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ABSTRACT

From genomics, we know that many disease states lead to changes in expressed 

proteins (adaptation/plasticity).  Therefore, drug design and discovery based on normal 

states and single targets often is inadequate or even counter-indicated.  The “system 

changes” that occurs must be considered in any treatment for the disease, such changes 

are clearly evident in neuropathic pain where opioids can actually heighten pain.  In these 

pain states there are increased levels of neurotransmitters such as cholecystokinin (CCK) 

in which both the peptides and their receptors are increased in pain states.

To effectively treat diseases involving “systems changes” a new paradigm was 

recently introduced in our group.  In this new approach single peptide molecules are 

designed to interact with multiple receptor targets.  For the treatment of pain, a series of 

linear and cyclic peptides were designed by R. S. Agnes based on the overlapping 

pharmacophores of opioid and CCK ligands.  The opioid/CCK analogues were 

synthesized and evaluated for their biological activities.  Several of the opioid/CCK 

analogues were found to simultaneously interact with opioid receptors as agonists and 

CCK receptors as antagonists.  The lead compounds have been tested in several pain 

models and were found to be promising in the treatment of neuropathic pain.  This study 

further modifies the RSA analogues to improve on the bioassays of the previous peptides.
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CHAPTER 1

INTRODUCTION

1.1  New paradigm in drug discovery

Recently, our group introduced a new paradigm (Figure 1) in drug design for the 

treatment of pain in the disease state.1-3  This new approach to drug discovery would be 

particularly applicable to the diseases that involve adaptive changes in the central nervous 

system, such as neuropathic pain.  There is growing evidence that drugs behave 

differently in normal states than in pathological states, thus preventing their effectiveness 

in pathological disease states.  Therefore, a new paradigm for drug design is needed.

The current approach in drug design and discovery is to identify the 

gene/cell/tissue/protein that is associated with the biological activity, and to develop a

binding assay and functional assay.  The receptors and assays chosen utilize receptors,

enzymes, cells, tissues or animals that are “normal”.  The current drug discovery design 

poses several concerns.  The current model does not reflect our understanding of diseases 

where systematic changes can occur due to several interacting systems.  Bioassays use 

normal cells and animals, which behave differently from the disease state.  Lastly, a drug 

targeting only one receptor will not be effective since the disease involves more than one 

receptor, enzyme, etc.

As stated earlier, a new paradigm for drug design is needed for several reasons.  

The effectiveness of drugs can be increased for diseases in the central nervous system in 
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which adaptive changes can occur, such as neuropathic pain.  Bioassay testing on cells 

and animals should reflect the disease states.  The design requires binding and activity at 

more than one target with one ligand, since there are several interactions involved with 

the disease state.

Figure 1.  Current model for drug design of therapeutics (Left) vs. the new paradigm of

drug design for the treatment of diseases (from R. S. Agnes dissertation; 2003).

G-Protein coupled receptors (GPCRs) are important targets for drug design 

because the ligands and receptors modulate or control many biological functions, such as 

pain, feeding behavior, anxiety, addiction, learning, sexual behavior, etc.  This study will 

be concentrated on the treatment of pain.  Neuropathic pain is an abnormal pain state

Identify Biological
Activity/Disease

Identify Therapeutic Target/or 
Causative Agent

Develop an Assay Binding and
Activity

Drug Design and Synthesis

Identify Biological
Activity and Disease

Identify System Changes:
Multiple Targets

Develop an Assay Binding and
Functional Assays and in Vivo

Assays for Disease States

Drug Design
Consider Multiple Targets
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initiated by a primary lesion or dysfunction in the nervous system, either to the peripheral 

nerves or to the central nervous system.4  The symptoms include but are not limited to 

hyperalgesia, an increased response to a stimulus that is normally painful, and allodynia, 

pain due to a stimulus that does not normally provoke pain.  The treatment of neuropathic 

pain has long been elusive.  Although the mechanism for neuropathic pain is not 

completely understood, current treatments have been the use of alkaloids such as 

morphine.  However, the prolonged treatment of neuropathic pain with such opioids can 

produce side effects such as nausea, vomiting, mood alteration, and central respiratory 

depression5, and can also heighten pain, and often time the drug becomes ineffective.

Recent studies reveal that the system goes through several changes in the central 

nervous system in course of developing neuropathic, including the increased activities of 

neuromodulators and neurotransmitters.6  Cholecystokinin (CCK), one of these 

neuromodulators, has long been considered as an “antiopioid” peptide due to the 

diminishing of opioid induced analgesia.  Opioid and CCK interaction in pain states have 

been reviewed.7,8  CCK and endogenous opioids and their corresponding receptors have 

overlapping distribution in the central nervous system.9 It has been shown that CCK 

diminishes the effects of opioid agonists10, that CCK antagonists can enhance the acute 

effects of morphine11, and that CCK antagonists diminish opioid tolerance and 

dependence.12

The design of peptide receptor agonists and antagonists are well reviewed.13-15

Most naturally occurring peptide hormones and neurotransmitters are agonists.  Agonists 

are peptides whose binding interaction with their respective receptors results in an active 
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response of the cell or organ.  The goal for modification of agonists is to obtain increased 

potency, increased specificity and selectivity for receptor subtypes, and enhanced drug-

like properties.  Conversely, antagonists are molecules which inhibit the active response 

of the cell.  The most effective method for developing antagonist peptides is to develop 

peptide analogues that are competitive antagonists of the natural ligand at the receptor.

The design of opioid/CCK analogues was explored extensively by R. S. Agnes

with linear, cyclic lactams, and cyclic disulfide peptides.2  The design begins with the 

sequence truncation of the N- and/or C-terminal residues to determine the minimum 

required residues needed for binding and activity.  Next, the importance of key amino 

acid residues can be determined by carrying out various amino acid scans, specifically 

glycine and alanine scans.  The modification of properties of side-chain groups, such as 

steric, aromatic, hydrophobic, hydrophilic, and acid-base, also is important in biological 

activity.  The next step is to establish the biologically active conformation of the peptide 

by modification of the backbone (φ, ϕ, ω angles).  (Figures 2 and 3)  These can be 

achieved by modifications at the α-carbon, the amide nitrogen of the peptide backbone, 

and the side-chain moieties.

N

Cα N

CαCα

O

O

H

H

R H

i i + 1i - 1

φ
ϕ ω

Figure 2.  The peptide backbone.
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Figure 3.  Definitions of the φ, ϕ, ω angles (from R. S. Agnes dissertation; 2003)

Next, a D-amino acid scan is performed.  Each L-amino acid is replaced by its 

corresponding D-amino acid to enhance or reduce stability of secondary structures such 

as reverse turns and helices.  This provides important insights about the side chain 

chirality of the amino acid residues in the peptide, as well as certain conformations that 

might be important for the peptide’s biological activity.  Although modifying local 

constraints in a peptide can lead to interesting biological activities, their use is rather 

limited without further constraint in the global conformation.  Cyclization can stabilize 

the secondary structures of the peptide.  There are several types of cyclization templates 

and types of groups forming the ring structure as shown in Figure 4.
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Figure 4.  Some possible templates for cyclic disulfide and lactam peptide analogues 

(from R. S. Agnes dissertation; 2003).

1.2  Structural-activity relationships of opioid agonists and cholecystokinin

The structure-activity relationships of enkephalin analogues at the opioid 

receptors have been reviewed.16,17  In 1975, the peptides [Leu5]-enkephalin (Tyr1-Gly2-

Gly3-Phe4-Leu5-OH) and [Met5]-enkephalin (Tyr1-Gly2-Gly3-Phe4-Met5-OH) were
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isolated from porcine brain.18  These compounds have similar biological activity at tissue 

preparations such as electrically stimulated mouse vas deferens (MVD) and guinea pig 

ileum (GPI) assays.  The MVD is populated with δ−opioid receptors, while the GPI is 

populated with µ-opioid receptors.  Structure-activity relationships were performed to 

identify the chemical moieties and structural requirements essential for enkephalin 

activity.

The importance of the N-terminal Tyr1 is crucial for biological activity in both the 

MVD and GPI.  Truncation of the Tyr1 leads to inactive analogues.19  When Phe and 

other para-substituted Phe residues were placed in this position, there is a loss of potency 

and binding affinity thus indicating the importance of the para-hydroxy group of Tyr.20,21

Replacing Tyr with other amino acids such as Gly, D-Ala, Ala, His, and Sar also lead to 

inactive analogues.  The removal of the N-terminal amino group leads to inactivity at 

both δ− and µ−opioid receptors, thus it was proposed that the free N-terminal amine is 

important for interactions with the opioid receptors.20  The substitution of Tyr1 with D-

Tyr1 leads to no activity showing that the configuration of the Tyr residue is important for 

activity. 

The second residue, Gly2 in [Leu5]-enkephalin is the next position of importance.  

When this residue is replaced with D-amino acids such as D-Ala, D-Met, D-Ser, and D-

Thr, the potency significantly increased in the MVD and GPI assay.22  L-Ala caused a 

significant drop in potency when compared to the reference compounds23, as did D-Pro, 

Pro, and N-methylated Gly (Sar Analogue).  It is thought that D-amino acid substitution 

can increase the stability of a peptide and protects it from enzymatic degradation.24
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The fourth residue in [Leu5]-enkephalin also can be replaced by several amino 

acids but an aromatic residue is preferred.  Enkephalin analogues with Gly4 and Ala4 are 

inactive23,25, as is replacements with D-Ala, D-Phe, and D-Trp of [Met5]-enkephalin.25,26

This suggests a conformational requirement at this position.  When Phe4 is substituted 

with para-halogenated Phe analogues in cyclic enkephalin, the potencies are very high 

and selective for δ-opioid receptors.27  Trp can also be substituted for Phe at this 

position26, while Tyr is not well tolerated28.  Aromatic residues are not fully required to 

interact with opioid receptors, particularly in µ-opioid receptors.  Phe4 has been replaced 

with non-aromatic side chain groups such as cyclohexylalanine (Cha).29

The fifth residue of enkephalin can also be substituted by a variety of residues.  

Replacement of Leu5 and Met5 with alkyl groups, esters, or alcohols all resulted in 

enhanced potency at the µ-opioid receptors.22 Proline substitution at position 5 in [D-

Ala2] and [D-Met2] enkephalin resulted in enhanced potency at the µ receptors30, when 

compared to [Nva5] enkephalin the potency at µ receptors was slightly improved.31

While N-methylation of position 5 of [Leu5] enkephalin had little effect on the affinity 

when compared to [Leu5].32

Cyclic analogues of enkephalin have been studied to examine the conformational 

requirements for the opioid receptors.  Lactam analogues of enkephalin with side chain to 

C-terminal end and side chain to side chain cyclization has shown potent agonist 

properties and selective at µ−opioid receptors.33,34  Enkephalin analogues with side chain 

to side chain disulfide bridges are potent and selective for δ-opioid receptors.  These 

enkephalin analogues were generally substituted with D-Cys2 and D- or L-Cys5
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residues35, and additional substitution were made with Pen and/or D-Pen residues at 

positions 2 and 5 to introduce local and global conformational restrictions.27,36,37

Cholecystokinin (CCK) and its structure and functions are well reviewed in the 

literature.38, 39  CCK was first isolated from the porcine duodenum as a 33 amino acid 

peptide40 It is a neuropeptide found both in the periphery and in the central nervous 

system. A number of biologically active variants were then reported, but the C-terminal 

CCK octapeptide amide (CCK26-33 or CCK-8, H-Asp26-Tyr(SO3H)27-Met28-Gly29-Trp30-

Met31-Asp32-Phe33-NH2) is the most abundant peptide present in the brain.41

CCK-8 interacts with nanomolar affinities with two different receptors designated 

as CCK-A and CCK-B (CCK-1 and CCK-2, respectively).42  These receptors are part of 

the G protein-coupled receptors (GPCRs) family characterized by seven transmembrane 

domains.  It has been found that CCK-A receptors are located mainly in the periphery but 

are also found in some regions of the brain43, while CCK-B receptors are primarily

located in the central nervous system44 but are also found in the stomach and vagus nerve.

CCK-8 has been shown to be involved in numerous physiological functions such as 

satiety (feeding behavior)45, anxiety and panic attacks46, memory47, and analgesia.48,49

The CCK octapeptide have been modified in several ways.  The replacement of 

Met28 and Met31 residues with norleucine (Nle) provides sulfated CCK analogues with 

virtually identical biological activities to those with Met residues.  The example of 

sulfated Boc[Nle28, Nle31]CCK27-33 shows binding and activities at CCK-A and CCK-B 

receptors were nearly the same as sulfated CCK-8.  The advantage of substitution of 

Met28, 31 with Nle is that the analogues should be resistant to enzymatic degradation since 
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Nle is an unnatural amino acid and it also allows for an efficient synthesis of CCK 

analogues since side reactions associated with Met are avoided50 and most importantly 

there is no oxidation.  N-Methylated analogues were also synthesized, Boc-Tyr(SO3H)-

Nle-Gly- Trp-N-MeNle-Asp-Phe-NH2 led to a potent and CCK-B selective agonist.

Unsulfated CCK-8 analogues were designed with N-methylnorleucine (N-MeNle) 

residues at positions 28 and 31 ([N-MeNle28,31]CCK26- 33) which led to exceptional 

potency and selectivity for CCK-B against CCK-A receptors.  NMR studies revealed that 

there is a cis/trans isomerism about the N-methylnorleucine residue that may be related to 

high selectivity.51  Further changes of position 28 led to the substitution with Phe 

resulting in SNF-9007 (Asp-Tyr-D-Phe-Gly- Trp-N-MeNle-Asp-Phe-NH2) which showed 

potent and selective activities at CCK-B receptors as well as weak binding affinities at δ-

opioid receptors.  It also displayed analgesic properties in several in vivo assays.52

Truncation studies have shown that Trp30 is an important residue for interaction 

with either the CCK-A or CCK-B receptor.  When Trp30 was substituted with D-Trp in 

sulfated Ac-CCK-7, the potency in the binding assays dropped.  The Nal(2’)30 analogue 

of sulfated Ac-CCK-7 was nearly equivalent to the model compound in CCK receptor 

binding assays, while Nal(1’)30 analogue was significantly less potent.53  N-MeTrp30 

analogues were ten-fold less potent than the control compound.54  The loss of binding and 

biological activities resulting from the modification of Trp30 suggest a limited tolerance 

for modification of this residue.

Structural studies of linear CCK-8 suggested a turn in the structure.55  Cyclic 

analogues were synthesized by modifying positions 26 and 29 to form lactam bridges, 
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resulting in CCK-B selective analogues.56  Cyclic analogues of CCK-4 with selectivity 

for CCK-B had been developed as well.57

Several studies have suggested that there is a similarity between opioid and CCK 

peptide ligands.  Biophysical studies have suggested unsulfated C-terminal CCK-7 might 

have a biological activity at opioid receptors.58  Computational studies of CCK and 

enkephalin included comparison of lowest energy structures of [Met5]-enkephalin and 

CCK-7, showing similarities in their structures.  The aromatic moiety of Tyr1 in [Leu5]-

enkephalin can be aligned with the Tyr29 residue of CCK-7, the side chain of Phe4 in 

[Leu5]-enkephalin can be aligned with the side-chain indole ring of Trp30 of CCK-7.59

More recent molecular modeling studies of topographically constrained CCK analogues

such as SNF-9007 showed an agreement between the receptor-bound conformations of 

CCK-B ligands with the δ-opioid receptor template model based on DPDPE.60  Several 

modeling studies suggested similarities between the proposed biologically active 

conformation between CCK and opioid ligands.61  Examination of these proposed 

bioactive conformations demonstrated topographical similarities of the surfaces of the 

aromatic side chain residues suggested that δ-opioid receptors and CCK-B receptors have 

overlapping structural and topographical requirements.62  Figure 5 shows similarities in 

the orientation of the aromatic residues in DPDPE and sulfated CCK-8.63
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Figure 5. Stereoviews of the proposed bioactive conformations of DPDPE (top) and CCK 

(bottom) at delta opioid and CCK-B receptors.  The aromatic groups have similar 

orientation (from R. S. Agnes dissertation; 2003).

1.3  Peptide design

There are several advantages of developing one compound with overlapping 

pharmacophores of the opioids and cholecystokinin receptors.  A single peptide can allow 

for the quantification of kinetics for appropriate use as opposed to a mixture of two 

compounds.  Thus, properties such as time of onset, half-life, duration, and distribution 

would only be determined for one compound.  The determination of side effects and 

toxicity for multiple compounds can be complicated; a single compound would eliminate 
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this.  Finally, a single chemical entity would allow for refinement of the ratio of affinities 

at each receptor site allowing for a more exact therapeutic profile.

The goal of this thesis was to design a single peptide that interacts with opioid 

receptors as agonist and with CCK receptors as an antagonist.  The lead compound SNF-

9007 was modified extensively by R. S. Agnes recently to increase the binding affinity at 

opioid receptors, improved on the CCK antagonist activities, and to balance the 

selectivity between CCK-A and CCK-B receptors.  This study was to further modify 

RSA analogues to improve on the above activities.
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CHAPTER 2

DESIGN, SYNTHESIS, AND STRUCTURE-ACTIVITY RELATIONSHIPS OF 

CCK/OPIOID PEPTIDES:  MODIFICATION OF THE LINEAR, LACTAM 

BRIDGE AND CYCLIC DISULFIDE SEQUENCE

2.1  Design of peptide sequence

The design of peptides that can simultaneously interact with δ and/or µ opioid 

receptors as agonists and at CCK-A and CCK-B receptors as antagonists is based on the 

hypothesis of overlapping pharmacophores of opioid peptides and CCK ligands.  Dr. R. 

S. Agnes synthesized several effective analogues that are used as lead compounds for 

modifications in this study.  Previous studies in our laboratory have developed three-

dimensional models for the bioactive conformations of ligands for both the δ opioid 

receptor64,65 and the CCK receptor.61 These three-dimensional models revealed that there 

are topographical similarities between the opioid pharmacophores and CCK 

pharmacophores, particularly in the orientation of the aromatic residues.  A ligand, SNF-

9007, which has a potent selective agonist activity at the CCK-B receptor and weak 

affinity but robust agonist activity at the δ opioid receptor, was discovered.52  As seen in 

Figure 6, SNF-9007, the model lead compound, the opioid pharmacophore elements at 

the N-terminal can overlap with the CCK pharmacophore elements at the C-terminal.  
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The initial goal was to redesign SNF-9007 to have mixed δ and µ binding affinity for the 

opioid receptors and a more balanced binding affinity for the CCK-A and CCK-B 

receptors.  This study is a continuation of the same goals, but to improve on existing RSA 

analogues.  It is known that the free N-terminal tyrosine is important for the potency of 

peptide ligands at opioid receptors.  Therefore, the N-terminal Asp of SNF-9007 was 

removed to improve the δ opioid receptor potency.  It was shown that Asp0 can be 

removed without greatly affecting binding affinity at CCK receptors, also evidenced by 

the activity of smaller fragments of CCK-8 at CCK-B receptors.66 Dr. Agnes employed a 

variety of amino acids at position 2 to achieve the optimum binding at opioid receptors.  

It was hypothesized that N-MeNle was responsible for the selectivity for the CCK-B 

receptor67; therefore, the residue was substituted with Nle to improve the balanced 

binding affinity between the CCK-A and CCK-B receptors.  The L-Trp4 residue was 

replaced with D-Trp4 for the improvement of antagonist properties at CCK-A and CCK-

B, since it was known that substitution of L-Trp with D-Trp  in peptide, and non-peptide 

analogues for CCK receptors lead to antagonist activity at CCK receptors.68
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Asp-Tyr1-Dphe2-Gly3-Trp4-NMeNle5-Asp6-Phe7-NH2

Opioid Pharmacophore

CCK Pharmacophore

Linear Analogues:  Tyr-Xxx-Aaa-Yyy-Zzz-Asp-Phe-NH2

Xxx = D-Amino acids, pro, or Gly
Yyy = Trp or D-Trp
Zzz = NMeNle or Nle
Aaa = Gly, Pro

1. Increased potency at opioid receptors.
2. Improved balanced affinity between 
 CCK-A and CCK-B receptors.
3. Improve CCK receptor antagonist 
 properties

RSA504: Tyr-D-Nle-Gly-Trp-Nle-Asp-Phe-NH2

4. Global conformational constraint
 disulfide and lactam cyclization

Cyclic Analogues: Tyr-c[Xxx-Aaa-Yyy-Zzz]-Asp-Phe-NH2

Disulfide analogues:
Xxx = D-Cys
Zzz = Cys
Yyy = Trp, D-Trp, Phe(pCl)
Aaa = Gly, Pro

Lactam analogues:
Xxx = D-Lys, D-Glu
Zzz = Glu, Lys
Yyy = Trp, D-Trp, Phe(pCl)
Aaa = Gly, Pro  

Figure 6. Design of CCK/opioid linear, lactam and disulfide analogues. Linear analogues 

focused on position 3 and 4.  Position 3 was substituted with Pro and Gly.  Position 4 was 

substituted with Trp, D-Trp and Phe(pCl).  Position 2 and 5 remained the same with D-

Nle and Nle respectively.  Cyclic analogues, position 2 and 5 were used as points of 

cyclization.  Position 2 was substituted with D-Cys for disulfide and D-Lys or D-Glu for 

lactam bridges.  Position 5 was substituted with Cys for disulfide and Glu or Lys for 
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lactam bridges.  Position 3  was substituted with Pro and Gly and position 4 was 

substituted with Trp, D-Trp and Phe(pCl).  

Linear peptides based on the overlapping pharmacophores of opioid and CCK 

ligands were designed and synthesized with various substitution strategies including 

single and multiple amino acid substitutions, as well as substitutions that introduced local 

conformational constraints with D-amino acids and N-methylated residues.  Several 

linear analogues demonstrated simultaneous potent agonist activities at opioid receptors 

and antagonist activities at CCK receptors.  Cyclization of linear analogues was 

performed to further examine the required bioactive conformation for binding at opioid 

and CCK receptors and improve the agonist properties at the opioid receptors and 

antagonist activities at the CCK receptors.  Along with improving the biological activities 

of the peptides, cyclization induces a conformational constraint to the peptide that allows 

for the use of biophysical methods to define the parameters (e.g. the psi and phi angles of 

the peptide backbone, orientation and distances between the pharmacophores) that are 

necessary for the biological activities at the CCK and opioid receptors.  This information 

would be useful in the de novo design of peptide mimics.69  Another advantage to 

cyclization is that it allows the peptide to cross the blood brain barrier (BBB), as well as 

making the peptide more stable to chemical and enzymatic degradation.70, 71

In the design of a globally constrained CCK/opioid peptide, a model peptide was 

determined by virtue of its binding affinity to opioid and CCK receptors.  The lead 

compound, RSA504 (Tyr1-D-Nle2-Gly3-Trp4-Nle5-Asp6-Phe7-NH2), had nanomolar 



25

binding at the δ and µ opioid receptors (Ki = 2.9 and 27.1 nM, respectively) and CCK-A 

and CCK-B receptors (Ki = 11.2 and 15.9 nM, respectively), as well as a balanced 

selectivity between CCK-A and CCK-B receptor types (nearly a 1:1 ratio).  The lowest 

energy conformation in water was determined by using a Monte Carlo conformational 

search.  As seen in Figure 7, in one of the lowest energy conformations, the side chain 

groups of D-Nle2 and Nle5 are facing on the same side and the terminal alkyl groups are 

in close proximity to each other.  Thus, position 2 and 5 were determined to be 

appropriate sites of substitution for cyclization.  These sites of cyclization are consistent 

with cyclic peptide ligands for opioid receptors, particularly for DPDPE, in which 

positions 2 and 5 were substituted with D-Pen.36  This design also retains the free N-Tyr1, 

which is important for agonist activity at opioid receptors.  From the perspective of the 

CCK receptors, the Phe8 C-terminal was not used for cyclization since this is important 

for the recognition of peptide ligands for CCK receptors.  Cyclization was implemented 

on the leading compound, RSA504.  For cyclic disulfide analogues positions 2 and 5 

were substituted with D-Cys and Cys.  This lead to the lead compound RSA102c (Tyr1-

c[D-Cys2-Gly3-Trp4-Cys5]-Asp6-Phe7-NH2)
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Figure 7. Stereoview of lowest energy conformation of RSA504 (Tyr1-D-Nle2-Gly3-Trp4-

Nle5-Asp6-Phe7-NH2) based on a Monte Carlo conformational search.  D-Nle2 and Nle5 

are oriented on the same side and the terminal alkyl groups are in close proximity to each 

other.  These sites were used for substituting residues appropriate for cyclization (from R. 

S. Agnes dissertation; 2003).
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Cyclic lactam analogues of CCK/opioid peptides were designed with the same 

reasoning for the design of cyclic disulfide analogues.  Cyclization with lactam bridges 

provides for a global conformational constraint, but unlike the cyclic disulfide analogues, 

lactam analogues allow for an exploration of ring size.

In the design of the lactam analogues, positions 2 and 5 were used as sites of 

substitution for side chain-to-side chain cyclization, with the same rationalization applied 

for the cyclic disulfide.  These positions were consistent with the side chain-to-end 

lactam analogues of [Leu5]-enkephalin for opioid receptors33, 34, as well as the side chain-

to-side chain cyclic disulfides of enkephalin (e.g. DPDPE).36  Further, the same 

corresponding substitution sites were used in cylic lactam analogues for CCK.72

Positions 2 and 5 were substituted with analogues of Lys and Glu, and the side chain 

groups were couple to form a lactam bridge.  This lead to the lead compound RSA402 

(Tyr1-c[D-Lys2-Gly3-Trp4-Glu5]-Asp6-Phe7-NH2).

The modifications to RSA504, RSA102c and RSA402 were made to provide a 

conformational constraint to the structures of each lead compound.  The Gly3 residue was 

modified to Pro3 to induce a turn-like structure.  It is well known that Pro is usually 

present in β-turns in polypeptides due to the built-in bend in its structure which allows 

the polypeptide backbone to fold into a tight U shape.  The second modification 

performed to the lead compounds was Trp4 to Phe(pCl)4.  According to structural activity 

relationships performed on [Leu5]-enkephalin, [Met5]-enkephalin and CCK-8, leading to 

SNF 9007 (Asp-Tyr-D-Phe-Gly-Trp-N-MeNle-Asp-Phe-NH2) which showed potent and 

selective activities at CCK-B receptors as well as weak binding affinities at δ-opioid 
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receptors.52  Trp5 was determined to be the overlapping residue between the opioid and 

CCK pharmacophores.  The modification of Trp4 to Phe(pCl)4 was to determine the 

importance of the Trp residue in this position, but it is still important to have an aromatic 

residue.  It is known that para-substituted phenylalanine-4 analogues of [Ala3]-DPDPE 

was highly selective for δ opioid receptor ligands.73  Therefore, the modification of Trp4

to Phe(pCl)4 would not affect the potency to opioid receptors.  Tables 1-3 summarize

peptides synthesized with the above modifications.

Table 1. Opioid/CCK analogues based on RSA504

No. Code Sequence

RSA504 H-Tyr-D-Nle-Gly-Trp-Nle-Asp-Phe-NH2

1 HW2086 H-Tyr-D-Nle-Pro-Trp-Nle-Asp-Phe-NH2

2 HW2110 H-Tyr-D-Nle-Pro-D-Trp-Nle-Asp-Phe-NH2

3 HW2121 H-Tyr-D-Nle-Gly-Phe(pCl)-Nle-Asp-Phe-NH2

4 HW2133 H-Tyr-D-Nle-Pro-Phe(pCl)-Nle-Asp-Phe-NH2

Table 2. Opioid/CCK analogues based on RSA402

No. Code Sequence

RSA402 H-Tyr-c[D-Lys-Gly-Trp-Glu]-Asp-Phe-NH2

5 HW1122 H-Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2

6 HW1134 H-Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2

7 HW2006 H-Tyr-c[D-Glu-Pro-Trp-Lys]-Asp-Phe-NH2

8 HW2018 H-Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2

9 HW2030 H-Tyr-c[D-Lys-Gly- Phe(pCl)-Glu]-Asp-Phe-NH2

10 HW2044 H-Tyr-c[D-Glu-Gly- Phe(pCl)-Lys]-Asp-Phe-NH2

11 HW2058 H-Tyr-c[D-Glu-Pro-D-Trp-Lys]-Asp-Phe-NH2

12 HW2072 H-Tyr-c[D-Glu-Pro-Phe(pCl)-Lys]-Asp-Phe-NH2
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Table 3. Opioid/CCK analogues based on RSA102c

No. Code Sequence

RSA102c H-Tyr-c[D-Cys-Gly-Trp-Cys]-Asp-Phe-NH2

13 HW3005 H-Tyr-c[D-Cys-Pro-Trp-Cys]-Asp-Phe-NH2

14 HW3020 H-Tyr-c[D-Cys-Pro-D-Trp-Cys]-Asp-Phe-NH2

15 HW3033 H-Tyr-c[D-Cys-Gly-Phe(pCl)-Cys]-Asp-Phe-NH2

16 HW3048 H-Tyr-c[D-Cys-Pro-Phe(pCl)-Cys]-Asp-Phe-NH2

2.2  General methods for linear sequence

The peptide analogues were synthesized manually using standard solid phase 

peptide synthesis by Fmoc/tBu strategy on Rink Amide AM resin.  The Nα-Fmoc group 

was deprotected using 25% piperidine in DMF.  The Nα-Fmoc protected amino acid was 

coupled to the growing peptide chain using in situ activation with HBTU and HOBt in 

the presence of DIEA.  Various amino acids contained side chain protecting groups such 

as OtBu for Asp and Boc for Trp.  The side chain protecting groups were deprotected 

concomitant with cleavage of the peptide from the resin using 95% TFA/2.5% 

triisopropylsilane (TIS)/2.5% H2O.  Crude peptides were purified using RP-HPLC 

followed by lyophilization to give pure peptides in 20-50% yield.
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2.3  General methods for lactam analogues

The synthesis of the cyclic analogues with lactam brides was performed using 

allyl side chain protecting groups.  The allyloxycarbonyl (Alloc) group, introduced by 

Stevens and Watanabe74, is used for protection of amines and alcohols.  The allyl ester 

group was used to protect the glutamic acid moiety used for cyclic lactam formation.  

Due to the mild conditions used for deprotection of Alloc and Allyl groups and their 

stability under the conditions used for deprotection of Nα-Fmoc and Nα-Boc groups, 

Alloc and Allyl groups are very useful alternatives for orthogonal protection in peptide 

synthesis.  Because of their properties that Alloc and Allyl groups can be deprotected 

under mild and neutral conditions, they can be used to prepare partially deprotected 

CCK/opioid analogues that subsequently can be cyclized on the solid support to produce

conformationally contrained analogues.  Fully protected CCK/opioid analogues were 

synthesized with a standard Nα-Fmoc/tBu strategy, in which the amino or carboxylate 

side chain groups were protected by Alloc and Allyl groups, respectively, at position 2 or 

5.  While the Alloc and Allyl groups were deprotected, the resulting free amine and 

carboxylic acid of Lys and Glu were coupled by using HBTU/HOBt and DIEA to form a 

lactam bridge to produce cyclic peptide analogues.  Figure 8 illustrates the solid phase 

lactam bridge formation of CCK/opioid analogues.

The standard laboratory approach developed in the Hruby laboratory was 

followed for these analogues.75, 76  In this protocol an inert environment was required for 

the success of the Alloc/Allyl deprotection with Pd0.  The entire sythesis of the linear 
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peptide was done in the presence of argon.  The standard reaction vessel was equipped 

with a mineral trap to exclude ambient air and the mixing of the reaction with a gentle 

flow of argon gas.  These extra precautions ensured the absence of oxygen in the solvent 

and also in the matrix of the solid support.  In the protocol a 24 eq. excess of phenylsilane 

was added to the reaction vessel and it was incubated with resins for 5 min before adding 

the catalyst to ensure homogeneity in the solvent and resin matrix. In the same protocol 

described by Grieco et al.,75 once the Alloc/Allyl groups had been removed 

concomitantly with Pd(PPh3)4PhSiH3 in DCM, the side chain groups were coupled to 

form the lactam bridge using HBTU/HOBt as coupling agents.  



32

Figure 8. A scheme for synthesis of a conformationally constrained CCK/opioid analogue 

with Alloc protected Lys2 and Allyl protected Glu5 (from R. S. Agnes dissertation; 2003).
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2.4  General methods for cyclic disulfide analogues

The cyclic disulfide analogues can be synthesized using different strategies, but 

the only method used was DMSO assisted air oxidation.  The cyclic peptides were 

synthesized by first constructing the linear peptide on solid support using standard

procedures for the Fmoc/tBu strategy.  Standard tert-butyl side chain protected Fmoc-

amino acids were used, except for Nα-Fmoc-Cys in which the side chain group is 

protected with S-trityl (S-Trt) group.  Additional protecting group concerned in the 

sequence are OtBu on Asp and Boc on Trp.  Once the linear sequence was constructed, 

the peptide was released from the resin before cyclization occurred.  The cleavage 

cocktail used was 95% TFA, 2% EDT, 2% water, and 1% TIS.  After cleavage, the crude 

linear peptide was obtained and ready for cyclization.  

The crude linear peptide was initially dissolved in DMSO.  The peptide 

concentration was adjusted to 0.1 M with the addition of 0.1 M ammonium bicarbonate.  

The solution was aerated with ambient air using a pump while the solution was 

continually stirred rapidly.  The reaction was monitored by HPLC.  After the cyclization, 

the volume was reduced by rotary evaporation.  The remaining aqueous solution was 

frozen and lyophilized.  The crude peptide was purified by semi-preparative HPLC.  In 

the purification, RP-HPLC conditions were adjusted to elute DMSO with the UV detector 

set at 220 nm. 
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2.5  Results: Structure-activity relationships

The competition binding assays against radioligands at the δ and µ opioid 

receptors and CCK-A and CCK-B receptors, as well as the functional assays, [35S]GTP-γ-
S assays and phosphoinositide (PI) hydrolysis assays, were performed by Dr. Shoe-Wu 

Ma from the laboratory of Dr. Josephine Lai at the Department of Pharmacology in the 

University of Arizona.  The binding assays at CCK receptors were performed as 

previously described by Lin et al.77  The [35S]GTP-γ-S binding assays at opioid receptors 

are performed, with modifications, as previously described by Hoshota et al.78  PI assays 

were performed as previously described by Patel et al.79

The opioid agonist activities at the δ and µ opioid receptors in isolated mouse vas 

deferens (MVD) and guinea pig ileum (GPI) tissues, respectively, and the CCK agonist 

and antagonist activities in GPI tissues were determined and performed by Peg Davis 

from the laboratory of Dr. Frank Porreca at the Department of Pharmacology in the 

University of Arizona.  The assays for the bioactivity at the opioid receptors were 

performed as previously described in Kramer et al.80  The assays for the bioactivity at 

CCK receptors were performed as previously described by Lucaites et al.81  The 

experimental details of the tissue assays are summarized in the Appendix.
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Table 4. Binding affinities of CCK/opioid peptides at opioid receptors.

Binding Affinitya

No. Sequence       (Ki, nM)
hDOR rMOR

Tyr-D-Nle-Gly- Trp-Nle-Asp-Phe-NH2   2.9                   27

Tyr-c[D-Lys-Gly-Trp-Glu]-Asp-Phe-NH2   0.90   16

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2   11   88

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2   380   240

7 Tyr-c[D-Glu-Pro-Trp-Lys]-Asp-Phe-NH2   550   1700

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2   5.6   110

9 Tyr-c[D-Lys-Gly- Phe(pCl)-Glu]-Asp-Phe-NH2   1.1   2.8

10 Tyr-c[D-Glu-Gly-Phe(pCl)-Lys]-Asp-Phe-NH2   0.50   27

11 Tyr-c[D-Glu-Pro-D-Trp-Lys]-Asp-Phe-NH2   1900   2200

12 Tyr-c[D-Glu-Pro-Phe(pCl)-Lys]-Asp-Phe-NH2    ND     ND

aCompetitive assay against radiolabelled [3H] DPDPE at hDOR and [3H]DAMGO at 

rMOR.  Opioid receptors were expressed from CHO cell lines.  ND, no data.  Bold, 

residues of interest.
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Table 5.  Functional activities of CCK/opioid peptides at opioid receptors

      Functional Activity (Agonist)a

No. Sequence           (EC50, nM)
     hDOR      Emax rMOR    Emax

Tyr-D-Nle-Gly- Trp-Nle-Asp-Phe-NH2        4.5            82   0.47      110

Tyr-c[D-Lys-Gly-Trp-Glu]-Asp-Phe-NH2        31 73   32     46

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2         99 20         28     49

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2       110 36   86     28

7 Tyr-c[D-Glu-Pro-Trp-Lys]-Asp-Phe-NH2         940 72   1400      71

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2   11 79    22     77

9 Tyr-c[D-Lys-Gly- Phe(pCl)-Glu]-Asp-Phe-NH2    1.2 32    2.8     127

10 Tyr-c[D-Glu-Gly-Phe(pCl)-Lys]-Asp-Phe-NH2    3.7 88    4.2      87

11 Tyr-c[D-Glu-Pro-D-Trp-Lys]-Asp-Phe-NH2         500 56    740      46

12 Tyr-c[D-Glu-Pro-Phe(pCl)-Lys]-Asp-Phe-NH2     1000 37    470      25

a[35S]GTP-γ-S binding assay.  Emax = (net total bound/basal binding) X 100%.  Opioid 

receptors were expressed from CHO cell lines.  Bold, residues of interest.
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Table 6.  Functional activities of CCK/opioid peptides at the MVD and GPI

Opioid agonista, (IC50, nM)
No. Sequence MVD (δ)      GPI (µ)
Tyr-D-Nle-Gly- Trp-Nle-asp-Phe-NH2     23        210

Tyr-c[D-Lys-Gly-Trp-Glu]-Asp-Phe-NH2    43.0                     14.0

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2   1300    23% @ 1µM

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2    790    27% @ 1µM

7 Tyr-c[D-Glu-Pro-Trp-Lys]-Asp-Phe-NH2           18% @ 1µM   5.5% @ 1µM 

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2           619    42% @ 1µM

9 Tyr-c[D-Lys-Gly- Phe(pCl)-Glu]-Asp-Phe-NH2     0.32  6.7

10 Tyr-c[D-Glu-Gly-Phe(pCl)-Lys]-Asp-Phe-NH2          1.0          2800

11 Tyr-c[D-Glu-Pro-D-Trp-Lys]-Asp-Phe-NH2                130 15.5% @ 1µM

12 Tyr-c[D-Glu-Pro-Phe(pCl)-Lys]-Asp-Phe-NH2     1800            16.9% @ 1µM

aConcentration at 50% inhibition of muscle contraction at electrically stimulated isolated 

tissues.  Bold, residues of interest.
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Table 7.  CCK functional activities of CCK/opioid peptides at the unstimulated 

GPI/LMMP

Unstimulated GPI/LMMP
No. Sequence     CCK-Agonista    CCK-Antagonistb

            (A50)    (Ke, nM)
Tyr-D-Nle-Gly- Trp-Nle-Asp-Phe-NH2        0% @ 1 µM    190

Tyr-c[D-Lys-Gly-Trp-Glu]-Asp-Phe-NH2        0% @ 1 µM     25+9.8

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2        0% @ 1 µM      None

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2       0% @ 1 µM      None

7 Tyr-c[D-Glu-Pro-Trp-Lys]-Asp-Phe-NH2    0% @ 1 µM         None

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2   0% @ 1 µM      None

9 Tyr-c[D-Lys-Gly- Phe(pCl)-Glu]-Asp-Phe-NH2    0% @ 1 µM            89+18

10 Tyr-c[D-Glu-Gly-Phe(pCl)-Lys]-Asp-Phe-NH2    0% @ 1 µM      720+95

11 Tyr-c[D-Glu-Pro-D-Trp-Lys]-Asp-Phe-NH2        0% @ 1 µM        830+210

12 Tyr-c[D-Glu-Pro-Phe(pCl)-Lys]-Asp-Phe-NH2    0% @ 1 µM        None

aConcentration of isolated tissue relative to initial muscle contraction with KCl.  

bInhibitory activity against the CCK-8 induced muscle contraction.  Ke, concentration of 

antagonist needed to inhibit CCK-8 to half its activity.  Bold, residues of interest.
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From the results in the R. S. Agnes dissertation, RSA540 (H-Tyr-D-Nle-Gly-Trp-

Nle-Asp-Phe-NH2) is the most potent analogue with very good binding affinities for the 

CCK-A receptor, along with a nearly 1:1 ratio balance selectivity between CCK-A and 

CCK-B.  It also had binding affinities in the nanomolar range for the δ and µ opioid 

receptors (2.9 and 27.1 nM, respectively).  This peptide was selected as the lead 

compound for globally constrained cyclic peptides of lactam and cyclic disulfide 

analogues.  D-Nle2 and Nle5 was substituted for D-Cys2 and Cys5 for cyclic disulfide and 

D-Lys2 and Glu5 for lactam analogues.  RSA402 (H-Tyr-c[D-Lys-Gly- Trp-Glu]-Asp-

Phe-NH2)  was the most potent lactam analogue synthesized.  When compared to the 

linear analogue, RSA402 had improved binding affinity to both δ and µ opioid receptors

(0.9 and 16 nM, respectively).  The functional activities were good at both hDOR and 

rMOR opioid receptors (EC50 = 31 and 32 nM, respectively).  While the binding affinity 

showed a ca. 15-fold selectivity for the delta opioid receptor, the functional activity was 

nearly the same.  In the MVD and GPI assays, RSA402 displayed moderate opioid 

agonist activity at the δ (IC50 = 43 nM) and µ (IC50 = 14 nM) opioid receptors, with a 

slight preference for the µ opioid receptors.  As for the binding affinity and functional 

activity at the cloned CCK-A and CCK-B receptor assays, it did not show any binding 

and activity.  On the other hand, in the CCK antagonist assay at the unstimulated 

GPI/LMMP, it showed good CCK antagonist activity (Ke = 25 nM).  

When Pro was introduced at position 3, 5 showed a decrease in binding affinity 

for both δ and µ (10.7 and 87.5, respectively) opioid receptors.  The functional activity 

were moderate with a slight decrease in hDOR about 3-fold.  In the MVD and GPI 
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assays, 5 had a significant decrease in opioid agonist activity at the δ (IC50 = 1320 nM) 

about 30-fold and virtually no agonist activity at the µ opioid receptor.  It showed no 

antagonist property in the CCK antagonist assay at the unstimulated GPI/LMMP.

In the double substitution of Gly3 and Trp4 to Pro3 and D-Trp4, 6 displayed a 

significantly lower binding affinity for δ (380 nM) and µ (240 nM) opioid receptors.  The 

functional activities at hDOR and rMOR also showed a decrease at (EC50 = 110 and 86

nM, respectively).  The MVD and GPI assays showed similar trends when compared to 5, 

again there is virtually no agonist activity at the µ opioid receptor while the δ agonist 

activity (IC50 = 790 nM) increased by 2-fold, but this was an 18-fold decrease when 

compared to RSA402.  It showed no antagonist property in the CCK antagonist assay at 

the unstimulated GPI/LMMP.  

In the substitution of Trp4 to Phe(pCl)4, 9 displayed excellent binding affinity for 

both δ (1.1 nM) and µ (2.8 nM) opioid receptors, although, it is only slightly more 

selective for the δ vs µ opioid receptor (2:1 ratio).  The functional activities at both 

hDOR and rMOR was in the nanomolar range at (EC50 = 1.2 and 2.8 nM, respectively).  

This is a significant increase in functional activities at δ and µ when compared to 

RSA402 at ca. 25-fold and 11-fold, respectively.  In the MVD and GPI assays, 9 has 

excellent opioid agonist activities at both δ and µ (IC50 = 0.32 and 6.7 nM, 

respectively) opioid receptors.  In the CCK antagonist activities at the unstimulated 

GPI/LMMP, it displayed good CCK antagonist activity (Ke = 89 nM) about a 3-fold 

decrease when compared to RSA402.



41

In the double substitution of Gly3 to Pro3 and Trp4 to Phe(pCl)4, 8 showed good 

binding affinity for δ (5.6 nM) opioid receptor but moderate binding affinity for µ (110

nM) opioid receptor.  The functional activities at both hDOR and rMOR was moderate at 

both δ and µ (EC50 = 11 and 22 nM, respectively) opioid receptors.  It displayed weak

opioid agonist activity at δ opioid receptor (IC50 = 620 nM) and no activity at µ opioid 

receptor in the MVD and GPI assays.  There were no CCK antagonist activities in the 

CCK antagonist assays at the unstimulated GPI/LMMP.

Peptides 7, 10-12 were synthesized by reversing the position of [D-Lys2, Glu5] to 

[D-Glu2, Lys5].  Again, Gly3 was substituted for Pro3, 7; double substitution to Pro3 and 

D-Trp4, 11; Trp4 was substituted for Phe(pCl)4, 10; and the double substitution to Pro3

and Phe(pCl)4, 12.  Peptides 7, 11 and 12 displayed a significant decease in the binding 

affinity to δ and µ opioid receptors in the micromolar range (Table 4).  The functional 

activities at hDOR and rMOR showed nearly the same trend in the micromolar range.  

(Table 5)  In the MVD and GPI assays, these peptides had a significant decrease in opioid 

agonist activities at δ opioid receptors and virtually no acivity at the µ opioid receptor

(Table 6).  Peptide 10 showed excellent binding activities to δ opioid receptor (0.50 nM) 

and good binding activities to µ opioid receptor (26.9 nM).  This was a 50-fold selective 

for δ opioid receptor.  Interestingly, in the functional activities between hDOR and 

rMOR, 10 displayed a nearly balanced activity (EC50 = 3.7 and 4.2 nM, respectively.  In 

the MVD and GPI assays, 10 showed excellent opioid agonist activity (IC50 = 1.0 nM) at 

the δ opioid receptor but low agonist activity (IC50 = 2800 nM) at the µ opioid receptor.  

The CCK antagonist activity at the unstimulated GPI/LMMP, 7 and 12 displayed no CCK 



42

antagonist activity while 10 and 11 was nearly in the micromolar range (Ke = 721 and 

830 nM, respectively)

.  

2.6  Discussions

The lead compound RSA504 (Tyr-D-Nle2-Gly- Trp-Nle5-Asp-Phe-NH2), which 

interacts at CCK and opioid receptors, was further modified.  This peptide was 

conformationally constrained via a side chain-to-side chain lactam bridge between 

position 2 and position 5, representing [i, i +3] cyclic lactam to obtain RSA402 (Tyr-c[D-

Lys-Gly-Trp-Glu]-Asp-Phe-NH2).  The same modifications also were made to this lead 

compound.  Selective antagonists with unusual cyclic bridges also had been developed 

for CCK receptors.82-85  The design of the linear peptide and lactam peptide antagonists 

was applied to the CCK/opioid receptors, where antagonist properties are desired at the 

CCK receptors and agonist properties at the opioid receptors.

2.6.1 Assessment of the bioassays

Classical in vitro functional bioassays were performed for the agonist activities of 

CCK/opioids in the GPI and MVD.  The results of these assays were generally 

comparable with the radioligand competition binding assays and the [35S]GTP-γ-S 

functional bioassays.  The CCK activity of the CCK/opioids was characterized using in 

vitro functional studies using GPI/LMMP, which is a commonly used index of CCK-A 
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function.  Unfortunately, no data has been obtained for CCK binding affinity and 

functional activities to CCK-A and CCK-B.  One peptide, 9, had shown good antagonist 

activity at the unstimulated GPI/LMMP.   

2.6.2 Substitution of Pro in position 3

When Pro was substituted in position 3 for Gly, the majority of the peptides 

displayed a significant decrease in binding affinities and functional activities at the opioid 

receptors when compared to the lead compound (Tables 4 & 5).  The internal turn present 

in the structure of proline may be the cause of this lowering in activity.  The proline 

residue may have caused considerable constrain in the conformation of the lactam 

analogues that altered the position of the Trp or Phe(pCl) residue which is an important 

aromatic residue for the activity at both cholecystokinin and opioid receptors.

2.6.3  Substitution of Phe(pCl) in position 4

As stated earlier, the need for an aromatic residue is important for position 4 of all 

the analogues besides being the overlapping residue for both cholecystokinin and opioid 

receptors.  Dr. R. S. Agnes had explored other aromatic groups such as Nal(1′) and 

Nal(2′) among others.  The substitution of these aromatic residues did not result in an 

increase in the CCK antagonist activity, probably due to the bulky side groups.  Phe(pCl) 

was used in position 4 as an aromatic residue with an electron withdrawing group at the 
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para position.  Haaseth shown that para-substituted phenylalanine of [L-Ala3]DPDPE was 

highly selective for δ opioid receptors.73  The results indicated a similar trend.  Peptides 9

and 10 both displayed a higher selectivity for δ/µ in binding affinities and functional 

activities (2:1 and >50:1 respectively).  In the MVD and GPI assays, 9 displayed a potent 

opioid agonist property at both δ and µ receptors (IC50 = 0.32 nM and 6.69 nM, 

respectively) and selective for δ at ca. 20-fold.  Along with that, 9 also shown CCK 

antagonist activities in the unstimulated GPI/LMMP assay (Ke = 89.2 nM).  

2.7  Conclusions

A series of linear peptides and cyclic lactam peptides were synthesized, based off 

of the lead compounds by R. S. Agnes, to interact with CCK receptors as antagonists and 

opioid receptors as agonists.  The design of the peptides was based on the hypothesis that 

peptide opioid and CCK ligands have overlapping pharmacophores.  These compounds 

were tested for binding and functional activity in human δ opioid receptors and rat µ
opioid receptors.  These compounds were also tested in vitro for opioid agonist activities 

in MVD and GPI assays for the CCK antagonist properties in unstimulated GPI/LMMP 

assays.

Lactam analogues had varying results in agonist activity at the opioid receptors in 

the MVD and GPI and CCK antagonist activity at the unstimulated GPI/LMMP.  For the 

most part, Pro3 substitution at position three had an undesired result in deceasing opioid 

agonist activities at MVD and GPI and CCK antagonist activity at the GPI.  One of the 
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most potent cyclic analogues was Tyr-c[D-Lys-Gly-Phe(pCl)-Glu]-Asp-Phe-NH2 9, 

which displayed potent opioid agonist activity with a slight preference for δ receptors 

(2:1 ratio) and potent antagonist activity at the CCK receptors at the GPI.  Another 

analogue, Tyr-c[D-Glu-Gly-Phe(pCl)-Lys]-Asp-Phe-NH2 10 also displayed potent opioid 

binding affinity especially for δ receptors (>50:1) but it was a potent opioid agonist only 

for δ receptors in MVD and low antagonist activity at the CCK receptors at the GPI.
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2.8  Experimental section

2.8.1  Abbreviations

Abbreviations used for amino acids and designation of peptides follow the rules 

of the IUPAC-IUB Commission of Biochemical Nomenclature in J. Biol. Chem. 1972, 

247, 977-983.  Additional abbreviations are used as follows: Alloc, allyloxycarbonyl; 

Boc, tert-butyloxycarbonyl; Fmoc, 9-fluorenylmethoxycarbonyl; tBu, tert-butyl; CAN, 

acetonitrile (CH3CN); DCM, dichloromethane; DIEA, N,N-diisopropylethylamine; DMF, 

N,N-dimethylformamide; EDT, 1,2-ethanedithiol; ESI-MS, electrospray ionization mass 

spectrometry; HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium 

hexafluorophosphate; HOBt, N-hyroxybenzotriazole; HR, high resolution; MALDI-TOF 

MS, matrix-assisted laser desorption ionization/time-of-flight mass spectrometry; Rink 

Amide AM resin, 4-(2’,4’-dimethoxyphenyl-Fmoc-

aminomethyl)phenoxyactamidoaminomethyl resin; TIS, triisopropylsilane; TFA, 

triflouroacetic acid; Trt, trityl; RP-HPLC, reversed-phase high performance liquid 

chromatography; TLC, thin layer chromatography.

2.8.2  Materials

All peptides analogues were synthesized manually using a general protocol for 

peptide synthesis with Nα-Fmoc/t-butyl chemistry.  The manual synthesis was employed 

on a glass reaction vessel fitted with a course frit with a three-way stopcock which 
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allowed argon gas to pass through to agitate the resin and a vacuum line to remove excess 

reagents and solvents.  Rink Amide AM resin (200-400 mesh, 0.6-0.7 mmol/gram 

substitution) was purchased from Novabiochem (U.S.A.); (0.47 mmol/gram substitution) 

purchased from Peptides International (U.S.A.); (0.3-0.6 mmol/gram substitution) 

purchased from Chem-Impex International (U.S.A.).  Nα-Fmoc-Phe-OH, Nα-Fmoc-

Asp(OtBu)-OH, Nα-Fmoc-Trp(Ni-Boc), Nα-Fmoc-Pro-OH, Nα-Fmoc-Gly-OH, Nα-Fmoc-

Tyr(O-tBu)-OH were from Syn Pep Co., (U.S.A.); Nα-Fmoc-Phe(4-Cl)-OH was from 

AnaSpec Inc., (San Jose, CA), Bachem, (U.S.A.), and Chem-Impex International 

(U.S.A.); Nα-Fmoc-D-Trp(Ni-Boc) was from AnaSpec Inc., (San Jose, CA); Nα-Fmoc-D-

Lys(Alloc)-OH was from Iris Biotech GmbH, (Germany); Nα-Fmoc-Glu(OAllyl)-OH, 

Nα-Fmoc-D-Glu(OAllyl)-OH, Nα-Fmoc-Lys(Alloc)-OH were from Neosystem, (U.S.A.); 

Nα-Fmoc-Cys(S-Trt)-OH, Nα-Fmoc-D-Cys(S-Trt)-OH were from Chem-Impex 

International, (U.S.A.); Nα-Fmoc-Nle-OH, Nα-Fmoc-D-Nle-OH were from Chem-Impex 

International, (U.S.A.); HBTU was purchased from Iris Biotech GmbH, (Germany); 

HOBt was purchased from Chem-Impex Internation, (U.S.A.).  DCM, DMF, and TFA 

were purchased from EM Science (NJ, U.S.A.), piperidine, TIS, and EDT were from 

Aldrich (Milwaukee, WI); diethyl ether was from Mallinckrodt Baker (Paris, KY).  

Tetrakis(triphenylphosphine)palladium(0) and sodium diethyldithio-carbamate trihydrate 

were purchased from Aldrich (Milwaukee, WI).  Reagents and solvents were used as 

packaged and not purified further.  Acetonitrile and trifluoroacetic acid used for 

purification were from EM Science (NJ, U.S.A.).  The purification of the crude peptides 

was achieved by using a Hewlett-Packard 1100 series HPLC instrument (Agilent-
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Technologies) with a C18-bonded silica semi-preparative column (Vydac 218TP1010, 300 

A, 1.0 x 25 cm, Separations Group, Hesperia, CA).  The separations were monitored at 

280 nm with a Hewlett-Packard 1100 series fixed wavelength UV detector or at 230 and 

280 nm with a Hewlett-Packard 1100 series multiple variable wavelength UV detector 

and were integrated with a Hewlett-Packard 3396 series III integrator.  Purity of the

isolated peptides was assessed with analytical RP-HPLC in two different gradient 

systems as detected at 230, 254, and 280 nm.  In all cases, the peptides were greater than 

95% pure.  The structures of the pure peptides were confirmed by ESI-MS (Finnigan, 

Thermoelectron, LCQ classic) and high resolution FAB-MS (JEOL HX110 sector 

instrument) at the university of Arizona Mass Spectrometry and Protein Sequencing 

Facility.  The purity of the peptides was checked by TLC on Analtech (Newark, NJ) 

silica gel GF plates (250 microns layer thickness) in at least two solvent systems.  

2.8.3  General method for peptide synthesis

2.8.4  Linear peptides

The peptides were synthesized on 1.0 gram of Rink Amide AM resin using Nα-

Fmoc chemistry.  The resin was swelled in the reaction vessel with DMF overnight.  

Initially, the resin was deprotected with 25% (v/v) piperidine in DMF solution (3 + 25 

min). The first amino acid, Nα-Fmoc-Phe-OH, was coupled to the resin.  The following 

amino acids were coupled sequentially to the growing peptide chain with Nα-Fmoc-

Asp(OtBu)-OH, Nα-Fmoc-Nle-OH, Nα-Fmoc-Glu(OAllyl)-OH, Nα-Fmoc-Lys(Nε-Alloc)-
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OH, Nα-Fmoc-Cys(S-Trt)-OH, Nα-Fmoc-Trp(Ni-Boc)-OH, Nα-Fmoc-D-Trp(Ni-Boc)-

OH, Nα-Fmoc-Phe(4-Cl)-OH, Nα-Fmoc-Gly- OH, Nα-Fmoc-Pro-OH, Nα-Fmoc-D-Nle-

OH, Nα-Fmoc-D-Glu(OAllyl)-OH, Nα-Fmoc-D-Lys(Nε-Alloc)-OH, Nα-Fmoc-D-Cys(S-

Trt)-OH, Nα-Fmoc-Tyr(tBu)-OH using standard solid-phase methods.  Each coupling 

reaction was achieved using 3-fold excess (relative to resin substitution) of amino acid, 

HBTU, and HOBt in the presence of 6-fold excess of DIEA.  The coupling reactions 

were incubated for one hour.  The completeness of the coupling reaction was monitored 

by a negative Kaiser test, which is indicated by a colorless solution and colorless resins.88

In addition to the Kaiser test, the chloranil89 test and the TNBS90 test were used to check 

the completeness of the coupling reaction of the Να-Fmoc-amino acid following the Nα-

Fmoc-Pro-OH.  The Nα-Fmoc protecting group on the amino acid was removed with 

piperidine (25% in DMF, 1 x 3 min, 1 x 25 min).  The coupling and deprotection steps 

were each followed by washes with DMF (3 x 1 min) and DCM (3 x 1 min).  Completion 

of the ΝαFmoc deprotection was assessed by positive Kaiser test, which is indicated by a 

deep blue or purple solution and dark blue resins following the test.  In the cases of 

coupling residues of Pro a chloranil test was used.  After the deprotection of the final Nα-

terminal Fmoc, the resins were washed with DMF.  After a final thorough wash with 

DCM, removing the DMF, the peptidyl resin was dried with vacuum and ambient air.

The dried peptidyl resins were transferred to a bromosilicate scintillation vial.  

The peptide was cleaved from the resin and the side chain protecting groups removed by 

incubation in a cleavage cocktail (10 mL/gram) with 95% TFA, 2.5% TIS, and 2.5% 

water for 1 hr and 30 min.  The resin was filtered through a cotton plugged glass pipette.  
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The resins were then washed with additional TFA (~2 mL) for five min.  The TFA-

peptide solution was transferred to a 15 mL propylethylene conical centrifuge tube 

(Falcon).  The volume of TFA of the filtrate was reduced with a gentle flow of inert gas 

to about 1.5 mL.  The peptide was precipitated upon slow addition of cold diethyl ether 

(12 mL).  The precipitate was isolated by centrifugation using a bench top centrifuge 

(Hamilton Bell, VanGuard V65000).  The organic solvent was decanted off and 

discarded.  The pellets were then washed three times with cold diethyl ether (12 mL).  

The pellet was dried over air, yielding 55-90% of crude peptides.

2.8.5  General Method for cyclization via lactam bridge

In a typical example of cyclic lactam formation on the resin, following assembly 

of the fully protected peptide on the solid support, the resin was washed with DCM (3 x 2 

min) in the presence of argon, and a solution of phenylsilane (PhSiH3) (24 eq. relation to 

the resin loading) in DriSolv DCM allowed to incubate for 5 min.  Pd(PPh3)4 (0.25 eq.) 

was directly added to the reaction vessel for 15 min.  Then the resin was washed with 

DCM (3 x 2 min), and the process was repeated.  Complete orthogonal deprotection of 

Lys was monitored by the Kaiser test.  After washing with DCM (3 x 2 min), the resin 

was washed with 0.5% sodium diethyldithiocarbamate trihydrate/DMF (w/v) to remove 

remaining catalyst followed by washing with DMF (3 x 2 min).  After washing is 

completed, the resin was suspended in DMF, followed by cyclization of the peptide via 

the free carboxylic acid chain of Glu and the free amino side chain group of Lys by 
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addition of HBTU (6 eq.), HOBt (6 eq.), and DIEA (12 eq.) for 2 hours.  The coupling 

process was repeated until a negative Kaiser ninhydrin test resulted.  The peptide resin 

was then treated using the usual procedures for the final deprotection of Nα-Fmoc, side 

chain protecting groups and for cleavage from the resin. 

2.8.6  General method for air oxidation in disulfide cyclization

The crude linear peptide was initially dissolved in DMSO.  The peptide 

concentration was adjusted to 0.1 M with the addition of 0.1 M aqueous ammonium 

bicarbonate.  The solution was aerated with ambient air using a pump while the solution 

was continually stirred rapidly.  The reaction was monitored by HPLC.  After the 

cyclization, the volume was reduced by rotary evaporation to remove DMSO.  The 

remaining aqueous solution was frozen and lyophilized.  The crude peptide was purified 

by semi-preparative HPLC.  In purification, RP-HPLC conditions were adjusted to elute 

DMSO with the UV detector set at 220 nm.

2.8.7  Purification

The crude peptides were purified by using a C18 semi-preparative column.  The 

crude peptides were loaded into the column at a concentration of 10mg/mL.  For 100 mg 

dried crude peptide, the peptide was “wetted” with ACN (~1 mL).  Aqueous 0.1% TFA 

was added slowly until peptides precipitated (~6 mL).  ACN was added until the crude 
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peptides were dissolved (~2 mL).  Iterative addition of aqueous 0.1% TFA and ACN (or 

ethanol or methanol) was done until the peptide was fully dissolved, without exceeding 

20% ACN.  The solution was allowed to sit at room temperature overnight, or until side 

product peak is no longer detected by HPLC, to decarboxylate the intermediate carbamic 

acid on the Trp.  The dissolved peptide was filtered through a 0.45 micron cellulose 

acetate filter (Aerodisc) to remove small inorganic salts.  For the C18 semi-preparative 

sized column, the maximum loading capacity of 10mg/mL was injected.  The injection 

volumn was adjusted depending on the detector capacity and resolution of the desired 

peak.  Generally, the gradient used was 20 to 60% ACN in aqueous 0.1% TFA in 30 min 

at a flow rate of 3 mL/min.  The gradient was adjusted depending on the resolution of the 

desired peak from the impurities.  After pooling the collected fractions, ACN was 

removed by rotary evaporation.  The aqueous solution was then pooled in a 50 mL 

polypropylethylene conical tube (Falcon) vial and frozen for lyophilization.
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CHAPTER 3

CONCLUSIONS AND FUTURE WORK

3.1  Conclusions

As pointed out by Dr. R. S. Agnes in his dissertation, the design and synthesis of a 

single compound that interacts with more than one receptor represents a new paradigm in 

drug discovery particularly in disease states that involve “systematic changes” and 

adaptations.  The current model for drug design, “one receptor-one-drug”, does not 

consider this complexity resulting in processes of biological assays that do not accurately 

reflect the disease state.  These shortcomings often result in drugs that are not effective 

for the disease state.  Thus, the proposed paradigm for drug discovery asserts that, for 

such disease states, designing potential drugs for multiple ligands must be considered.  

This new paradigm for drug discovery was applied to treatment of neuropathic pain, 

which is a disease caused by opioid receptor induced analgesia which also increases the 

anti-o pioid activities of cholecystokinin.  Towards this goal, novel biological active 

peptides, such as RSA402 and RSA102c, that are agonists at the opioid receptors and 

antagonist at cholecystokinin were designed and synthesized.  These lead compounds 

were modified to attempt to increase the binding affinity to both opioid and 

cholecystokinin receptors and the agonist properties at the opioid receptors and 

antagonist properties at cholecystokinin receptors.
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Lactam analogues were investigated by substituting Pro3 for Gly3 and Phe(pCl)4

for Trp4 as well as directionality of the lactam bridge, D-Lys2 or D-Glu2 and Glu5 or Lys5.  

The lactam analogues were agonists at the opioid receptors with selectivity for δ opioid 

receptors, several analogues were antagonists against CCK-8 in the tissue assays.  This is 

in contrast to analogues synthesized by R. S. Agnes in which Phe(pCl)4 was substituted 

for Trp4.  Haaseth et al had shown that para-substituted phenylalanine analogues of 

[Ala3]-DPDPE was highly selective for δ opioid receptors.73

Agnes, R. S. has shown that it is possible to design one ligand for multiple targets, 

validating the drug design aspect of the proposed paradigm for drug discovery.  

Preliminary in vitro studies of the CCK/opioid peptides for anti-hyperalgesic and anti-

allodynic properties in different neuropathic pain models suggest that these peptides are 

promising compounds for the treatment of neuropathic pain as well as a pharmacological 

tool for investigating systemic interactions involving CCK and opioid receptor systems.

3.2  Future Work

There are interesting structure activity relationships that can be done to further 

explore the conformational requirements for balanced opioid agonist and CCK antagonist 

activities.  One of these studies involves the role of D-Trp in regard to the different 

results from the linear peptides, cyclic disulfide, and lactam.  For example, it was 

determined by Agnes, R. S. that D-Trp-NMeNle results in favorable activities, but not 

with D-Trp-Nle.  With the cyclization of the CCK/opioid analogues, introduction of D-
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Trp in the cyclic lactam analogues resulted in good potency at opioid and CCK receptors 

in the tissue assays even though position 5 is not an N-methylated residue.  This can lead 

to several modifications by substituting D-Phe(pCl)4 for D-Trp4.  Also, as R. S. Agnes 

suggested that it would be interesting to determine whether N-methylation in position 5 

would improve the desired opioid and CCK activities. (Figure 9).  

Tyr-c[D-Lys-Gly-Trp-Glu]-Asp-Phe-NH2

Tyr-c[D-Lys-Gly-D-Trp-Glu]-Asp-Phe-NH2

D-Trp to D-Phe(pCl)

Tyr-c[D-Lys-Gly-D-Phe(pCl)-Glu]-Asp-Phe-NH2

N-methylation of Glu

Tyr-c[D-Lys-Gly-Phe(pCl)-N-MeGlu]-Asp-Phe-NH2

Tyr-c[D-Lys-Gly-D-Phe(pCl)-N-MeGlu]-Asp-Phe-NH2

Figure 9.  Proposed structures for determining the effect of N-methylation and Phe(pCl) 

substitution in lactam analogues of CCK/opioid peptides.
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APPENDIX A:  Methods for color tests and bioassay data

Kaiser test

A few samples resin beads were placed in a small test tube and washed with 

methanol several times.  One drop of each of the solutions was added: (A) 5% ninhydrin 

in ethanol, (B) 80% liquefied phenol in ethanol, and (C) 2% 0.001 M aq. Potassium 

cyanide in pyridine.  The mixture was heated 5 minutes.  Free amine is indicated by dark 

blue resins and solution.

TNBS test

A few samples resin beads were placed in a small test tube and washed with 

methanol several times.  One drop of 10% DIEA in DMF was added.  One drop of a 

solution of 1% 2,4,6-trinitrobenzenesulfonic acid (TNBS) in DMF was added. The 

mixture was allowed to stand for 5 minutes.  The beads were washed with methanol.  A 

positive free amine is indicated by blue beads.

Chloranil test

A few samples resin beads were placed in a small test tube and washed with 

methanol several times.  One drop of 2% acetaldehyde in DMF was added.  One drop of 

2% p-chloranil in DMF was added.  The mixture was allowed to stand for 5 minutes.  

The resins were washed with methanol.  The presence of a secondary amine is indicated 

by a red stain on the resin beads.



57

In vitro isolated tissue bioassays for opioid agonist

The in vitro tissue bioassays were performed by Peg Davis in Dr. Porreca’s 

laboratory in the Department of Pharmacology, University of Arizona.  IC50 values 

represent the mean of no less than four tissues.  IC50 estimates, relative potency estimates, 

and their associated standard errors were determined by fitting the data to the Hill 

equation by a computerized nonlinear least-square method.  The results were not 

corrected for the actual peptide content.

In the guinea pig isolated ileum (GPI) bioassay, male Hartley guinea pigs under 

anesthesia were sacrificed by decapitation and a non-terminal portion of the ileum was 

removed.  The longitudinal muscle with myenteric plexus (LMMP) were carefully 

separated from the circular muscle and were cut into strips.  The tissues were tied to a 

gold chain with suture silk and mounted between platinum wire electrodes in 20 mL 

baths at a tension of 1 g containing 37°C oxygenated (95% O2, 5% CO2) Kreb’s buffer 

(118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCls, 1.19 mM KH2PO4, 1.18 mM MgSO4, 25 

mM NaHCO3, and 11.48 mM glucose), and allowed to equilibrate for 15 min.  The 

tissues were stimulated electrically (0.1 Hz, 0.4 msec duration) at supramaximal voltage.  

Following an equilibration, the compound was added to the baths in 15 – 60 µL aliquots 

until maximum inhibition was observed.  Percent inhibition was calculated by using the 

average contraction height for 1 min preceding the addition of the compound divided by 

the contraction height 3 min after exposure to the dose of the compound.  Response to an 

IC50 dose of PL-017 (10 nM) were measured to determine tissue integrity before 

compound testing begins.
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In the mouse isolated vas deferens (MVD) assay, male ICR mice under ether 

anesthesia were sacrificed by cervical dislocation and the vasa deferentia was removed.  

The tissue were tied to a gold chain with suture silk and mounted between platinum wire 

electrodes in 20 mL organ baths at a tension of 0.5 g and bathed in oxygenated (95% O2, 

5% CO2) magnesium free Kreb’s buffer at 37°C.  They were stimulated electrically (0.1 

Hz, single pulses, 2.0 msec duration) at supramaximal voltage.  Following an equilibrium 

period, compounds were added to the bath cumulatively in volumes of 14 – 16 µL until 

maximum inhibition is reached.  Response to an IC50 dose of DPDPE (10 nM) were 

measured to determine tissue integrity before compound testing begins.

CCK studies in the guinea pig isolated ileum

The in vitro tissue bioassays were performed by Peg Davis in Dr. Porreca’s 

laboratory in the Department of Pharmacology, University of Arizona.  Male Hartley 

guinea pigs under ether anesthesia were killed by decapitation and a non-terminal portion 

of the ileum removed.  The longitudinal muscle with myenteric plexus (LMMP) was 

carefully separated from the circular muscle and cut into strips as described previously 

(Porreca and Burks, 1983).  These tissues were tied to gold chains with suture silk and 

mounted between platinum wire electrodes in 20 mL organ baths at a tension of 1 g and 

bathed in oxygenated (95% O2, 5% CO2) Kreb’s bicarbonate buffer at 37°C.  Tissue were 

stimulated electrically (0.1 Hz, 0.4 msec duration) at supramaximal voltage to stabilize 

base-line force and tissue health.  Response to an IC50 dose of PL-017 (100 nM) was 

measured to determine tissue integrity before analog testing began.  Following an 
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equilibration period, tissues were challenged with KCl (67 mM) to determine initial 

maximal muscle contractility.

An initial non-cumulative CCK-8 dose-response curve was constructed using 

concentrations from 1 to 100 nM.  The test compound was tested added to the bath in 

concentrations from 1 to 1000 nM.  If no agonist activity was observed, 3 minutes later a 

dose of CCK-8 was added to determine the test compound’s antagonist activity until a 

complete CCK-8 dose-response curve had again been reconstructed using a dose of 

antagonist which would seem to cause a three-fold shift rightward.  Tissues were again 

challenged with KCl to determine tissue changes during the assay.  After thorough 

washing, electrical stimulation was again applied, tissue resiliency tested with 100 nM 

PL-017, and an opioid dose-response curve was constructed with the test compound.

For CCK studies, contraction height was calculated as a percentage of the 

maximal KCl contraction and calculated as an A50.  For opioid studies, percentage 

inhibition was calculated using the average tissue contraction height for 1 min preceding 

the addition of the agonist divided by the contraction height 3 min after exposure to the 

dose of agonist.  IC50 values represent the mean of not less then 3 tissues.  A50, IC50 and 

Emax estimates were determined by computerized non-linear least-squares analysis 

(MINSQ, Micromath)

[35S]GTP-γγγγ-S binding assays

The assays were performed by Dr. Shou-Wu Ma at the laboratories of Dr. 

Josephine Lai at the Department of Pharmacology, University of Arizona.  Cells 
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expressing hDOR (or rMOR for µ-receptor studies) were incubated with increasing 

concentrations of the test compounds in the presence of 0.1 nM [35S]GTP-γ-S (1000 –

1500 Ci/mmol, NEN, Boston, MA) in assay buffer (total volume of 1 mL, duplicate 

samples) as a measure of agonist-mediated G protein activation.  After incubation (90 

min, 30°C), the reaction was terminated by rapid filtration under vacuum through 

Whatman GF/B glass fiber filters, followed by four washes with ice-cold 25 mM Tris/120 

mM NaCl, pH 7.4.  Filters were pretreated with assay buffer prior to filtration to reduce 

nonspecific binding.  Bound reactivity was measure by liquid scintillation 

spectrophotometry after an overnight extraction with EcoLite (ICN, Biomedicals, Costa 

Mesa, CA) scintillation cocktail.

Phosphoinoside (PI) hydrolysis assays

The assays were performed by Dr. Shou-Wu Ma at the laboratories of Dr. 

Josephine Lai at the Department of Pharmacology, University of Arizona.  Transfected 

cells were incubated with 0,5 mL IMDM with 0.2 µM [3H]myoinositol (final 

concentration) for 20-22 hrs at 37°C in the presence of humidified air (95% O2, 5% CO2).  

After the removal of media, the cells were incubated further for 1 hr at 37°C.  After 

removal of the media solution, 0.5 mL of IMDM was added and then LiCl stock solution 

to make a final concentration of 10 mM.  Following a 10 min equilibration time, the test 

compound was added and the cells were incubated for 1 hr at 37°C in the presence of 

humidified air (95% O2, 5% CO2).  The cells were placed in ice and the test compound 

and media were removed.  The reactions were terminated with the addition of 0.5 mL 
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cold methanol.  The cells were scraped and transferred to a chloroform/water mixture (1 

mL/0.5 mL).  The sample was centrifuged at 2100 rpm for 10-15 min at 4°C. 0.9 mL 

aliquots of the supernatant containing the water soluble [3H]-inositol phosphates was 

diluted with 2 mL of H2O, which was purified into anion exchange columns (CAG1-X8, 

100-200 mesh Bio-Rad laboratory).  Following the loading of the sample, the columns 

were washed with 5 mL water to remove [3H]-inositol precursor, followed by 5 mL of 5 

mM sodium tetraborate, 60mM sodium formate.  The [3H]-inositol phosphate was eluted 

with 2 mL 0.2 M ammonium formate and 0.1 M formic acid mixture into scintillation 

vials.  9 mL of Aquamix was added to each vial and radioactivity was measured by liquid 

scintillation spectrometry.
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APPENDIX B: Rf values from thin layer chromatography of peptides, 

physiochemical properties of CCK/opioid peptide analogues, high resolution mass 

spectrometry for CCK/opioid peptides

Rf values from thin layer chromatography of peptides

   No. Sequence A B C

1 Tyr-D-Nle-Pro-Trp-Nle-Asp-Phe-NH2 0.53 0.31 0

2 Tyr-D-Nle-Pro-D-Trp-Nle-Asp-Phe-NH2 0.54 0.36 0

3 Tyr-D-Nle-Gly-Phe(pCl)-Nle-Asp-Phe-NH2 0.47 0.24 0

4 Tyr-D-Nle-Pro-Phe(pCl)-Nle-Asp-Phe-NH2 0.57 0.37 0

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2 0.5 0.32 0

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2 0.61 0.33 0

7 Tyr-c[D-Glu- Pro-Trp-Lys]-Asp-Phe-NH2 0.63 0.27 0

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2 0.54 0.37 0

9 Tyr-c[D-Lys-Gly-Phe(pCl)-Glu]-Asp-Phe-NH2 0.86 0.73 0.07

10 Tyr-c[D-Glu- Gly-Phe(pCl)-Lys]-Asp-Phe-NH2 0.83 0.69 0.03

11 Tyr-c[D-Glu- Pro-D-Trp-Lys]-Asp-Phe-NH2 0.79 0.75 0.04

12 Tyr-c[D-Glu- Pro-Phe(pCl)-Lys]-Asp-Phe-NH2 0.89 0.79 0.11

Rf values on thin-layer chromatograms of silica gel were observed in the following 
solvent systems: (A) 1-butanol/water/acetic acid (4:1:1) (B) ethyl acetate/1-
butanol/water/acetic acid (5:3:1:1) (C) chloroform/methanol/water (7:1:2)
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Physiochemical properties of CCK/opioid peptide analogues

HPLC
    No. Sequence Retention

    timea               k’

1 Tyr-D-Nle-Pro-Trp-Nle-Asp-Phe-NH2 18.5 3.5

2 Tyr-D-Nle-Pro-D-Trp-Nle-Asp-Phe-NH2 20.4 3.7

3 Tyr-D-Nle-Gly-Phe(pCl)-Nle-Asp-Phe-NH2 19.7 3.6

4 Tyr-D-Nle-Pro-Phe(pCl)-Nle-Asp-Phe-NH2 21.3 3.7

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2     13.9 3.5

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2     14.3 3.2

7 Tyr-c[D-Glu- Pro-Trp-Lys]-Asp-Phe-NH2     15.4 3.4

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2     14.1             3.2

9 Tyr-c[D-Lys-Gly-Phe(pCl)-Glu]-Asp-Phe-NH2     13.6 2.9

10 Tyr-c[D-Glu- Gly-Phe(pCl)-Lys]-Asp-Phe-NH2     15.2 3.3

11 Tyr-c[D-Glu- Pro-D-Trp-Lys]-Asp-Phe-NH2      14.6 3.4

12 Tyr-c[D-Glu- Pro-Phe(pCl)-Lys]-Asp-Phe-NH2      13.7 2.9

aHPLC k’ = [(peptide retention time – solvent retention time)/solvent retention time] in a 

solvent system of 10% CAN in 0.1% TFA and a gradient of 10 to 90% CAN over 40 min.  

An analytical C18 column was used with a flow rate of 1mL/min for all compounds.
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High Resolution Mass Spectrometry for CCK/opioid peptides

Molecular HR-MS
No. Sequence    Fomula Calcd Obsd

1 Tyr-D-Nle-Pro-Trp-Nle-Asp-Phe-NH2 C50H65N9O10 951.4854 951.4887

2 Tyr-D-Nle-Pro-D-Trp-Nle-Asp-Phe-NH2 C50H65N9O10 951.4854 951.4816

3 Tyr-D-Nle-Gly-Phe(pCl)-Nle-Asp-Phe-NH2 C45H58ClN8O10 906.4043 906.4016

4 Tyr-D-Nle-Pro-Phe(pCl)-Nle-Asp-Phe-NH2 C48H63ClN8O10 946.4356 946.4343

5 Tyr-c[D-Lys-Pro-Trp-Glu]-Asp-Phe-NH2 C49H60N10O11 964.4443 964.4441

6 Tyr-c[D-Lys-Pro-D-Trp-Glu]-Asp-Phe-NH2 C49H60N10O11 964.4443 964.4485

7 Tyr-c[D-Glu-Pro-Trp-Lys]-Asp-Phe-NH2 C49H60N10O11 964.4443 964.4472

8 Tyr-c[D-Lys-Pro-Phe(pCl)-Glu]-Asp-Phe-NH2 C47H58ClN9O11 959.3944 959.3982

9 Tyr-c[D-Lys-Gly-Phe(pCl)-Glu]-Asp-Phe-NH2 C44H54ClN9O11 919.3631 919.3601

10 Tyr-c[D-Glu-Gly-Phe(pCl)-Lys]-Asp-Phe-NH2 C44H54ClN9O11 919.3631 919.3676

11 Tyr-c[D-Glu-Pro-D-Trp-Lys]-Asp-Phe-NH2 C49H60N10O11 964.4443 964.4463

12 Tyr-c[D-Glu-Pro-Phe(pCl)-Lys]-Asp-Phe-NH2 C47H58ClN9O11 959.3944 959.3972
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APPENDIX C:  NMR spectra
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