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Abstract
Prolonged opioid exposure increases the expression of cholecystokinin (CCK) and its receptors in
the central nervous system, where CCK may attenuate the antinociceptive effects of opioids. The
complex interactions between opioid and CCK may play a role in the development of opioid
tolerance. We designed and synthesized cyclic disulfide peptides and determined their agonist
properties at opioid receptors and antagonist properties at CCK receptors. Compound 1 (Tyr-c[D-
Cys-Gly-Trp-Cys]-Asp-Phe-NH2) showed potent binding and agonist activities at δ and µ opioid
receptors while displaying some binding to CCK receptors. The NMR structure of the lead compound
displayed similar conformational features of opioid and CCK ligands.
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Introduction
Neuropathic pain is an abnormal pain that can result from nerve injuries and current treatment
with opioids are problematic due to the side-effects associated with doses necessary to achieve
sufficient pain relief in patients [36,51]. While mechanisms of neuropathic pain are still being
elucidated, emerging studies indicate the involvement of neuroplasticity in which significant
increased expression of neuromodulators and neurotransmitters in the central nervous system
such as cholecystokinin (CCK) occurs [17,46,47,49,50]. CCK-8 is a linear octapeptide found
in the periphery as a hormone and in the central nervous system (CNS) as a neurotransmitter
where it is commonly associated with satiety and anxiety, respectively [34,35]. CCK-8 has
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long been considered as an “anti-opioid” peptide because it diminishes opioid induced
antinociception [14]. Additionally, CCK-8 has been shown to have direct pronociceptive
actions. For example, sustained administration of morphine to animals results to up regulation
of CCK and CCK receptors, which may lower the pain-relieving actions of the opiate by
limiting the pronociceptive and anti-opiate actions of CCK [48].

We, therefore, hypothesize that effective treatment of chronic pain states such as neuropathic
pain and improved antinociceptive actions would be associated with compounds which could
act as agonists at opioid receptors while acting to counteract the up regulation/activity of
endogenous CCK (i.e., CCK antagonist).

Previously, we reported the structure-relationships of linear peptides, with overlapping
pharmacophores at the opioid and CCK receptor [1]. Several of these linear analogues
demonstrated simultaneous potent agonist activity at opioid receptors and reduced agonist or
antagonist activity at CCK receptors. 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 activity at CCK receptors, the lead linear CCK/opioid peptide
analogues have been modified by cyclization. In addition to potentially improving the
biological activity profiles of the peptides, cyclization induces a conformational constraint to
the peptide that allows for the use of biophysical methods to define the three dimensional
structural parameters (e.g. angles of psi and phi of the peptide backbone, chi angles of side
chain groups, orientation and distances between the pharmacophore elements) that are
necessary for the biological activities at the CCK and opioid receptors. This information can
be useful in the de novo design of peptide mimics. Another advantage of cyclization is that it
may allow the peptide to cross the blood brain barrier, as well as making the peptide stable to
chemical and enzymatic degradation [16]. Herein we report the design and structure activity
relationships of a series of cyclic analogues as an antagonist at CCK-1 and CCK-2 receptors
and agonists at δ and µ opioid receptors, and compare our cyclic lead compound to opioid and
CCK ligands.

2. Experimental
2.1 Materials

Rink Amide AM resin (200–400 mesh, 0.6–0.7 mmol/gram substitution) was purchased from
Novabiochem (U.S.A). Nα-Fmoc protected amino acids including Nα-Fmoc-Cys(S-Trt)-OH
and Nα-Fmoc-D-Cys(S-Trt)-OH were purchased from American Peptide Co., (Sunnyvale,
CA); Nα-Fmoc-D-Trp(Ni-Boc)-OH was purchased from Novabiochem (U.S.A.); Nα-Fmoc-
Pen(S-Trt)-OH and Nα-Fmoc-D-Pen(S-Trt)-OH were purchased from ChemImpex (Woodale,
NJ); HBTU and HOBt were purchased from Peptide International (Louisville, KY). Potassium
ferracyanide and thallium trifluoroacetate were purchased from Aldrich (St. Louis, MO).
Peptide synthesis solvents were reagent grade, except for the HPLC grade CH3CN, were
acquired from commercial sources and used without further purification unless otherwise
noted. The purification of the crude peptides was achieved using a Hewlett-Packard 1100 series
Liquid Chromatograph with a C18-bonded silica column semi-preparative column (Vydac
218TP1010, 300 Å, 1.0 ×25 cm, Separations Group, Hesperia, CA). The separations were
monitored at 220 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 214, 230, 254, 280 nm. The structures of the pure peptides were confirmed by
ESI-MS (Finnigan, Thermoelectron, LCQ classic) and high resolution fast atom bombardment
FAB-MS (JEOL HX110 sector instrument) or MALDI-TOF, where were performed at the
University of Arizona Mass Spectrometry and Protein Sequencing Facility. TLC was done on
Analtech (Newark, NJ) silica gel F254 plates (250 µM layer thickness) using the following

Agnes et al. Page 2

Peptides. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



systems: (A) 1-butanol/water/acetic acid (4:1:1); (B) ethyl acetate/1-butanol/water/acetic acid
(5:3:1:1); and (C) chloroform/methanol/acetic acid (7:1:2). The peptides were detected on the
TLC plates using iodine vapor.

2.2 Design of cyclic peptides
In our design of a globally constrained CCK/opioid peptide, we examined the structure-activity
relationships of linear peptides at opioid and CCK receptors. One of our best compounds,
Tyr1-D-Nle2-Gly3-Trp4-Nle5-Asp6-Phe7-NH2, (RSA504) had nanomolar binding at the δ and
µ opioid receptors (Ki = 2.9 nM and 27.1 nM, respectively) and at the CCK-1 and CCK-2
receptors (Ki = 11.2 and 15.9 nM, respectively), as well as a balanced selectivity between
CCK-1 and CCK-2 receptor types (nearly a 1:1 ratio) [1]. To determine whether the lead linear
peptide was a reasonable choice for cyclization, we modeled its putative structure by
conformational search using Monte Carlo. As seen in Figure 1, one of the lowest energy
conformations for RSA504 showed that the side chain groups of D-Nle2 and Nle5 are oriented
on the same face, and that the terminal alkyl groups are in close proximity to each other. Thus,
positions 2 and 5 were determined to be appropriate sites of substitution for cyclization.
Furthermore, these sites of cyclization are consistent with cyclic peptide ligands for opioid
receptors, particularly to DPDPE in which positions 2 and 5 were substituted with D-Pen
[30]. Also this design retains the free N-terminal Tyr1, which is important for agonist activity
at opioid receptors [8,18,28]. From the perspective of the CCK receptors, the Phe8 C-terminal
end was not used for cyclization since Phe8 is important for the recognition of peptide ligands
at CCK receptors, much like other reported cyclic analogues of CCK-8 [9,10]. Cyclization was
implemented on the leading linear peptide by substituting position 2 and position 5 with D-
Cys and Cys, respectively, as well as the more topographically constrained β,β dimethyl
analogues of D-Pen and Pen. The free sulfhydryl groups of the linear peptides were oxidized
to make a side chain to side chain cyclic disulfide bond. The cyclic peptides synthesized and
examined for bioactivity are listed in Table 1.

2.3 Peptide Synthesis
Standard tert-butyl side chain protected Fmoc-amino acids were used [1] and the disulfide
cyclization was achieved by potassium ferricyanide oxidation [27] or thallium trifluoroacetate
assisted “on-resin” oxidation [2]. Briefly, the Rink amide resin was swelled and the initial
Fmoc-deprotected with 25% (v/v) piperidine in DMF solution. Most coupling reactions were
achieved using a three-fold excess (relative to resin substitution) of Fmoc-amino acid, HBTU,
and HOBt in the presence of six-fold excess DIEA in DMF. Because Cys and Pen residues
prone to racemization, the coupling of Cys or Pen residue was done with Fmoc-amino acid (3
eq.), HBTU (3 eq.), and HOBt (3 eq.) in a solution of DMF/DCM (1:1) with no preactivation,
and the base used was 2,4,6-trimethylpyridine (TMP, 6 eq collidine) [4]. The cleavage from
the resin was achieved in the 95% TFA in the presence of thiol and silane based scavengers
for 1.5 hours. The peptide was precipitated in cold diethyl ether and was isolated by
centrifugation.

For the disulfide cyclization of peptides 1, 2, 4, 5, and 6, the crude peptide was dissolved. The
dissolved peptide was slowly added to the 0.01 M aqueous solution of K3Fe(CN)6 with an aid
of a syringe pump set to dispense at a rate of 3 mL/ hour. The pH of the solution was monitored
and adjusted to pH~8.5 by adding concentrated ammonium hydroxide (NH4OH). After the
oxidation was completed, as monitored by HPLC, the pH was adjusted to about 5.0 with acetic
acid. An ion exchange resin (IRA-68 Amberlite resin, Cl-form) was added to remove excess
K3Fe(CN)6 and other iron salts. After one hour, the ion exchange was filtered through a course
frit funnel. The volume was reduced by rotary evaporation and lyophilization. The crude
peptides were dissolved with minimal acetonitrile and DMSO followed by a slow addition of
water before loading in HPLC.
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For peptide 3, Fmoc-D-Pen(Acm)-OH, cyclization was done “on-resin” to keep the Tyr and
Trp fully proctected during the orthogonal deprotection of the Acm group. Linear peptide was
constructed by standard coupling of Fmoc/tBu protected amino acids. Fmoc D-Pen and Fmoc-
Cys were side chain protected with S-Acm. The final N-terminal Fmoc group was not
deprotected. The resin was swelled with cold solution of DMF and anisole (19:1, v/v) to which
thallium trifluoroacetate was added (4 eq., 0.315 grams). After a 15 hour reaction, the resins
were washed and the N-terminal Fmoc group was deprotected. After cleavage from the resin
and deprotection of the side chain groups, the peptide was precipitated and dried. The crude
peptides were dissolved with minimal acetonitrile and DMSO followed by a slow addition of
water before loading in HPLC. Fmoc-D-Pen(Trt)-OH may be used alternatively using solution
phase oxidation.

2.4 Bioassays
The binding affinities of the CCK/opioid analogues were determined by competitive binding
against radiolabeled DPDPE (δ opioid receptors) or DAMGO (µ opioid receptors) in
membranes from transfected cells that stably expressed the hDOR or the rMOR, respectively,
and against radiolabeled sulfated CCK-8 at the human CCK-1 or the human CCK-2 receptors
in transfected HEK293 cells as previously reported [1]. The functional biological activities of
the cyclic derivatives were assessed using GTP-γ-S binding assay and PI assay for opioid
receptors and CCK receptors [1], respectively (Table 2 and Table 3). Opioid agonist activity
at δ and µ receptors were also determined in vitro using electrically stimulated MVD and GPI
respectively. CCK antagonist activity was determined in vitro using unstimulated GPI/LLMP
against sulfated CCK-8 (Table 4) and binding affinities and PI assay for the compounds at
hCCK-and hCCK2 receptors were determined (Table 5).

2.5 NMR studies
Peptide solution was prepared at a concentration of ca. 9.6 mM of the peptide (Tyr-c[D-Cys-
Gly-Trp-Cys]-Asp-Phe-NH2) in DMSO-d6(Cambridge Isotopes). All NMR spectra were
recorded on a Bruker Avance 600 MHz spectrometer. Proton spectra were obtained at 290,
293, and 298K. TOCSY[6] and NOESY [23] spectra were recorded in phase sensitive mode
at 290K with mixing times of 62 ms and 150ms, respectively. The TOCSY experiment was
performed with 4096 data points in F2 and 512 data points in F1, and 8–16 scans were collected
at each increment. The NOESY experiment was performed with 1048 data points in F2 and
512 data points in F1, and 16–64 scans were collected at each increment. 1H-NMR chemical
shifts were reported relative to internal DMSO peak at 2.49 ppm. The qualitative and
quantitative analyses of TOCSY and NOESY spectra were obtained using the program package
FELIX2000. The NOE-based distance restraints were obtained from the NOESY spectra
collected with a mixing time of 150 ms. The NOE cross-peaks were integrated with the
FELIX2000 program and they were converted into upper distance bounds. Restrained
molecular dynamics was used to refine the structures initially obtained with the hybridized
distance geometry and simulated annealing protocol in DGII program within the Insight II
(Accelrys Inc., San Diego) software package on a Silicon Graphics Octane computer. One
hundred structures were generated and were refined using simulated annealing AMBER force
field in the Discover module of Insight II. The iterative calculations were performed until
distance violations did not exceed 0.16 Å. CCK-8 structure at CCK-A receptor was obtained
from the Protein Databank with code 1D6G [40].

3. Results
3.1 Structure-function activity relationships at opioid and CCK receptors

When compared to the linear analogues most of the cyclic disulfide analogues had significantly
increased binding affinities at both δ and µ opioid receptors in the low nanomolar range (Table
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2). The cyclic [D-Cys2, Cys5] analogue 1 had significantly increased affinity to impressive
nanomolar range for δ (Ki = 0.2 nM) and µ (Ki = 2.2 nM) opioid receptors with a nearly a ten
fold selectivity for the δ opioid receptor. However, when a D-Cys was substituted at position
5 to produce the cyclic [D-Cys2, D -Cys5] analogue 2, the binding affinity slightly decreased
compared to 1, though it still had high affinity, at δ (Ki = 3.8 nM) and µ (Ki = 9.2 nM) opioid
receptors. To introduce more constraint to the cyclic disulfide bridge, D-Pen or Pen were
substituted at positions 2 or 5 to produce the cyclic analogue 3 and the cyclic [D-Cys2, Pen5]
analogue 4, respectively. Substitution of D-Pen2 in the N-terminal end gave 3 which had a
binding affinity that was very high at the hDOR δ (Ki = 0.3 nM), while the binding affinity
was quite poor at the rMOR (Ki = 1300 nM). Surprisingly, when the bulkier Pen residue was
on the C-terminal end in 4, the binding affinity was very potent both at δ (Ki = 2.6 nM) and µ
(Ki = 1.4 nM) opioid receptors, with a slight preference for the µ receptor. In an attempt to
introduce antagonist property at CCK receptors, the D-Trp was substituted at position 4
producing analogues c[D-Cys2, D-Trp4, Cys5] 5 and c[D-Cys2, D-Trp4, Pen5] 6. However, 5
and 6 resulted in a significant loss in binding affinities at both δ and µ opioid receptors when
compared to the other cyclic disulfide analogues.

In the GTP-γ-S assays (Table 2), 1 and 2 had moderate activities at the hDOR (EC50 =780 and
200 nM, respectively, and good activities at the rMOR (EC50 = 42 and 25 nM, respectively).
When Pen residues were substituted in 3 and 4, the activities at the hDOR increased (EC50 =
14.4 nM and 1.8 nM). At the rMOR, the activity of 3 moderately decreased (EC50=111 nM)
while 4 increased (EC50 = 1.7). When D-Trp was substituted in 6, the activities at the hDOR
and rMOR decreased to the micromolar range (EC50 = 2000 and 5400 nM, respectively).

In the in vitro assays (Table 3), the cyclic [D-Cys2,Cys5] 1 showed excellent agonist activity
in the MVD (IC50 = 0.45 nM) while maintaining good agonist activity in the GPI (IC50 = 63
nM). When both positions 2 and 5 were substituted with D-Cys resulting in the cyclic analogue
2, the agonist activities significantly decreased in the MVD (IC50 = 120 nM) and GPI (IC50 =
280 nM) when compared to 1. When D-Pen or Pen residues were substituted at positions 2 or
5 to produce analogues 3 and 4, respectively, the bioactivity of both 3 and 4 were good in the
MVD (IC50 = 9.5 and 15 nM, respectively). The agonist properties of 3 and 4, however, were
less potent in the GPI (IC50 = 150 and 2900 nM, respectively). When D-Trp was substituted
at position 4 in cyclic analogues 5 and 6, there was a significant loss in bioactivities in the
MVD and GPI to the high micromolar range and some with a partial response at 1 µM.

In the binding affinity and functional assays at the cloned CCK receptors (Table 5), the cyclic
disulfide analogues 1 – 6 showed a significant loss in binding affinities when compared to the
linear compounds (Table 5). These cyclic disulfide analogues showed very poor CCK agonist
and antagonist properties against sulfated CCK-8 in the unstimulated GPI/LMMP (Table 4)
assays.

4. Discussion
4.1 CCK/opioid cyclic analogues 1–4 are potent opioid ligands

Analogues 1 – 6 cyclic compounds are conformationally restricted by virtue of their 14-
membered [i, i+3] disulfide containing rings. The Pen-containing analogues are further
constrained by the β,β – dimethyl substituents. As mentioned in the results section, the cyclic
disulfide analogues 1 – 6 produced potent agonist properties in δ and µ opioid receptors both
in GTP-γ-S binding assays and in the MVD and GPI functional assays, and were potent
antagonist CCK activity in the MVD and GPI in vitro tissue assays. Since the design of these
disulfide analogues were based on very potent δ opioid ligand DPDPE [29] the potent activities
at the MVD was expected. Furthermore, CCK/opioid analogues 1 – 4 have similar bioactivities
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and selectivity at the MVD and GPI, when compared to the corresponding cyclic disulfide
enkephalin or enkephalinamide analogues [29,30,42].

Furthermore and surprisingly, these novel cyclic disulfide CCK/opioid analogues retained
potent bioactivities in the MVD and GPI even when position 4 is a Trp, which is a bulkier
aromatic residue than Phe. In fact, analogue 1 is six time more potent than DPDPE. This
increased potency at the MVD is consistent with the observations when bulkier analogues,
such as Nal [26] and para-substituted Phe [7,19] are substituted in position 4 of enkephalin
analogues.

Moreover, these cyclic CCK/opioid analogues have a unique “address” sequence at the C-
terminal end of the peptide for the opioid receptors [44]. Thus, these CCK/opioid cyclic
disulfide analogues can be compared to a series of highly δ receptor selective ligands in which
a Phe6 has been added to c[D-Pen2, L-Cys5]-enkephalin [5]. When compared, the charged side
chain residue of the -Asp6-Phe7-NH2 does not seem to significantly affect potency at the µ
opioid receptors at the GPI, but losses some potencies at the δ opioid receptors at the MVD.

D-Trp was introduced again in the cyclic disulfide as an approach to make the CCK activity
to that of a pure antagonist. While substitution of D-Trp at position 4 was an effective strategy
in introducing antagonist activity in with the linear series, it was not an effective approach with
the cyclic disulfide analogues. Substitution of D-Trp4 resulted to 5 and 6 which had a dramatic
decrease in the agonist bioactivity at the δ and µ opioid receptors. This drop in potency is
consistent with the poor potency of (2R, 3S) and (2R, 3S)-βMePhe analogues of DPDPE in
which the potency dropped significantly in the MVD and GPI [7]. This loss in potency was
somewhat expected, since the substitution of D-Trp only induced the antagonist property of
CCK receptors when position 5 is NMeNle but not when position 5 is Nle. In these cyclic
disulfide analogues, position 5 is not N-methylated (i.e. position 5 is not NMeCys or NMePen).
In the case of analogues 5 and 6, the local constraint and conformations of positions 4 and 5
may have a greater role in the bioactive conformation than the global constraint introduced by
the side chain to side chain disulfide [i,i+3] cyclization.

4.2 Compound 1 has unique conformational features as an opioid ligand
The NMR studies of 1 were done in DMSO-d6, primarily because 1 is not very soluble in
aqueous solvents. DMSO is a widely used solvent in NMR studies of peptides, including
enkephalins and CCK, because its biophysical properties are comparable to extracellular
aqueous solutions. In addition, a comparative analysis of NMR studies of CCK in DMSO and
aqueous solvents (and other mixtures of solvents) showed that different solvents do not
significantly modify the conformation of CCK [3] and similar findings were made for DPDPE
[11,32].

The 1H chemical shift assignments for compound 1 (RSA101c) were made utilizing 2D NMR
experiments and the values are summarized in Table 6. The intraresidue geminal (2J) and
vicinal (3J) are provided in the Supporting Information. Compound 1 is a cyclized peptide
resulting to limited conformational freedom for its chemical moieties. Analysis of the
nonequivalent Gly may provide information regarding the surrounding environment of these
protons. The two nonequivalent Gly Hs of compound 1 have chemical shifts of 4.31 and 3.24
ppm, a difference of 1.07 ppm. Previous studies of DPDPE had reported a chemical shift
difference between the two nonequivalent Gly Hαs of DPDPE, in H2O/D2O, to be 0.80 ppm
[21] and, in DMSO, 1.19 ppm [32], while other analogues of DPDPE had 0.45 – 0.84 ppm
differences [20,31]. As for the four stereoisomers of TMT-DPDPE in DMSO, the chemical
shift difference between the two nonequivalent Gly Hαs ranged from 1.05 – 1.18 ppm [41].
For DPDPE, it was reasoned that the bulky disulfide bond and bulky geminal dimethyl groups
of the Pen residues tended to limit backbone flexibility, forcing the carboxyl groups away from
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the 14-membered ring. As a consequence of this, the Gly Hα was fixed in the deshielding zone
of the carbonyl groups, leading to a strong non-equivalence. In the case of compound 1
(RSA101c) since the difference in chemical shift is about ca. 0.2 ppm greater than DPDPE,
other factors may have contributed. It can be suggested that the aromatic side chain of Trp4,
or even Phe7, may be oriented in such a way that that the ring current effect is deshielding one
of the Gly Hα, causing a larger nonequivalence in chemical shift [11,21,31].

Temperature coefficients of the NH chemical shifts may provide insight to possible
conformations stabilized by hydrogen bonds. Large values of this parameter (≥6 ppb/K) are
generally indicative of exposure and proton exchange with the solvent, while small values (≤3
ppb/K) suggest inaccessibility to the solvent or participation in an intramolecular hydrogen
bond. The Δδ/ΔT (-ppb/K) values for 1, as well as comparative data for DPDPE and non-
sulfated Tyr CCK-8, are summarized in Table 7. The large temperature dependence for Gly3,
Trp4 and Phe7 indicates that the amide protons in these peptides are exposed to solvent. These
amide protons may not have a role in stabilizing a turn. The high temperature coefficient for
Gly3 is surprisingly higher than the corresponding values for DPDPE and non-sulfated CCK-8.
The temperature coefficient for D-Cys2 was moderate at 2.93 ppb/K. These values are within
the range of DPDPE (2.6 to 5 ppb/K) [21]. For Cys5, the amide proton had a very small
temperature coefficient (ca. 0 ppb/K). This may suggest that this amide proton had an
intramolecular hydrogen bond, as seen typically in cyclic peptides. Also, this suggests that the
Cys5 amide proton might be buried deep in the hydrophobic pocket of the cyclic peptide. This
temperature coefficient is similar to the amide proton of D-Pen5 in DPDPE (0.9 ppb/K). The
Asp6 amide proton with a temperature coefficient of 4.5 ppb/K might be involved in stabilizing
the turn by hydrogen bonding. As mentioned before, 1 and DPDPE have similarly small
coefficients for Cys5 and D-Pen5, respectively [15,32]. On the contrary, because CCK-8 is a
linear peptide[15], as expected, it had large temperature coefficients compared to 1. Similar
observations and comparisons can be made with [β–MePhe4]DPDPE [33] and
[βMePhe2,Nle5]SNF-9007 (CCK-8 analogue) [33].

The coupling constants 3JHαNH and 3JHαβ are summarized in Table S2. These coupling
constants are related to the backbone conformation and the mean orientation of the side chain
groups. The population percentages of the three staggered rotamers around the Cα−Cβ bond
were calculated with the Pachler parameters [37,38]. For aromatic side chain groups (Tyr, Trp,
Phe) different parameters were used [12]. The calculated rotamer populations for gauche (−)
and trans were assigned based on the stereospecific assignment of the Hβs, using 2D-NMR
experiments [25]. The calculated values are summarized in Table 8.

Tyr1 and Trp4 of 1 had significant gauche (+) conformations at 30 and 25%, respectively. These
values are consistent with the gauche (+) conformations of Tyr2 and Trp4 residues of the [β–
MePhe2]CCK-8 analogue [24]. For the (2R,3R)-[β–MePhe2,Nle5]SNF-9007, the gauche (+)
populations were 28 and 22% for Tyr and Trp, respectively. For (2R,3S)-[β–MePhe2,Nle5]
SNF-9007, the gauche (+) populations were 18% and 27%. For a more meaningful comparison
to reported rotamer populations of the aromatic residues, the rotamer populations for 1 were
calculated using only the Pachler parameters, which treats all residues the same (i.e. there are
no correction values for aromatic residues. These values and the literature values for analogous
peptides are summarized in Table 9.

The 17% gauche (+) conformation for Tyr1 of 1 is important because it is in great contrast to
the gauche (+) conformations of the corresponding Tyr in DPDPE. In DPDPE, Tyr and Phe
had little or no contribution from the gauche (+) conformation [21]. In another DPDPE study,
Tyr1 had 1% gauche (+) conformation [32]. In c[D-Cys2, Cys5]-enkephalinamide, Tyr1 had
4% gauche (+) conformation [31]. The up to 5-fold difference in the gauche (+) population is
unexpected since DPDPE and compound 1 have similar structures; both are 14-membered
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cyclic disulfides with aromatic residues at positions 1 and 4. Furthermore, a comparison against
the potent (2S,3S)-isomer of [β-Me-p-NO2Phe4]DPDPE with 10% gauche (+) population for
Tyr, also can be made [22,45]. In this case, the increase in the gauche (+) may be a result of a
substitution of a constrained aromatic residue at position 4. Similarly, the increased stability
of the gauche (+) conformation of Tyr in 1 may be attributed to the bulkier aromatic Trp and/
or the C-terminal Asp6-Phe7-NH2 residues. This newly observed access to the gauche (+)
conformation of the Tyr at position 1 of 1 offers new insight regarding receptor recognition
and the unique biological activities at the opioid receptors and CCK receptors.

4.3 Conformation of lead cyclic peptide
The structure of compound 1 was calculated using hybridized distance geometry and simulated
annealing protocol. From the 2D-NMR experiments, 62 unique distance restraints, 2 dihedral
angle restraints, and four stereospecifically assigned β-CH2 groups were determined and
included throughout the structure refinement process. The top 20 structures with the lowest
restraint energy were selected to represent the solution structures of compound 1. In all
structures, the disulfide bond was right-handed. The lowest energy structure of compound 1
after MD simulation is depicted in Figure 2. The peptide backbone forms two consecutive turns
making a helical-like structure. The same turn patterns were observed in previous NMR studies
with CCK-7. In those reports, the primary sequence of CCK-8 was sufficient to form β- and
γ-turns around the Gly-Trp-Met-Asp and Met-Asp-Phe-NH2 sequences. Furthermore, the
backbone is folded such that the Tyr1 and Trp4 aromatic rings were closely oriented, which
was supported by the observed NOEs between protons in these 2 aromatic rings. The distance
between the centroids of Tyr and Trp was measured to be 7.4 Å. The close proximity of the
aromatic rings of Tyr and Trp was also observed in NMR studies of CCK-8 [3]. In that study,
Tyr and Trp were reported to be perpendicular to each other, in an edge-to-face orientation
which is caused by the electrostatic attraction between the positively charged protons of Tyr
and the negatively charged carbon atoms on Trp. Interestingly, this observation of close
proximity of the aromatic residues at position 1 and 4 is consistent with the observed interaction
of hydrophobic side chain groups of Tyr1 and Phe4 in DPDPE [21]. However, fluorescence
studies of CCK-8, CCK-7 (ns), and CCK had suggested that Tyr and Trp are far apart (R = 15
Å) [15,43]. The global constraint introduced to 1 by disulfide bridge may have prevented a
dynamic interaction between Tyr and Trp, which may have contributed to the detrimental
binding to CCK receptors.

4.4 Compound 1 has common structural features to CCK-8
The NMR structure of the extensive NOE-restrained molecular dynamics simulation of
compound 1 was compared to the reported structure of CCK-8 at CCK-A receptor. The
backbone of lowest energy structure of compound 1 turn residues (D-Cys2-Gly3-Trp4-Cys5)
can be superimposed reasonably well (rmsd 1.13 Å, see Figure 3) onto that of the corresponding
residues (Met3-Gly4-Trp5-Met6) of CCK-8 bound with the third extracellular loop of the human
CCK-2 receptor [39]. Coincidentally and interestingly, the spatial orientations of the Trp side
chain groups of both peptides were very similar to each other. Figure 3 supports our hypothesis
that, at least in part of the residues 1–4, opioid and CCK ligands have overlapping
pharmacophores. However, despite the similarities of the residues in the cyclic peptide, the
exocyclic residues Asp6 and Phe7 of compound 1 do not overlap well with backbone and side
chain groups of the corresponding residues in CCK-8. The turns in these residues are obviously
different, orienting the side chain groups differently. This difference in the C-terminal structure
of compound 1 may account for the lack of potent binding affinities and activities at the CCK
receptors.
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5. Conclusions
Conformationally constrained cyclic disulfide analogues of the CCK/opioid peptides were
designed and synthesized in our attempt to make a compound that simultaneously interacts
with opioid receptors as agonists and CCK receptors as antagonists. While the cyclic analogues
maintained strong interactions with δ and µ opioid receptors, these constrained peptides showed
decreased interaction with CCK-1 and CCK-2 receptors and no CCK antagonist properties.
Among the cyclic analogues, compound 1 displayed the highest potency at opioid receptors in
the MVD and GPI tissue assays, with very good selectivity for the δ opioid receptor. The NMR
structure of 1 was determined and it showed similar structural features to both opioid and CCK
receptor ligands at the N-terminal side. However, disulfide cyclization may have introduced a
tight, unfavorable constrain at the C-terminal side that have resulted to poor interaction with
CCK receptors. Cyclization with a cyclic lactam may be more favorable for CCK receptor
interaction because the ring size is bigger and more flexible.
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Refer to Web version on PubMed Central for supplementary material.
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GPI, guinea pig isolated ileum
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Figure 1.
Stereoview of the lowest energy conformation of RSA504 (Tyr-D-Nle-Gly-Trp-Nle-Asp-Phe-
NH2) based on a Monte Carlo conformational search. D-Nle and Nle 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.
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Figure 2.
The stereoview of the lowest energy NMR structure of compound 1.
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Figure 3.
Superimposed structures of compound 1 (blue) and CCK-8 (red) [40]. The two structures have
similar turns along the backbone between residues 1 – 4 and similar orientations of Tyr and
Trp residues. The C-terminal Asp-Phe residues have different orientations.
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Table 1
Structure of Peptides Discussed in This Study. Compounds 1 – 6 were Designed and Synthesized

Compound Sequence

CCK-8 Asp26-Tyr(SO3H)27-Met28-Gly29-Trp30-Met31-Asp32-Phe33-NH2

[Met5]-enkephalin Tyr1-Gly2-Gly3-Phe4-Met5-OH

DPDPE Tyr-c[D-Pen-Gly-Phe-Pen]-OH
RSA504 Tyr1-D-Nle2-Gly3-Trp4-NMeNle5-Asp6-Phe7-NH2
1 Tyr-c[D-Cys-Gly-Trp-Cys]-Asp-Phe-NH2
2 Tyr-c[D-Cys-Gly-Trp-D-Cys]-Asp-Phe-NH2
3 Tyr-c[D-Pen-Gly-Trp-Cys]-Asp-Phe-NH2
4 Tyr-c[D-Cys-Gly-Trp-Pen]-Asp-Phe-NH2
5 Tyr-c[D-Cys-Gly-D-Trp-Cys]-Asp-Phe-NH2
6 Tyr-c[D-Cys-Gly-D-Trp-Pen]-Asp-Phe-NH2
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Table 3
In-Vitro Functional Activity of CCK/Opioid Peptides at the MVD and GPI

opioid, IC50/nMa

No.
MVD (δ) GPI (µ)

1 0.45±0.06 63±5.5
2 120±7.5 280±9.1
3 9.50±1.8 150±24
4 15±2.3 2900±81
5 2400±500 18.6% at 1µM
6 27% at 1 µM 5% at 1 µM

RSA504 23±9.7 210±52
SNF9007 29±10 220±81
Biphalin 2.7±1.5 8.8±0.3

a
Concentration at 50% inhibition of muscle concentration at electrically stimulated isolated tissue. n.d.: not determined.
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Table 7
Temperature Coefficients of NH protons for Compound 1in DSMO-d6.

Δδ/ΔT (−pb/K)
Residues

Compound 1 DPDPE NS-CCK-8

Asp0 -- -- --
Tyr1 -- -- 7.6

D-Cys2/D-Pen/β-MePhe 2.9 3.2 4.8
Gly3 7.5 2.6 2.0

Trp4/β-MePhe /Trp 5.6 5.1 7.6
Cys5/D-Pen/Nle 0.0 −0.3 8.8

Asp6 4.5 -- 4.0
Phe7 7.1 -- 4.8

a
DPDPE: Tyr-c[D-Pen-Gly-Phe-D-Pen]-OH,21

b
NS-CCK-8: Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH215
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Table 8
Calculated Side Chain Rotamer Populations (%) about the Cα−Cβ bond (χ1) in Compound 1

Rotamer populations (%)

gauche (−) trans gauche (+)

Tyr (1) 35* 34* 31
D-Cys (2) 15 85 0.00
Trp (4) 60 15 25
Cys (5) 84 9.0 7
Asp (6) 32 46 22
Phe (7) 57 10 33

Rotamer populations were calculated from the measured homonuclear coupling constants using the Pachler equations. Pg(−) = (JHαHβ(Pro-R)

– scJHαHβ)/(apJHαHβ - scJHαHβ; Pt = (JHαHβ(Pro-S) – scJHαHβ)/(apJHαHβ-scJHαHβ; Pg(+) = 1 – Pg(−) – Pt. For the aliphatic residues, the values

of scJHαHβ=2.6 Hz and apJHαHβ = 13.6 Hz were used. For the aromatic residues, the values of scJHαHβ=3.55 Hz and apJHαHβ= 13.9 Hz were used.
Gauche(−) and trans conformers were assigned by 2D-NMR methods as described in Kövér et. al. [23][24].

*
Cannot distinguish between gauche (−) and trans rotamers because the β,β’ could not be stereochemically assigned.
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