM) compared to arodyn (Ki = 10 nM). This
is the first arodyn analog cyclized through RCM that exhibits high affinity at κ opioid
receptors and is an excellent lead peptide. This is particularly interesting, since the cyclic
peptide did not involve any further modifications. We expect that cyclo2,3[Tyr2(CH2-
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3

CH=CH-CH2)Tyr ]arodyn with D-Ala in position 8 will have higher affinity based on the

SAR of linear analogs. This compound will be synthesized in the near future.
We also applied RCM to the synthesis of cyclic Dyn A analogs to constrain its
conformation and to synthesize agonist analogs for κ opioid receptors (Chapter 8).
During this research several high affinity conformationally constrained analogs of Dyn A
were synthesized. The two isomers of the N-terminal conformationally constrained Dyn
A analog cyclo[D-Ala2(-CH=CH-)Ala5]Dyn A(1-11)NH2 retain high affinity for κ, μ, and
δ receptors, indicating that the conformations which are adopted by these two peptides
are still compatible with interaction with all three opioid receptor types. These two
peptides show very low selectivity for κ over μ receptors and only moderate selectivity
for κ over δ receptors.
The

two

isomers

of

cyclo[Ala5(-CH=CH-)Ala8]Dyn

A(1-11)NH2

show

intermediate affinity for κ opioid receptors; however, their selectivity over other opioid
receptors is greater. The two isomers of cyclo[Ala5(-CH=CH-)Ala8]Dyn A(1-11)NH2,
with the L-configuration in position 2, show the lowest affinity for κ opioid receptors;
however, these two compounds exhibit the highest selectivity for κ receptors compared to
the parent peptide. In both these two cases, the configuration of the double bond has a
significant influence on opioid receptor affinity and agonist potency. Similar to Dyn A,
these cyclic Dyn A analogs exhibit dose-dependent agonist activity (≥ 90% compared to
Dyn A-(1-13)NH2) at κ opioid receptors with potencies corresponding to their affinities at
these receptors. These analogs represent interesting lead compounds for further
characterization of conformation-activity relationships for Dyn A at κ opioid receptors.
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Future work involves conformational analysis of the cyclic arodyn and Dyn A
analogs by nuclear magnetic resonance (NMR) and molecular modeling. These studies
will provide us valuable information on possible conformational preference of these
peptides for interaction with κ opioid receptors. The results from the conformational
analyses of arodyn and Dyn A analogs may provide new insights into how they might
bind to κ opioid receptors.
The research in this dissertation involved an extensive amount of synthetic and
analytical work. Novel synthetic strategies for RCM were developed for the synthesis of
cyclic arodyn analogs involving Tyr(All). (Chapter 7) By using Tyr(All) for cyclization,
the important aromatic residues of arodyn could be constrained without loss of the
aromatic functionalities. However, the cyclization is dependent on the linear and cyclic
peptide sequences and conformations. For the cyclization to be successful, the two double
bonds of the linear precursor peptide must be in close proximity. Also the product should
not have significant ring strain that would require high activation energy for cyclization.
Interestingly, for the successfully synthesized peptides, only the trans isomer was
observed as confirmed by NMR. A side reaction involving the deletion of the allyl group
from Tyr competes with the cyclization reactions. (Chapter 7) A mechanism for this side
reaction has been proposed, in which the double bond of the allyl group migrates under
the metathesis conditions to form the vinyl ether intermediate, which is then hydrolyzed
under acidic cleavage conditions to form the des-OAll analog.
Additional research focused on synthesizing modified Dyn A analogs
(Appendices 1 and 2) In order to synthesize the C-terminal ethylated amide Dyn A analog
E-2078,5, 6 we designed a convenient method of synthesizing C-terminal alkylated amide

190

peptides on the PAL-PEG-PS resin, a commonly used resin for synthesis of C-terminal
amide peptides. (Appendix 1) The installation of the C-terminal alkylated amide was
accomplished by a Fukuyama-type amine synthesis followed by coupling of the Cterminal amino acids.7, 8 The alkylation reactions are very efficient with different reactive
alkylating reagents when the leaving group is iodide or bromide. However, the
deprotection of oNBS and the coupling of the first amino acid to the resulting modified
resin requires extended reaction times because of increased steric hindrance. We used the
non-volatile 2,2'-(ethylenedioxy)diethanethiol as the thiol to deprotect the oNBS group.
The Fmoc-PAL-PEG-PS resin is compatible with the reaction conditions since the
alkylation and oNBS deprotection are conducted under basic conditions. The synthesis of
the model peptides using this method gives consistently high yields and purities. E-2078
was also successfully synthesized by this method.
In order to study the translocation of dynorphins and arodyn across the plasma
membrane, we designed and synthesized analogs of these peptides with a fluorescent tag
(Appendix 2). The N-terminal “message” sequences of Dyn A and arodyn are important
for receptor binding. Therefore we designed analogs where 5-TAMRA was attached in
the C-terminus of these peptides. These fluorescent Dyn A, Dyn B, and arodyn analogs
are currently undergoing pharmacological assays. These compounds could be important
pharmacological tools for the study of ligand (both agonist and antagonist)-receptor
interactions as well as the penetration of peptides through biological membranes. Two of
these fluorescent peptides have been used for the study of the penetration of Dyn A and
Dyn B into neurons and non-neuronal cells using confocal fluorescence microscopy.9
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This dissertation research has identified several selective, potent, and/or
conformationally constrained κ opioid receptor peptides. These selective κ opioid
receptor peptide agonists and antagonists can be used as pharmacological tools to
complement the nonpeptide κ receptor selective ligands in studying κ opioid receptors
and the physiological and pharmacological actions of agonists.
Selected peptides obtained from this dissertation should be studied in the future
for their transport and metabolism. Our previous research with Prof. Susan Lunte at the
Department of Pharmaceutical Chemistry and Prof. Jay McLauglin in Northeastern
University suggests that the transport and/or metabolism properties of peptides can be
improved by different structural modifications, including N-terminal acetylation, Nalkylation, D-amino acid substitution, and/or cyclization. Arodyn is active in the CNS
when administered via intracerebroventricular (i.c.v.) injection in mice models.10
cyclo[Asp5,Dap8]arodyn is expected to have higher metabolic stability compared to
arodyn because the ring constraint can block endopeptidase cleavage in the middle of
arodyn. Also both the N- and C-terminus of this peptide are blocked by acetylation and
amidation, respectively.
Peptide-based ligands are excellent tools for studying ligand-receptor interactions,
which can eventually aid in development of new therapeutic agents. Further, with the
latest developments in the field of drug delivery, peptide-based ligands are rapidly
emerging as potential therapeutic agents.
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Appendix 1. A Convenient Approach to Synthesizing C-Terminal
Alkylated Amide Peptides: Synthesis of E-2078

*Note that the compound numbers used in this appendix are only applicable within this
specific appendix.
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A1.1 Introduction
Solid-phase peptide synthesis (SPPS), first developed by Bruce R. Merrifield,1 is
a remarkable breakthrough for the synthesis of peptides and other biologically active
compounds. SPPS almost always starts from the C-terminus of the peptide. Due to this
fact, modifications of peptides at the C-terminus are usually more difficult than
modifications at the N-terminus.
C-Terminal amide alkylation of peptides has been observed to have significant
influence on their biological properties, because C-terminal alkyl amide groups such as
an ethyl amide can increase stability towards peptidases.2 C-Terminal alkylation can also
increase affinity towards specific biological targets. In the case of lutenizing hormonereleasing hormone (LH-RH), several N-ethyl and N-methyl amide derivatives of LH-RH
analogs are reported to be 4-5 times more active than the corresponding non-alkylated
amide peptides.3,

4

Lastly, C-terminal alkylation can increase lipophilicity and reduce

hydrogen bonding potential, which could facilitate the penetration of peptides across
biological membranes and/or improve pharmacokinetic properties.5,

6

Therefore, C-

terminal amide alkylation has potential pharmaceutical applications.
Given the interest in these modified peptides, a number of approaches to the
synthesis of C-terminal alkylated amide peptides have been described. However, the
synthesis of this type of modified peptides on solid phase is difficult. One approach is to
first synthesize the corresponding peptides with a C-terminal carboxylic acid. Following
cleavage from the resin the free carboxylic acid is then activated and coupled to a
primary or secondary amine in solution.7 However, this approach has some limitations as
other carboxylic acid groups, i.e. those on the side chains of Asp and Glu, can also react.
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Furthermore, racemization may occur at the C-terminal amino acid.8 A similar approach
is

aminolysis

of

the

resin-bound

ester.

For

example,

a

4-bromomethyl-3-

nitrobenzamidobenzyl polystyrene (4-bromomethyl-Nbb) resin (1, Figure A1.1)
developed by Nicolas and co-workers was reported for the solid phase synthesis of Cterminal alkylated amide peptides.9 However, this approach may not be compatible with
Fmoc (9-fluorenylmethoxycarbonyl)/tBu (tert-butyl) chemistry since the secondary
amine piperidine, which is used for cleavage of Fmoc group during each coupling, can
also aminolyze the resin-bound peptide ester.9

Figure A1.1: Structures of resins 1-3
NO 2
Br

H
N

O

O

MeO
H 2 NH 2C

O(CH 2) 4CONH PEG

O
NH2
1

MeO
2

3

Another general approach involves the use of a modified resin linker for suitable
attachment of an alkyl amine to the resin before peptide coupling starts. For example,
reductive amination of the 9-amino-xanthen-3-yloxymethylpoly(styrene) resin (2, Figure
A1.1) followed by standard peptide synthesis affords C-terminal alkylated amides.10
However, in the same article, it was reported that the PAL-PEG-PS (PAL = peptide
amide linker; PEG = polyethylene glycol; PS = polystyrene) resin (3, Figure A1.1) is not
applicable for the synthesis of C-terminal alkylated amide peptides, probably due to steric
hindrance. Also, reductive alkylation on solid phase with an excess of aldehyde usually
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results in dialkylation,11, 12 which will decrease the yield of the desired monoalkylated
products.
Here we report a convenient way of synthesizing C-terminal alkylated amide
peptides. We applied a well-known N-alkylation reaction, the Fukuyama-type amine
synthesis,13,

14

to the synthesis of C-terminal alkylated amide peptides. This type of

reaction has been applied to the synthesis of N-methylated amino acid-containing
peptides by both solid and solution phase methods.15, 16 However, to our knowledge this
type of reaction has not been reported for the synthesis of C-terminal alkylated amide
peptides. In this strategy, monoalkylation at the C-terminus was successfully performed
on the PAL-PEG-PS resin (3), a commonly used resin for the synthesis of C-terminal
amide peptides.

A1.2 Results and discussion
A1.2.1 Fmoc-deprotection and oNBS coupling
The synthesis of the C-terminal alkylated amide peptides used the Fmoc-PALPEG-PS resin (0.19 mmol/g, Scheme A1.1). The Fmoc group was first deprotected using
piperidine in DMF (1/4, v/v) to form the free amine, which was then coupled with 4
equiv

of

oNBS-Cl

(ortho-nitrobenzenesulfonic

chloride)

and

DIEA

(N,N-

diisopropylethylamine) in DCM (dichloromethane). The completion of this reaction was
monitored by the ninhydrin test.17 Cleavage of an aliquot of the resin afforded pure
oNBS-NH2 (4) as confirmed by HPLC (5-50% MeCN over 45 min at 1 mL/min, see
below, tR = 3.8 min).
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Scheme A1.1: Synthesis of RNH-PAL-PEG-PS resin
1. Piperidine/DMF
2. oNBS-Cl, DIEA, 4 equiv
oNBS-NH-resin

Fmoc-PAL-PEG-PS

DBU, R-X, 10 equiv, 2d

4-resin

Fmoc-3

base and thiol, 10 equiv, 1d
(see below)
oNBS-NR-resin
5-resin

R-NH-resin
6-resin

A1.2.2 Alkylation
The newly formed sulfonamide (4-resin) could be deprotonated by DBU (1,8diazabicyclo[5.4.0]undec-7-ene).16 The resulting anion was then reacted with several
different alkyl halides (Table A1.1). The yields of these reactions were monitored by
HPLC analysis of aliquots using both 214 and 280 nm wavelengths for appearance of
oNBS-NHR (5) and disappearance of oNBS-NH2 (4, Scheme A1.1). The results are
shown in Table A1.1. The conversion was quantitative for most of the alkylating reagents
(methyl iodide, ethyl iodide, allyl bromide, propargyl bromide, cyclopropylmethyl
(CPM) bromide, and benzyl bromide) after reaction for 2 days (Table A1.1, entries A-F)
except for phenylethyl chloride and phenylethyl bromide (Table A1.1, entries G-K). Even
with potassium iodide (KI) as a catalyst and/or heating the reaction (80 oC, Table A1.1,
entries H and I), there was no apparent conversion when the alkylating reagent was the
relatively unreactive phenylethyl chloride. With phenylethyl bromide, which is more
reactive than phenylethyl chloride, there was only 20% conversion after reaction for 2
days at room temperature (Table A1.1, entry J). Increasing the reaction temperature to 80
o

C did not increase the yield (21%, Table A1.1, entry K) under the same reaction

conditions.
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Table A1.1: Yield of alkylation reactions with different alkyl halides
Entry
R-X
Yield (%)/tR
Yield (%)/tR
(min) of oNBS(min) of oNBSNH-Ra
NH-Ra
A
Me-I
>98/7.9
G
PhCH2CH2Cl
<5
B
Et-I
>98/12.7
H
PhCH2CH2Cl/KI
<5
C
All-Br
>98/14.9
I
PhCH2CH2Cl/KIb
<5
D
Propargyl-Br
>98/12.9
J
PhCH2CH2Br
20/31.4
E
CPM-Br
>98/20.1
K
PhCH2CH2Brb
21/31.6
F
Bn-Br
>98/27.0
a
The yield was determined by comparing the relative area under the peaks of oNBS-NH-R (5) in
HPLC chromatograms to non-alkylated oNBS-NH2 (4). bAt 80 oC.
Entry

R-X

A1.2.3 oNBS deprotection
The oNBS deprotection of oNBS-NR-resin was relatively slow. The mechanism
of this reaction is well documented in the literature.13 We examined various deprotection
conditions for oNBS-N(Et)-resin using different bases and thiols (Table A1.2). The
completion of this reaction was monitored by the disappearance of the oNBS-NH-R by
HPLC. 4-Dimethylaminopyridine (DMAP), a commonly used base in organic synthesis,
could only partially cleave the oNBS group (Table A1.2, entry A). DBU was required as
the base to deprotonate the thiol group, thereby increasing its nucleophilicity. This was
probably due to the fact that DMAP is not as basic as DBU and therefore could not
deprotonate the thiol group as efficiently. The thiols investigated (2-mercaptoethanol
(HSCH2CH2OH),

thiophenol

(PhSH),

and

2,2'-(ethylenedioxy)diethanethiol

((HSCH2CH2OCH2)2)) all showed similar results for deprotection of the N-ethylamide
under these reaction conditions (Table A1.2, entries B-D). Therefore, the non-volatile
2,2'-(ethylenedioxy)diethanethiol and DBU were used to deprotect the oNBS from the
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other alkylated resins. To the best of our knowledge there has been no previous report of
using 2,2'-(ethylenedioxy)diethanethiol to deprotect the oNBS group.

Table A1.2: Exploration of the oNBS cleavage conditions from the oNBS-N(Et)-resin
(base/thiol/DMF (N,N-dimethylformamide)=1/1/2, v/v/v, 1 d, rt)
Entry
A
B
C
D

Base
DMAP
DBU
DBU
DBU

Thiol
HSCH2CH2OH
HSCH2CH2OH
PhSH
(HSCH2CH2OCH2)2

Yield (%)
24
>99
>99
>99

While most of the resins with different alkyl groups showed complete cleavage
using DBU and 2,2'-(ethylenedioxy)diethanethiol as the base and thiol, respectively
(Table A1.3, entries A-E), the deprotection of the oNBS-N(CPM)-resin turned out to be
difficult (Table A1.3, entry F). Only a trace amount of the oNBS was removed under
standard conditions. Increasing the temperature to 80 oC only increased the cleavage to
around 30% (entry G). This was probably due to steric hindrance by the CPM group. In
contrast, the alkylation reaction, which probably proceeds through an SN1 reaction due to
stabilization of the CPM carbocation, was very efficient. Thiophenol was found to be a
better reagent to cleave the oNBS group from this N-alkylated resin (Table A1.3, entry
H). Any remaining trace amount of unreacted oNBS group would act as an end-capping
group and would not interfere with later peptide synthesis.
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Table A1.3: Cleavage of oNBS group
(ethylenedioxy)diethanethiol/DMF=1/1/2 at rt, 1d)
Entry

R

Yield (%)

from

Entry

oNBS-N(R)-resin
R

(DBU/2,2'-

Yield (%)

A
Me
Quantitative
E
Bz
Quantitative
B
Et
Quantitative
F
CPM
Trace
C
Allyl
Quantitative
G
CPMa
30%
D
Propargyl
Quantitative
H
CPMb
Quantitative
a
At 80 oC; bThiophenol used instead of 2,2'-(ethylenedioxy)diethanethiol for 1 day.

A1.2.4 Peptide synthesis, analysis, and purification
We then continued to synthesize C-terminal alkylated amide derivatives of Leuenkephalin, Tyr-Gly-Gly-Phe-Leu-NH-R, as model peptides. The non-alkylated Tyr-GlyGly-Phe-Leu-NH2 was also synthesized for comparison. Leu-enkephalin analogs were
chosen because Leu-enkephalin is a relatively simple peptide and therefore a good model
to evaluate this method of synthesizing C-terminal alkylated amide peptides.
Furthermore, the C-terminal residue Leu is of intermediate steric bulk, and therefore can
be used to evaluate the coupling efficiency to a secondary amine. Coupling of Fmoc-LeuOH

(using

benzotriazole-1-yloxytripyrrolidinophosphonium

hexafluorophosphate

(PyBOP), 1-hydroxybenzotriazole (HOBt), and DIEA in DMF (4/4/4/10) as coupling
reagents) to the secondary amino groups was relatively slow and required double
couplings with extended reaction times (overnight). Any unreacted free amino groups
were capped by using an excess of acetic anhydride and DIEA in DMF. Loadings of the
first amino acid were determined by Fmoc quantitation (Table A1.4).18, 19 Coupling yields
of the first amino acid Leu to all of these secondary amino groups were modest (87-95%,
Table A1.4). Following the successful installation of the first amino acid, the synthesis of
these C-terminal alkylated amide peptides was continued using the standard SPPS
method described in Chapter 3.
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Table A1.4: Loading yields for the first amino acid coupling to the resins
Entry
Resin
Fmoc-loading (mmol/g)a
A
Fmoc-Leu-N(Me)-resin
0.171 ± 0.001
B
Fmoc-Leu-N(Et)-resin
0.169 ± 0.004
C
Fmoc-Leu-N(All)-resin
0.171 ± 0.001
D
Fmoc-Leu-N(Propargyl)-resin
0.176 ± 0.003
E
Fmoc-Leu-N(CPM)-resin
0.175 ± 0.001
F
Fmoc-Leu-N(Bz)-resin
0.160 ± 0.001
a
The numbers are expressed as mean ± SEM of three samples.

Loading yield
92%
91%
92%
95%
95%
87%

These peptides were then cleaved with 95% TFA (trifluoroacetic acid) with 5%
water for 2 hours. Electrospray ionization mass spectrometry (ESI-MS) analysis showed
the desired molecular weights for all of the peptides. HPLC analysis showed that most of
these crude peptides have a purity of greater than 90% (Table A1.5). There was no trace
of the non-alkylated control peptide (Tyr-Gly-Gly-Phe-Leu-NH2, standard HPLC
method, see experimental section, tR = 14.6 min) either in the HPLC or MS spectrum.

Table A1.5: HPLC and MS analysis of crude C-terminal alkylated amide peptides
a
Entry
Peptide sequence
HPLC
ESI-MS (m/z, [M+H+]+)
tR (min)/% Purity Calculated Observed
A
Y-G-G-F-L-NH2
14.6/98.4
555.3
555.3
B
Y-G-G-F-L-NH-Me
14.8/90.4
569.3
569.3
C
Y-G-G-F-L-NH-Et
16.8/97.0
583.3
583.3
D
Y-G-G-F-L-NH-All
17.9/88.0
595.3
595.3
E
Y-G-G-F-L-NH-propargyl
17.6/98.9
593.3
593.3
F
Y-G-G-F-L-NH-CPM
20.0/90.7
609.3
609.3
G
Y-G-G-F-L-NH-Bz
23.5/93.8
645.3
645.3
a
HPLC conditions: 5-50% solvent B over 45 min (solvent A = H2O; solvent B = MeCN, both
containing 0.1% TFA) at 1 mL/min, monitored at 214 nm.

The crude peptides were purified by preparative reversed phase HPLC using
MeCN/water system (see below). The final purity of all of the peptides by both methods
was greater than 98% (Table A1.6).
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Table A1.6: Analytical data for purified peptides
b
HPLC
HPLC
tR (min)/% Purity
tR (min)/% Purity
A
Y-G-G-F-L-NH2
14.9/100
24.4/98.5
B
Y-G-G-F-L-NH-Me
15.0/100
26.4/98.1
C
Y-G-G-F-L-NH-Et
17.0/100
29.6/100
D
Y-G-G-F-L-NH-All
18.5/100
31.4/100
E
Y-G-G-F-L-NH-propargyl
17.7/100
29.3/100
F
Y-G-G-F-L-NH-CPM
20.7/100
34.2/100
G
Y-G-G-F-L-NH-Bz
24.8/100
40.5/100
a
HPLC conditions: 5-50% solvent B over 45 min (Solvent A = H2O; Solvent B = MeCN, both
containing 0.1% TFA), monitored at 214 nm. bHPLC conditions: 5-50% Solvent B over 45 min
(Solvent A = H2O; Solvent B = MeOH, both containing 0.1% TFA), monitored at 230 nm.

Entry

Peptide sequence

a

A1.2.5 Synthesis of E-2078
E-2078 (([NMe-Tyr1,NMe-Arg7,D-Leu-NHEt8]Dyn A(1-8)) is a stabilized Dyn A
analog that shows comparable affinity but lower selectivity for κ receptor affinity
compared to Dyn A.20,

21

E-2078 has greatly increased stability towards peptidases

because of several modifications.20, 22 It produces analgesia following both intravenous
(i.v.) and subcutaneous (s.c.) administration.23, 24 This is the only Dyn A analog that has
been through both extensive pre-clinical and clinical evaluations. Therefore we then
applied the method described above to the synthesis of E-2078. The synthesis started
form the Et-NH-resin (Scheme A1.2). Following the successful installment of the Cterminal ethyl amide moiety, the synthesis of E-2078 was continued until the whole
peptide was assembled. The N-methyl groups on Tyr1 and Arg7 were installed using a
similar method as the C-terminal ethyl group (Scheme A1.2). The three N-alkylation and
oNBS deprotection reactions were relatively slow. The couplings of Fmoc-D-Leu-OH
(residue 8) and Fmoc-Arg(Pbf)-OH (residue 6) to the two secondary amines were also
much more difficult than regular amino acid coupling reactions. The crude peptide
showed a purity of 53% by HPLC (tR = 19.0 min, Figure A1.2).
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Scheme A1.2: Synthesis of E-2078

EtHN Resin

1. Fmoc-D-Leu-OH, PyBOP, DIEA,
HOBt (4 equiv) overnight, twice
Et
2. Ac 2O, DIEA (capping)
Fmoc-D-Leu N Resin

1. Piperidine/DMF
2. Fmoc-Arg(Pbf)-OH, Couping reagents
Et
3. Piperidine/DMF
MeArg-D-Leu N Resin
4. oNBS-Cl/DIEA, 4 equiv
5. DBU, MeI, 10 equiv, 2d
6. DBU, (HSCH 2CH 2OCH 2) 2, 1d
1. Fmoc-Arg(Pbf)-OH, PyBOP, DIEA,
HOBt (4 equiv) overnight, twice
Et
2. Ac 2O, DIEA (capping)
Fmoc-Arg(Pbf)-MeArg(Pbf)-D-Leu N Resin

SPPS
Tyr(tBu)-Gly-Gly-Phe-Leu-Arg(Pbf )-MeArg(Pbf)-D-Leu
1, oNBS-Cl/DIEA, 4 equiv
2, DBU, MeI, 10 equiv, 2d
3, DBU, (HSCH 2CH 2OCH 2) 2, 1d

Reagent B, 2h

Et
N Resin

MeTyr(tBu)-Gly-Gly-Phe-Leu- Et
Arg(Pbf)-MeArg(Pbf)-D-Leu N Resin

MeTyr-Gly-Gly-Phe-Leu-Arg-MeArg-D-Leu-NHEt
E-2078

Figure A1.2: HPLC spectrum of crude E-2078
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HPLC conditions: 5-50% solvent B over 45 min (Solvent A = H2O; Solvent B = MeCN, both
containing 0.1% TFA), monitored at 214 nm.
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Currently, there is one commercially available resin, namely the “safety catch
resin”, used for the synthesis of these modified peptides.25-27 The method described here
has some advantages. It is especially useful for the synthesis of combinatorial peptide
libraries with modifications at the C-terminus as the C-terminal alkyl group is installed in
the first stage, which is the rate-limiting step. Following the coupling of the first amino
acid, the remainder of the peptides could be assembled on automatic synthesizers.
Another advantage is that the PAL-PEG-PS resin used has improved physicochemical
properties because of the incorporation of the PEG group compared to the safety catch
resin, which is a polystyrene resin.

A1.3 Conclusions
In conclusion, we applied a well-known type of N-alkylation reaction to the
efficient synthesis of C-terminal alkylated amide peptides. The alkylation reaction was
very efficient with different reactive alkylating reagents when the leaving group was
iodide or bromide. However, the deprotection of oNBS and the coupling of the first
amino acid to the resins required extended reaction times because of increased steric
hindrance. We were the first to use the non-volatile 2,2'-(ethylenedioxy)diethanethiol as
the thiol to deprotect the oNBS group. The PAL-PEG-PS resin was compatible with the
reaction conditions since the alkylation and oNBS deprotection were conducted under
basic conditions. The synthesis of the model peptides using this method gave consistently
high yields and purities. E-2078 was also successfully synthesized by this method. Since
the alkyl groups are introduced in the first step, this method can be widely applied in
combinatorial synthesis of C-terminal alkylated amide peptides.
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A1.4 Experimental section
A1.4.1 Materials
oNBS-Cl, DBU, DMAP, ethyl iodide, cyclopropylmethyl bromide, phenylethyl
bromide, potassium iodide, 2-mercaptoethanol, and 2,2'-(ethylenedioxy)diethanethiol
were purchased from Sigma-Aldrich (Milwaukee, WI). Methyl iodide was purchased
from Fisher Scientific (Hampton, NH). Allyl bromide, benzyl bromide, propagyl
bromide, phenylethyl chloride, thiophenol and 4-dimethylaminopyridine (DMAP) were
purchased from Acros Chemical Co. (Pittsburgh, PA). The sources of other materials are
listed in Chapter 3.

A1.4.2 Synthesis of C-terminal alkyl group
The Fmoc group of the Fmoc-PAL-PEG-PS resin (Fmoc-3, 0.19 mmol/g) was
first deprotected using piperidine in DMF (1/4, v/v, 2 X 10 min) to form the free amine,
which was then coupled with 4 equiv of oNBS-Cl and DIEA in DCM for 30 min to
afford the oNBS-NH-resin (4-resin, Scheme A1.1). The completion of this reaction was
monitored by the ninhydrin test.17 Cleavage of an aliquot of the resin afforded pure
oNBS-NH2 (4, tR = 3.8 min). The oNBS-NH-resin was then treated with an alkyl halide
and DBU (10 equiv each) in DMF for 2 days to afford the oNBS-NR-resins (5-resin). The
yields of these reactions were monitored by HPLC analysis (5-50% MeCN containing
0.1% TFA over 45 min at 1 mL/min) of aliquots using 214 nm as the wavelength to
monitor the appearance of oNBS-NHR and the disappearance of oNBS-NH2 following
cleavage from the resin using TFA. For phenylethyl chloride, KI (0.1 equiv) was also
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added as a catalyst; the reaction was run at room temperature or at 80 oC to increase the
conversion rate. The oNBS-NR-resins (5-resins) with quantitative alkylation were then
treated with different bases and thiols in DMF (1/1/2) at room temperature or 80 oC for 1
day to afford the RNH-resins (6-resins). A small quantity of resin (around 5 mg) was
cleaved using TFA (1 mL) for 3 hours. Following filtration and washing of the resin with
TFA (1 mL), the TFA was evaporated using air. The residue was then dissolved in 100
μL acetonitrile/water (50/50) and 5 uL of the mixture was analyzed by HPLC (5-50%
MeCN containing 0.1% TFA over 45 min at 1 mL/min). The difference in the absorbance
of oNBS-NHR before and after oNBS deprotection was used to estimate the conversion
rate.

A1.4.3 Synthesis of the model peptides
Fmoc-Leu-OH (4 equiv) was double-coupled to the 6-resins with PyBOP, HOBt,
and DIEA in DMF (4/4/10) for 12 h. The reaction was monitored using the chloranil
test.28 Any unreacted free amino groups were capped using an excess of acetic anhydride
and DIEA (20 equiv each) in DMF. Loadings of the first amino acid were determined by
Fmoc quantitation (see below).18,

19

Following the successful installation of the first

amino acid, the synthesis of these C-terminal alkylated amide peptides was continued
using the standard SPPS method as described in Chapter 3.

A1.4.4 Fmoc quantitation18, 19
About 5 mg of resin (three samples for each resin) was weighed into a 10 mL
volumetric flask. To the flask was added DCM (0.4 mL) and piperidine (0.4 mL), and the
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reaction was allowed to proceed for 30 min. Then methanol (1.6 mL) was added,
followed by DCM to a total of 10 mL. The UV absorbance was measured at 301 nm three
times compared to a blank solution containing of piperidine (0.4 mL), MeOH (1.6 mL),
and DCM to make 10 mL. The Fmoc loading was calculated based on the following
equation 1:
Loading (mmol/g) = 1000*C*V/m = 1000*(Abs/(ε*l))*V/m

(1)

where Abs is the average absorbance of the three readings, V = 10 mL, ε is the
extinction coefficient (7800 M-1cm-1), l is the length of UV cell (1), and m is the amount
of resin.
The theoretical substitution of a peptidyl resin can be calculated from the
substitution of the base resin using the following equation 2:
Theoretical loading (mmol/g)= A * 1000/[1000 + (A * (M – X)]

(2)

where A is the substitution of starting resin (mmol/g); M is the molecular weight
of Fmoc-Leu-NHR; and X is 239 as the resin is initially protected with Fmoc.

A1.4.5 Synthesis of E-2078
E-2078 was synthesized in a similar manner (Scheme A1.2). The N-methyl
groups of Tyr1 and Arg7 were installed using the same method as the C-terminal ethyl
group (Scheme A1.2). Fmoc-D-Leu-OH (residue 8) and Fmoc-Arg(Pbf)-OH (residue 6, 4
equiv) were double coupled with PyBOP, HOBt, and DIEA in DMF (4/4/10) for 12 h
each.
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A1.4.6 Cleavage and analysis of peptides
The model peptides (Y-G-G-F-L-NHR) were cleaved from the resins using 95%
TFA and 5% water for 2 h. The TFA was then evaporated using air. E-2078 was cleaved
using reagent B29 under standard conditions as described in Chapter 3. All of the crude
peptides were analyzed by HPLC. A linear gradient of 5-50% solvent B (solvent A
aqueous 0.1% TFA, and solvent B MeCN containing 0.1% TFA) over 45 min, at a flow
rate of 1 mL/min, was used for analysis. The UV wavelength 214 nm was used to
quantify the yields of the desired products. The molecular weights of these peptides were
determined by ESI-MS.

A1.4.7 Purification of peptides
The crude peptides were purified by preparative reversed phase HPLC. For
purification a linear gradient of 15-50% aqueous MeCN containing 0.1% TFA over 35
min, at a flow rate of 20 mL/min, was used. The purity of the final peptides was verified
by two analytical HPLC systems. For analytical HPLC using the MeCN system, a linear
gradient of 5-50% solvent B (solvent A, aqueous 0.1% TFA and solvent B, MeCN
containing 0.1% TFA) over 45 minutes, at a flow rate of 1 mL/min, was used for
analysis. For the MeOH system, a linear gradient of 5-50% solvent B (solvent A, aqueous
0.1% TFA and solvent B, MeOH containing 0.1% TFA) over 45 minutes, at a flow rate
of 1 mL/min, was used.
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Appendix 2. Design and Synthesis of Fluorescent Dyn A, Dyn B, and
Arodyn Analogs

*Note that the compound numbers used in this appendix are only applicable within this
specific appendix.
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A2.1 Introduction
Dynorphin (Dyn) A, Dyn B and arodyn are similar to cell penetrating peptides in
possessing a high number of basic amino acid residues. In order to study the translocation
of these peptides across the plasma membrane, we designed and synthesized fluorescent
analogs of these peptides with a fluorescent tag attached to either the N- or C-terminus.
The structure of 5-carboxytetramethylrhodamine succinimidyl ester (5-TAMRA-SE), as
shown in Figure A2.1, is highly conjugated and is widely used as an amine-reactive
probe.1-3 Here we use 5-TAMRA-SE to label Dyn A, Dyn B, and arodyn for the study of
the absorption of these peptides by cells.

Figure A2.1: Structure of 5-TAMRA-SE
(H 3 C) 2N

O

N(CH3 )2

COO
O
N O
O
O

From a synthetic point of view, attachment of the fluorescent tag onto the Nterminus of Dyn A (1, Table A2.1) is easier to accomplish than to the C-terminus.
However, the N-terminal free amine of Tyr1 of Dyn A is critical for receptor binding, and
therefore the modification of the amine with a bulky fluorescent group can affect the
pharmacological activity.4 Plus, the elimination of the positive charge can change the
physiochemical properties of the peptide; this is particularly a concern for examining
cellular uptake of the endogenous opioid peptides. An alternative position of adding the
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fluorescent tag is residue 2 (2, Table A2.1). Gly2 can be replaced with Lys, and the free
amine of the Lys side chain can be attached to the fluorescent tag. Although this
modification has some advantages over N-terminal attachment, the bulky fluorescent
group in the important N-terminal “message” sequence may still affect the
pharmacological activity. Furthermore, substitution of an L-amino acid in the second
position of Dyn A can decrease kappa (κ) opioid receptor affinity.5 Therefore we also
designed an analog where 5-TAMRA was attached to the C-terminus of Dyn A (3, Table
A2.1). A poly(ethylene glycol) (PEG)-like linker (-NH(CH2CH2O)2CH2CO-) was used to
attach Lys(5-TAMRA) to Dyn A to minimize the influence of the bulky fluorescent tag
on the interactions between Dyn A and κ opioid receptors. All of the important
functionalities of Dyn A could be preserved in this way (Figure A2.2).

Table A2.1: Structures of Dyn A, Dyn B, arodyn and fluorescent peptides
Compound
Dyn A
1, 5-TAMRA-Dyn
A
2, [Lys(5TAMRA)2]Dyn A
3, [Glu(LinkerLys(5-TAMRA)NH2)17]Dyn A
Dyn B
4, 5-TAMRA-Dyn
B
5, [Glu(LinkerLys(5-TAMRA)NH2)13]Dyn B
Arodyn
6, Arodyn-LinkerLys(5-TAMRA)NH2

Structure
Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
5-TAMRA-Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
Y-K(5-TAMRA)-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-E
NH-(CH 2 CH 2O)2 CH 2CO-Lys(5-TAMRA)-NH2

Y-G-G-F-L-R-R-N-F-K-V-V-T
5-TAMRA-Y-G-G-F-L-R-R-N-F-K-V-V-T
Y-G-G-F-L-R-R-N-F-K-V-V-E
NH-(CH 2CH2O)2CH2CO-Lys(5-TAMRA)-NH2

Ac-F-F-F-R-L-R-R-a-R-P-K-NH2
Ac-F-F-F-R-L-R-R-a-R-P-K-NH(CH2CH2O)2CH2CO-Lys(5-TAMRA)-NH2
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Figure A2.2: Structural comparison of Dyn A and the analog with the fluorescent attached in the
C-terminus (3)
Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
Dyn A(1-17)-OH
Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-E
Dyn A(1-17)-OH

NH-(CH 2 CH 2O)2 CH 2CO-K(5-TAMRA)-NH2
Linker

Fluorescent tag

3

Dyn B is another important endogenous opioid peptide for κ opioid receptors
(Table A2.1). Structurally it is very similar to Dyn A; the N-terminal sequences are the
same in these two peptides and they both have a high number of basic residues in the Cterminal sequence. 5-TAMRA was attached to both the N- and the C-terminus (4 and 5,
Table A2.1) of Dyn B in similar ways as described for Dyn A.
Arodyn (Ac[Phe1,2,3,Arg4,D-Ala8]Dyn A(1-11)NH2) is an acetylated Dyn A
analog identified in our laboratory that is a potent and highly selective κ opioid receptor
antagonist.6 Arodyn shows significant antagonist activity in mice for up to 3 days
following intracerebroventricular (i.c.v.) administration;7 however, it shows rapid
disappearance in brain homogenate (i.e. less than 2 min).8 These contradictory results
may be explained upon further study of the transport and metabolism of arodyn in vivo.
Previous results suggest that the N-terminal “message” sequence of arodyn is important
for κ opioid receptor affinity.9 Therefore we synthesized the fluorescent arodyn analog (6,
Table A2.1) where the fluorescent tag (5-TAMRA) was attached to the C-terminus
separated by the same PEG-like linker (-NH(CH2CH2O)2CH2CO-) used for the synthesis
of fluorescent Dyn A analog 3 and Dyn B analog 5.

215

A2.2 Results, discussion, and conclusions
The endogenous peptides Dyn A and Dyn B have carboxylic acids at their Ctermini. Therefore we wanted to retain the acidic functionality to maintain the
physicochemical properties of these peptides. Dyn A has Gln in position 17, and
therefore this side chain can be used as an attachment point to a PEG-like linker which is
then attached to a fluorescent tag (Figure A2.2). This way the side chain functionality
(Gln) as well as the C-terminal carboxylic acid group can be maintained. This can be
accomplished by coupling of Fmoc-Glu-OtBu instead of Fmoc-Gln(Trt)-OH to the resin
at residue 17. We used a similar strategy to maintain the acidic functionality of Dyn B by
substituting the C terminal Thr with Glu and using the side chain carboxylic acid to
attach the linker and the fluorescent tag.
These fluorescent peptides (1-6) were synthesized and purified to >96% purity as
determined by high-performance liquid chromatography (HPLC) in two solvent systems.
The molecular weights were confirmed by electrospray ionization mass spectrometry
(ESI-MS). The analytical data for these peptides is shown in Table A2.2.
These fluorescent Dyn A, Dyn B, and arodyn analogs are currently undergoing
pharmacological evaluation. Peptides 1 and 4 have been used for the study of the
penetration of Dyn A and Dyn B into neurons and non-neuronal cells using confocal
fluorescence microscopy.10 These compounds could be important pharmacological tools
for the study of ligand (both agonist and antagonist)-receptor interactions as well as the
penetration of peptides through biological membranes.
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Table A2.2: Analytical data for the purified fluorescent peptides
Peptides

ESI-MS (m/z)

HPLC (tR (min)/% Purity)
System 1a
System 2b
26.96/100
33.48/100

Calculated
Observed
[M+4H]4+=640.9
[M+4H]4+=640.9
[M+3H]3+=854.2
[M+3H]3+=854.2
2+
[M+2H] =1280.8
[M+2H]2+=1280.8
4+
25.06/100
32.22/100
[M+4H] =658.4
[M+4H]4+=658.5
2
[M+3H]4+=877.5
[M+3H]4+=877.7
4+
[M+5H] =526.9
[M+5H]4+=527.0
3+
25.28/96.5
30.90/97
[M+3H] =944.8
[M+3H]3+=944.8
3
4+
[M+4H] =708.9
[M+4H]4+=708.9
3+
25.32/100
31.30/100
[M+3H] =662.0
[M+3H]3+=662.2
4
[M+4H]4+=496.8
[M+4H]4+=496.8
2+
[M+2H] =992.5
[M+2H]2+=992.7
3+
24.41/100
29.90/99.1
[M+3H] =761.7
[M+3H]3+=761.7
5
2+
[M+2H] =1142.6
[M+2H]2+=1142.6
4+
[M+4H] =571.8
[M+4H]4+=571.8
27.15/98
30.81/100
[M+5H]5+=444.9
[M+5H]5+=444.8
6
4+
[M+TFA+4H] =584.3 [M+TFA+4H]4+=584.3
[M+TFA+3H]3+=778.7 [M+TFA+3H]3+=778.7
a
System 1: 5-50% Solvent B over 45 min at 1 mL/min (Solvent A= H2O; Solvent B= MeCN, both
containing 0.1% TFA); bSystem 2: 5-77% Solvent B over 45 min at 1 mL/min (Solvent A= H2O;
Solvent B= MeOH, both containing 0.1% TFA)
1

A2.3 Experimental section
A2.3.1 Materials
Fmoc-Gln(Trt)-Wang resin (Trt = trityl) was purchased from Bachem (King of
Prussia, PA). Fmoc-Thr(tBu)-Wang resin was purchased from Calbiochem-Novobiochem
(San Diego, CA). Fmoc-Glu-OtBu was purchased from Bachem. Fmoc-Lys(Alloc)-OH
(Alloc = allyloxycarbonyl) was purchased from Applied Biosystems (Foster City, CA). 5TAMRA-SE

was

purchased

from

AnaSpec

(San

Jose,

CA).

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) was purchased from Acros
Chemical Co. (Pittsburg, PA). The linker Fmoc-NH(CH2CH2O)2CH2COOH (7) was
synthesized by Dr. Xin Wang in our laboratory following the method developed
previously in our laboratory.11 The sources of other materials are listed in Chapter 3.

217

A2.3.2 Synthesis of 1, 2 and 4
The two fluorescent Dyn A analogs 1 and 2 were synthesized by solid-phase
peptide synthesis (SPPS) using Fmoc-protected amino acids on the Fmoc-Gln(Trt)-Wang
resin (200 mg, 0.43 mmol/g) in a similar way as described in Chapter 3. The Wang resin
is more hydrophobic than the PAL-PEG-PS resin, and thus instead of using
piperidine/DMF (1/4) as the deblocking reagent, piperidine/DMF/toluene (30/35/35) was
used.12 After residues 3-16 were attached, a resin aliquot was cleaved for analysis, and
the loading was determined by Fmoc-quantitation (actual loading = 0.18 mmol/g,
theoretical loading = 0.18 mmol/g; the procedure for Fmoc quantitation13,

14

was

described in Appendix 1 (Section A1.4.3) of this dissertation). The resin was then
separated into two portions. For the synthesis of 5-TAMRA-Dyn A (1), Fmoc-Gly-OH
and Fmoc-Tyr(tBu)-OH were coupled sequentially to the resin (31 mg, 0.0056 mmol).
The fluorescent group 5-TAMRA was then attached to the free amino group of the Tyr
residue by reacting with 5-TAMRA-SE (2.5 mg, 0.005 mmol, 0.9 equiv) in DMF (1 mL)
for 48 h. The resin was then washed successively with DCM/DMF (1/1, 5 X 30 min), and
finally with methanol to shrink the resin.
For the synthesis of [Lys(5-TAMRA)2]Dyn A (2), Fmoc-Lys(Alloc)-OH and BocTyr(tBu)-OH (2-fold excess each) were coupled sequentailly to the resin (200 mg, 0.0368
mmol)

using

benzotriazole-1-yloxytripyrrolidinophosphonium

hexafluorophosphate

(PyBOP), 1-hydroxybenzotriazole (HOBt) and N,N-diisopropylethylamine (DIEA) as the
coupling reagents (1/1/2 compared to the amino acids) (Scheme A2.1). The Alloc group
attached to Lys was deprotected using Pd(Ph3P)4 (4.3 mg, 0.0037 mmol, 0.1 equiv) and
phenylsilane (PhSiH3, 95 mg, 0.88 mmol, 24 equiv) in DCM (5 mL, 2 X 30 min).15 The
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following solvents were used to wash the resin after the reaction: 5 X 2 min DCM, 4 X 2
min DMF, 3 X 2 min DCM, 3 X 2 min DMF, 3 X 2min 0.5% DIEA in DMF, 3 X 15 min
0.02 M sodium diethyldithiocarbonate, and 5 X 2 min DMF.12, 16 5-TAMRA-SE (2.5 mg,
0.005 mmol, 0.9 equiv in 1 mL DMF) was then attached to the free amine in the
protected peptide resin (31 mg, 0.0056 mmol) using the same method as described for the
synthesis of 1 (Scheme A2.1).
Peptide 4 was synthesized by SPPS on the Fmoc-Thr(tBu)-Wang resin (0.50
mmol/g) according to procedure described for the synthesis of 1.

Scheme A2.1: Synthesis of [Lys(5-TAMRA)2]Dyn A, 2
Fmoc-Gln(Trt)-Wang resin
SPPS
Boc-Y(tBu)-K(Alloc)-G-F-L-R(Pbf )-R(Pbf)-I-R(Pbf)-P-K(Boc)-LK(Boc)-W(Boc)-D(tBu)-N(Trt)-Q(Trt)-Wang resin
1. Alloc deprotection
2. 5-TAMRA-SE
3. Reagent B
Y-K(5-TAMRA)-G-F-L-R-R-I-R-P-K-L-K-W-D-N-Q
2

A2.3.3 Synthesis of 3 and 5
The Fmoc-PAL-PEG-PS resin was used to synthesize 3 (Scheme A2.2). FmocLys(Alloc)-OH, Fmoc-protected linker 7, and Fmoc-Glu-OtBu (2 equiv coupling for 2 h)
were first successively attached to the resin by standard coupling reactions, followed by
the coupling of the remaining amino acids until the whole protected linear peptide was
assembled. The Alloc group was then deprotected using Pd(PPh3)4-PhSiH3, followed by
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attachment of the fluorescent tag 5-TAMRA as described above for the synthesis of
compound 2. The retention times for the non-fluorescent precursor (after Alloc
deprotection) and the fluorescent peptide were 20.70 and 25.18 min, respectively, under
the standard HPLC conditions (System 1, see section A2.3.6 for details). The yield (based
on 5-TAMRA) for this reaction was 78% based on HPLC.

Scheme A2.2: Synthesis of the Dyn A analog 3 with the fluorescent group attached at the Cterminus
Fmoc-PAL-PEG-PS resin
SPPS (successive couplings of Fmoc-Lys(Alloc)OH, 7, and Fmoc-Glu-OtBu)
Fmoc-Glu-OtBu
NH(CH 2 CH 2O)CH2 CO-K(Alloc)-NH-Resin
SPPS
Boc-Y(tBu)-G-G-F-L-R(Pbf)-R(Pbf )-I-R(Pbf)-P-K(Boc)-LK(Boc)-W(Boc)-D(tBu)-N(Trt)-E-Ot Bu
NH(CH 2 CH 2O)CH2 CO-K(Alloc)-NH-Resin
1. Alloc deprotection
2. 5-TAMRA-SE
3. Reagent B
Y-G-G-F-L-R-R-I-R-P-K-L-K-W-D-N-E
NH(CH 2CH 2O)CH2 CO-K(5-TAMRA)-NH-Resin
3

The fluorescent Dyn B analog 5 was synthesized by the same method as described
for 3. The retention times for the non-fluorescent precursor (after Alloc deprotection) and
the fluorescent compound were 18.04 and 24.31 min, respectively, under the standard
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HPLC conditions (System 1, see section A2.3.6 for details). The yield (based on 5TAMRA) for this reaction was 77% based on HPLC.

A2.3.4 Synthesis of 6
The fluorescent peptide 6 was synthesized by SPPS on the Fmoc-PAL-PEG-PS
resin (0.19 mmol/g) according to standard procedures (Scheme A2.3). Fmoc-Lys(Alloc)OH (2 equiv) was first attached to PAL-PEG-PS resin, followed by the PEG-like linker 7
(2 equiv) and the remaining amino acids until the whole peptide was assembled. The Nterminal Fmoc group was then deprotected and the amine acetylated with excess amount
(20 equiv) of acetic anhydride in DMF for half an hour. The Alloc group was then
deprotected using Pd(PPh3)4 and PhSiH3, as described for the synthesis of 2 above. The
fluorescent tag was then attached to the peptide by reaction of 5-TAMRA-SE (2.5 mg,
0.005 mmol, 0.9 equiv) in DMF (1 mL) with the free amine. The reaction was allowed to
run for 2 days and the completion of reaction was monitored by cleavage and HPLC
analysis of an aliquot. The retention times for the non-fluorescent precursor (after Alloc
deprotection) and the fluorescent compound were 22.20 and 27.38 min, respectively,
under the standard HPLC conditions (System 1, see section A2.3.6 for details). The yield
(based on 5-TAMRA) for this reaction was 92% based on HPLC.
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Scheme A2.3: Synthesis of the arodyn analog 6 with the fluorescent group attached at the Cterminus
Fmoc-PAL-PEG-PS resin
SPPS
Ac-F-F-F-R(Pbf )-L-R(Pbf )-R(Pbf)-I-R(Pbf)-P-K(Boc)-NH(CH 2 CH 2O)2 CH 2CO-K(Alloc)-resin
1. Alloc deprotection
2. 5-TAMRA-SE
3. Reagent B
Ac-F-F-F-R-L-R-R-a-R-P-K-NH(CH2 CH 2 O)2 CH 2 CO-K(5-TAMRA)-NH2
6

A2.3.5 Peptide cleavage, purification, and analysis
The fluorescent peptides were cleaved from the resin using reagent B (85% TFA,
5% phenol, 5% water, and 2% triisopropylsilane) at room temperature for 2 h.17 The
crude peptides were purified by preparative reversed-phase HPLC using a linear gradient
of 15-50% MeCN containing 0.1% TFA over 35 min, at a flow rate of 20 mL/min. The
purification was monitored by UV absorbance at 214 nm.
The purity of the final peptides was verified using analytical HPLC in two
different solvent systems. In system 1, a linear gradient of 5-50% solvent B (solvent A,
aqueous 0.1% TFA, and solvent B, MeCN containing 0.1% TFA) over 45 min, at a flow
rate of 1 mL/min, was used with monitoring at 214 nm. In system 2, a linear gradient of
5-77% solvent B (solvent A, aqueous 0.1% TFA, and solvent B, MeOH containing 0.1%
TFA) over 45 min, at a flow rate of 1 mL/min, was used with monitoring at 230 nm.
Molecular weights of the compounds were determined by ESI-MS (Table A2.2).
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Appendix 3. Design and Synthesis of Novel Peptide Antagonists for Mu
Opioid Receptors Using a Reversed “Message-Address” Concept

*Note that the compound numbers used in this appendix are only applicable within this
specific appendix.
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A3.1 Introduction
The “message-address” concept for dynorphin (Dyn) A1 has been successfully
used in our laboratory to develop peptide antagonists for kappa (κ) opioid receptors.2, 3
Arodyn (1) is a potent and highly selective antagonist at κ opioid receptors.3 However,
during the study of the structure-activity relationships (SAR), one analog [CH3OCONMePhe1,Nal(2’)3]arodyn (2, Nal(2’) = 2-naphthylalanine) exhibits much higher affinity
for mu (μ) opioid receptors (Ki = 51.5 nM), and only about 2-fold selectivity for κ over μ
opioid receptors (Table A3.1 and Chapter 4). The “message-address” concept suggests
that the C-terminal “address” sequence of Dyn A/arodyn is important for affinity at κ
opioid receptors. Therefore, deletion of the “address” sequence would be expected to
dramatically decrease affinity for κ opioid receptors. If the μ opioid receptor affinity can
be preserved, we can switch the selectivity from κ to μ opioid receptors. The truncation
of the C-terminal sequence also makes the peptides much smaller. These truncated
peptides might represent a novel pharmacophore for a μ opioid receptor antagonist.
The acetyl analog [NMePhe1,Nal(2’)3]arodyn (3) also shows similar binding
affinity for μ opioid receptors (Table A3.1).4 These two compounds (2 and 3) are
exceptions since most of the arodyn analogs show very weak affinity for μ opioid
receptors (i.e. Ki in the μM range). Subtle changes in the “message” residues of 2 or 3
decrease the μ opioid receptor binding affinity dramatically (Table A3.1). For example,
the deletion of the N-methyl group of NMePhe1 or substitution of NMePhe1 by the bulky
aromatic amino acid Nal(2’) result in compounds 4 and 5 with about 6.8- and 3.7-fold
lower affinity for μ opioid receptors, respectively, compared to 3 (Table A3.1).4
Similarly, substitution of Nal(2’) in position 3 with other aromatic (6-8) or non-aromatic
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amino acids (9) also results in dramatically decreased affinity for μ opioid receptors
(Table A3.1). These results suggest that residues NMePhe1 and Nal(2’)3 are important for
the binding affinity of 2 and 3 for μ opioid receptors. Therefore, we hypothesized that the
N-terminus of 2 (at least residues 1 and 3) is necessary for affinity at μ opioid receptors.

Table A3.1: Mu opioid receptor affinities of arodyn (1) and its analogs
X-R1-Phe-R3-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
Compound

X-R1

a

1 (arodyn)
Ac-Phe
CH3OCO-NMePhe
2
3b
Ac-NMePhe
Ac-Phe
4
5b
Ac-Nal(2’)
CH3OCO-NMePhe
6
CH3OCO-NMePhe
7
CH3OCO-NMePhe
8
CH3OCO-NMePhe
9
a
b
From reference 3; From reference 4.

R3

Ki (μ)

Phe
Nal(2’)
Nal(2’)
Nal(2’)
Nal(2’)
Trp
Tyr
Phe
Cha

1750 ± 130 (3)
51.5 ± 13 (4)
158 ± 50 (3)
1080 ± 10 (2)
587 ± 51 (3)
1280 ± 280 (3)
1300 ± 340 (4)
1750 ± 97 (3)
860 ± 350 (3)

Compound 3, an [NMePhe1]arodyn analog, is prone to a side reaction involving
deletion of Ac-NMePhe from the peptide during acidic cleavage from the resin (see
Chapter 3). Its analog where the acetyl group is replaced with the methoxylcarbonyl
group (compound 2) is stable under the same conditions. Therefore, compound 2 is used
as the parent compound for the truncation study.

A3.2 Results, discussion, and conclusions
The main purpose of this truncation study is to determine the minimum residues
for μ opioid receptor binding and delete as many residues important for κ opioid receptor
binding as possible to convert the slightly κ opioid receptor selective analog 2 to a small
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μ opioid receptor selective antagonist. Peptides with 3 to 7 amino acid residues (10-14,
Figure A3.1) from the N-terminus of the parent compound were synthesized using the
Fmoc-PAL-PEG-PS resin according to standard solid-phase peptide synthetic procedures
(please refer to previous chapters for the detailed synthetic procedures).

Figure A3.1: Structures of 2 and its truncated analogs 10-14
2: CH3OCO-NMePhe-Phe-Nal(2’)-Arg-Leu-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2
10: CH3OCO-NMePhe-Phe-Nal(2’)-NH2
11: CH3OCO-NMePhe-Phe-Nal(2’)-Arg-NH2
12: CH3OCO-NMePhe-Phe-Nal(2’)-Arg-Leu-NH2
13: CH3OCO-NMePhe-Phe-Nal(2’)-Arg-Leu-Arg-NH2
14: CH3OCO-NMePhe-Phe-Nal(2’)-Arg-Leu-Arg-Arg-NH2

These peptides were purified by preparative HPLC; the final purity of the purified
peptides was greater than 95% as determined by two analytical HPLC systems. ESI-MS
was used to verify the desired molecular weights for these peptides (Table A3.2).

228

Table A3.2: Analytical data of the purified peptides
Peptides

HPLC (tR (min)/% Purity)
System 1a
System 2b
37.23/100
36.14/98.3

ESI-MS (m/z)

Calculated
Observed
[2M+Na]+=1183.5
[2M+Na]+=1183.5
[M+Na]+=603.3
[M+Na]+=603.3
+
[M+K] =619.3
[M+K]+=619.3
+
35.49/97.1 32.32/95.9
[M+H] =734.7
[M+H]+=734.7
11
38.88/98.5 38.91/97.3
[M+H]+=850.5
[M+H]+=850.4
12
34.32/100
37.66/98.0
[M+2H]2+=503.8
[M+2H]2+=503.7
13
+
[M+TFA+H] =1120.6 [M+TFA+H]+=1120.5
34.57/100
33.47/98.6
[M+3H]3+=388.2
[M+3H]3+=388.2
14
2+
[M+TFA+2H] =638.8 [M+TFA+2H]2+=638.8
a
System 1: Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in acetonitrile,
wavelength 214 nm. The gradient was 5-50% solvent B over 45 min at 1 mL/min. bSystem 2:
Solvent A = 0.1% TFA in water, solvent B = 0.1% TFA in methanol, wavelength 230 nm. The
gradient was 25-70% solvent B over 45 min at 1 mL/min.
10

These truncated peptides are currently undergoing pharmacological evaluations
for their opioid receptor affinity and selectivity as well as efficacy. We expect that some
of these truncated analogs will retain reasonable affinity for μ receptors while exhibiting
decreased affinity for κ receptors, therefore resulting in compounds that may be selective
for μ opioid receptors. Further modifications will be based on the pharmacological
activities of these truncated compounds. The analogs with the highest potency and/or
selectivity at μ opioid receptors will be chosen as parent compounds for further
modifications.

A3.3 Experimental section
The general synthesis, purification and analysis of these peptides have been
described in previous chapters. Since these compounds are relatively hydrophobic,
diethyl ether was not used to extract adducts of the scavengers with the side-chain
protecting groups (e.g. Pbf group in the side chain of Arg) following cleavage. The TFA
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was removed and these compounds were then purified by prep-HPLC. These compounds
were purified using a linear gradient of 15-60% MeCN containing 0.1% TFA over 45
min, at a flow rate of 20 mL/min. The purification was monitored by UV absorbance at
214 nm.
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Appendix 4. 1H-NMR Spectra of Arodyn Analogs Cyclized by RCM

*Note that the compound numbers used in this appendix are the same as those used in
Chapter 7.
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Figure A4.1: 1H-NMR spectrum of 2-cis.
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Figure A4.2: 1H-NMR spectrum of 2-trans.
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Figure A4.3: 1H-NMR spectrum of 3-cis.
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Figure A4.4: 1H-NMR spectrum of 3-trans.
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Figure A4.5: 1H-NMR spectrum of 4-trans.
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Figure A4.6: 1H-NMR spectrum of 5-trans.
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Figure A4.7: 1H-NMR spectrum of 6-cis.
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Figure A4.8: 1H-NMR spectrum of 6-trans.
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Figure A4.9: 1H-NMR spectrum of 16 (trans). Bottom is the spectrum for the two vinyl protons
after decoupling of adjacent methylene protons at 2.36 ppm.
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Figure A4.10: 1H-NMR spectrum of 21 (trans). Bottom is the spectrum for the two vinyl protons
after decoupling of adjacent methylene protons at 4.61 ppm.
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Figure A4.11: 1H-NMR spectrum of 22 (trans). Bottom is the spectrum for the two vinyl protons
after decoupling of adjacent methylene protons at 4.65 ppm.

242

Figure A4.12: 1H-NMR spectrum of 23 (trans). Bottom is the spectrum for the two vinyl protons
after decoupling of adjacent methylene protons at 4.61 and 4.66 ppm.
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Appendix 5. 1H-NMR Spectra of Dyn A Analogs Cyclized by RCM

*Note that the compound numbers used in this appendix are the same as those used in
Chapter 8.
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Figure A5.1: 1H-NMR spectrum of 1 (cis).
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Figure A5.2: 1H-NMR spectrum of 2 (trans).
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Figure A5.3: 1H-NMR spectrum of 3 (cis).
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Figure A5.4: 1H-NMR spectrum of 4 (trans).
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Figure A5.5: 1H-NMR spectrum of 5 (cis).

249

Figure A5.6: 1H-NMR spectrum of 6 (trans).
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