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CCK-15, a peptide derived from the 115-membered CCK preprohormone, was the object of a
comparative conformational analysis by NMR spectroscopy and molecular modeling methods.
NMR data in several solvents demonstrate that the propensity of the peptide to fold into a
helical conformation is intrinsic, not merely a consequence of the interaction with phosphati-
dylcholine micelles or with a putative receptor, as suggested by a previous study on CCK-8
(Pellegrini, M.; Mierke, D. Biochemistry 1999, 38, 14775-14783.). The prevailing CCK-15 con-
former in a mixture 1,1,1,3,3,3-hexafluoroacetone/water reveals that the residues common to
CCK-15 and CCK-8 assume very similar conformations. Our CCK-15 structure is consistent
with the model of receptor interaction proposed by Pellegrini and Mierke and discloses possible
novel interactions that involve a larger area of the putative receptor. The consensus structure
between CCK-15 and CCK-8 shows a good superposition of the side chains of residues 12-14
with crucial moieties of two non-peptidic CCK-A antagonists.

Introduction

The peptide cholecystokinin CCK1 is found through-
out the gastrointestinal system and the central nervous
system where it functions as both a hormone and a
neurotrasmitter. CCK was originally isolated from
porcine intestine as a 33-membered peptide and has
subsequently been shown to exist physiologically in
multiple forms derived from the cleavage of a 115-
membered preprohormone.2,3 The major physiological
forms are CCK-58, CCK-39, CCK-33, and CCK-8, so
designated by the number of residues counted backward
from the commonly shared C-terminus.1 Post-transla-
tional processing of CCK involves sulfation of tyrosine
at position 7 from the C-terminus and amidation of the
C-terminal phenylalanine residue1 from the -Phe-Gly-
OH biosynthetic precursors. Studies using chemically
synthesized fragments have shown that the C-termi-
nally sulfated and amidated heptapeptide is essential
for full biological activity; however, fragments as small
as the C-terminal pentapeptide, which CCK has in
common with the related peptide gastrin, and the
C-terminal tetrapeptide retain biological activity.4 The

actions of CCK are mediated by specific high-affinity
membrane receptors on target cells. These receptors
have been pharmacologically and biologically character-
ized and are divided into two subtypes based on their
affinities for CCK and gastrin.5-7 The CCK-A subtype
has an approximately 500-fold higher affinity for CCK
than for gastrin, while the CCK-B/G subtype has the
same high affinity for both CCK and gastrin. The
cloning of the cDNA for these receptors has shown them
to belong to the superfamily of G-protein-coupled recep-
tors that are characterized by seven transmembrane
domains connected by intracellular and extracellular
loops with an extracellular N-terminal and intracellular
C-terminal extension.8

A recent conformational study9 has shown that the
extracellular N-terminal domain of the CCK-A receptor
subtype assumes a regular, ordered conformation in an
aqueous solution of phosphatidylcholine micelles. More-
over, unsulfated CCK-8 was shown to bind to this
receptor fragment with the formation of a well-defined
helical structure.

It is important to understand whether the anisotropic
nature of the micellar solution plays a crucial role in
determining the conformation of the CCK agonist that
binds to the receptor. Accordingly, we undertook a
detailed conformational analysis of CCK-15 in isotropic
media, particularly in helix-inducing solvents. The
choice of CCK-15, instead of CCK-8, which coincides
with its C-terminal part, has the further advantage of
unveiling new potential receptor interaction points.

* To whom correspondence should be addressed. Phone: +39 089
964355. Fax: +39 089 962828. E-mail: dursi@unisa.it.

† Dipartimento di Chimica Farmaceutica e Tossicologica, Università
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Here, we present a solution study of CCK-15 in
water, DMSO, DMSO/water, and 1,1,1,3,3,3-hexafluo-
roacetone/water (HFA/water) by CD and NMR spec-
troscopies. The solution structure, determined by NMR,
is compared with the conformation of unsulfated CCK-8
docked onto the N-terminal domain of the CCK-A
receptor subtype.

Results and Discussion

Circular Dichroic Properties of CCK-15. A pre-
liminary screening of the conformational preferences of
CCK-15 as a function of the environment was performed
by means of CD spectroscopy. As reported previously,10

the spectrum in water lacks any of the features typical
of canonical secondary structures, suggesting that CCK-
15, like most short linear peptides, assumes a disordered
conformation in water. While in surfactants CCK pep-
tides of increasing chain length10 as well as the lipo-
derivatized CCK-911 were found to exhibit CD spectra
typical of â-sheet type structures, in lipid bilayers the
lipo-derivatized CCK-9 assumes a helical conforma-
tion.12 Similarly, the CD spectra of CCK-15 recorded in
HFA/water (50:50, v/v) shows the double-well shape
typical of helical structures. Consistent with its excep-
tional helix-inducing properties, the HFA/water mixture
favors the highest R-helix content of CCK-15, but it is
worth noting that, according to NMR data (vide infra),
CCK-15 is helical even in DMSO/water, a result con-
sistent with older findings on CCK-9.13 Since mixtures
of DMSO/water generally favor extended structures or
isolated turns, detection of substantial helical content
in this solvent indicates that CCK-15 has a strong
intrinsic tendency to assume a helical conformation.

NMR Conformational Analysis. The conforma-
tional preferences of CCK-15 were investigated in
greater depth by means of NMR spectroscopy. Explor-
atory NMR spectra were run in water, DMSO, DMSO/
water (80:20, v/v), TFE/water (70:30, v/v), and HFA/
water (50:50, v/v) solutions. Since CD spectra in water
are consistent with a completely disordered structure,
we limited the quantitative NMR study of CCK-15 to
the solution in HFA/water that can probe the tendency
of the CCK-15 peptide to assume helical conformations
and to DMSO/water to test the possibility of structuring
CCK-15 in media with physicochemical features con-
sistent with transport fluids, i.e., extracellular aqueous
solution. Alcohols, either neat or mixed with water, are
the most popular media used to induce helicity in
peptides.14-16 In addition to the common alcohols quoted
in these references, HFA/water mixtures have been
proposed. These behave like TFE/water mixtures but
with a much higher helix-inducing propensity.17 Such
a propensity, however, does not override the intrinsic
tendency linked to the sequence of specific residues. We
have shown in a paradigmatic case, i.e., that of â-en-
dorphin,18 that even in a strong helix-inducing solvent
there can be coexistence of helical and disordered
stretches, depending on the intrinsic tendency of the
residues. As a medium compatible with transport fluids,
we employed a DMSO/water mixture, a medium that
has a viscosity close to that of the intersynaptic fluid.
Typical viscosities of cytoplasm range from 5 to 30 cP,19

and it has been postulated20 that they play an important
role in cell communication processes. Viscosities on the

order of those of cytoplasm are easily reproduced by
cryoprotective mixtures.21-23 In addition, the use of a
viscous solvent medium can affect the equilibrium
among isoenergetic conformers, selecting the more
ordered conformers.24

Whole sets of 1D and 2D 1H homonuclear NMR
spectra in DMSO/water (80:20, v/v) and HFA/water (50:
50, v/v) were acquired on a Bruker DRX 600 at 300 K.
To find optimal conditions of concentration and to avoid
problems from aggregation phenomena, 1D 1H NMR
spectra in HFA/water mixtures were recorded in the
concentration range 0.5-15 mM. Complete assignments
of the proton spectra of CCK-15 were obtained by
standard procedures 25 DQF-COSY,26 TOCSY,27 and
NOESY28 experiments were used for spin system iden-
tification. Sequence-specific backbone NMR signal as-
signments were done by means of NOESY28 experi-
ments with the aid of XEASY software package.29

Table 1 reports the complete proton chemical shift
assignment of backbone protons of CCK-15 in DMSO/
water and in HFA/water. CHR chemical shifts can also
be used to analyze the secondary structure content,
particularly via the so-called chemical shift index.30,31

An increase of helicity induces an upfield shift of CHR
resonances corresponding to a negative variation of the
chemical shifts (∆δ HR) relative to a random coil
conformation. In Figure 1 the differences between the
CHR chemical shifts measured in HFA/water and in
DMSO/water, and those reported for the corresponding
residues in random coil, are plotted for each residue of
the CCK-15. The departures from typical random coil
values are comparable for the two different mixtures.
CHR protons experience remarkable upfield shifts in
both media, suggesting the presence of turns and/or
helical conformation.25 A sizable difference is detectable
only for Met-13 where the CCK-15 in HFA/water
appears significantly more ordered. The 3JNH-RCH cou-
pling constants, measured by means of the procedure
of Titman and Keeler32 based on a processing of DQF-
COSY26 and TOCSY spectra,27 point in the same direc-
tion. Small values of these coupling constants are typical
of turns or helical conformations, whereas 3JNH-RCH
coupling constants higher than 6 Hz reflect random or
extended conformations.32 Most of the measured values
of the 3JNH-RCH coupling constants are in fact smaller
than 5 Hz, particularly for residues located in the
C-terminal region, whereas larger values of the coupling
constants are observed for the N-terminal residues.

The amide and the fingerprint regions of the NOESY
spectra (300 K, 600 MHz, tm 300 ms) of CCK-15
recorded in DMSO/water and in HFA/water are reported
in Figure 2. The high number of well-resolved cross-
peaks is consistent with the prevalence of ordered
conformers in both solvent mixtures. It is also clear,
however, that only the data in HFA/water are of
sufficiently high quality to warrant a detailed structure
calculation. Several sequential cross-peaks relevant for
the assignment and for the structure calculation are
labeled in the Figure 2. A qualitative analysis of NOE
sequential and medium-range connectivities of CCK-15
in HFA/water shows that terminal residues are disor-
dered, but the whole sequence is characterized by a
series of sequential NHi-NHi+1 NOEs, consistent with
a nascent helical structure,33 and diagnostically critical
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(i, i + 2) and (i, i + 3) effects typical of a regular R-helix
can be observed for the whole 7-14 stretch.

Structure Calculation. Detailed three-dimensional
structures were calculated by simulated annealing in
torsion angle space and restrained molecular mechanics
based on 147 NOE-derived restraints, using DYANA
software package.34 The best 10 calculated structures
were considered for further calculations. The structures
were energy-minimized using the Discover module of
the Insight 2000 software (MSI, San Diego). Unre-
strained energy minimizations were performed using a
dielectric constant value ε ) 1r. Despite the strict
convergence criterion used (0.001) and the lack of
solvent molecules, the NMR calculated structures showed
a high degree of stability when relaxed without con-
straints (rmsd ) 0.9 Å). Figure 3a shows the overlap of
the 10 best structures of CCK-15 after unrestrained

minimization of those generated by DYANA calcula-
tions. The fit was calculated on residues 4-13, i.e.,
excluding terminal residues, and yielded good rmsd
values both for backbone atoms (0.46 Å) and all heavy
atoms (1.08 Å). The quality of the NMR structural
determination can also be inferred from the limited
spread of the corresponding side chains (Figure 3b). All
residues of the segment 4-13 have canonical conforma-
tions, but only the stretch 7-12 assumes a regular
helical conformation.

As mentioned in the Introduction, the structure of
non-sulfated CCK-8 has been recently characterized in
DPC micelles as part of the complex with the N-
terminus of the CCK-A receptor (CCK-A 1-47).9 It is
interesting to compare our structure of CCK-15, deter-
mined in an isotropic medium, with the corresponding
segment of CCK-8, recorded in the previously mentioned
micellar environment. Figure 4a shows the superposi-
tion of R-carbons of residues 8-13 of the CCK-15
conformer of lowest energy, with the corresponding
atoms of CCK-8 (PDB code, 1d6g). The good fit between
the two structures (rmsd ) 0.818 Å) indicates that the
CCK-15 solution structure and the CCK-8 structure
complexed with the putative receptor have very similar
backbone secondary structure. The CCK-15 conformer
of lowest energy was selected to perform subsequent
calculations. Since the structure of non-sulfated CCK-8
used in the comparison is part of a complex, it is not
obvious whether the CCK-A receptor plays a relevant
role in limiting the peptide accessible conformational
space. To find out whether the receptor can affect the

Table 1. Relevant Proton Chemical Shifts (ppm) of CCK-15 in DMSO/Water 80:20 v/v and HFA/Water 50:50 v/v at 600 MHz and
300 K

residue solvent NH CHR Hâ2 Hγ2 Hδ Hε others

HIS2 water/DMSO 4.55 3.073/2.95 6.91 7.69
water/HFA 8.59 4.68 3.07/3.07 7.13 8.36

ARG3 water/DMSO 8.37 4.37 1.65/1.51 1.79 3.12
water/HFA 8.21 4.29 1.53 1.75/1.67 3.05 6.95

ILE4 water/DMSO 8.45 4.12 1.85 1.45
water/HFA 7.85 4.08 1.781 1.37/1.09 0.77

CH3γ 0.82

SER5 water/DMSO 7.96 4.36 3.76/3.65
water/HFA 7.81 4.40 3.73/3.93

ASP6 water/DMSO 8.23 4.51 2.65/2.54
water/HFA 8.12 4.50 2.74

ARG7 water/DMSO 7.96 4.28 1.56/1.48 1.68
water/HFA 7.90 4.08 1.50 1.65 3.01 6.82

ASP8 water/DMSO 8.17 4.52 2.61/2.53
water/HFA 7.84 4.50 2.59/2.67

TYR9 water/DMSO 8.17 4.39 2.95/2.80 7.20 7.10
water/HFA 7.69 4.39 2.94/3.08 7.13 6.69

MET10 water/DMSO 8.22 4.34 2.35/2.23 2.94/2.39
water/HFA 7.81 4.24 2.35/2.44 1.79/1.87

GLY11 water/DMSO 8.28 3.76
water/HFA 7.76 3.82/3.77

TRP12 water/DMSO 8.36 4.47 3.21/3.12 7.585 Hz2 7.39; Hz3 6.99;
HH2 7.11

water/HFA 7.44 4.41 3.16/3.29 7.14 9.53 Hz2 7.36

MET13 water/DMSO 8.42 4.26 1.90/1.84 2.41/2.33
water/HFA 7.47 4.00 1.60/1.90

ASP14 water/DMSO 7.96 4.44 2.51/5.21
water/HFA 7.67 4.48 2.53/2.64

PHE15 water/DMSO 7.91 4.35 3.15/2.90 7.00 7.40
water/HFA 7.60 4.46 2.95/3.11 7.15 6.70

Figure 1. Chemical shift differences with respect to typical
random coil values for CHR protons of CCK-15 in HFA/water
and in DMSO/water vs residue number.
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conformation of CCK-15, we performed a docking of our
structure on the receptor fragment by means of molec-
ular mechanics and dynamics calculations using as a
starting model for the receptor the 1-47 region of

CCK-A reported by Pellegrini and Mierke.9 Figure 4b
shows the superposition of R-carbons of residues 8-13
of the CCK-15 with the corresponding atoms of CCK-8
after further refinement of the CCK-15 conformer in the

Figure 2. Amide and the fingerprint regions of the NOESY spectra (300 K, 600 MHz, tm 300 ms) of CCK-15 collected in DMSO/
water (a) and in HFA/water (b).

Figure 3. Superposition of the 10 best structures of the CCK-
15 peptide obtained from DYANA structure calculations and
following minimization using the Discover module of the
Insight 2000 software. The fit was based on the backbone
heavy atoms (N, CR, C) of residues Ile4-Met13. (a) Only the
backbone structures are displayed. (b) Peptide backbones with
side chains of residues Ile4-Met13 are shown.

Figure 4. Superposition of R-carbons of residues Asp8-Met13
of the lowest energy CCK-15 conformer with the corresponding
atoms of CCK-8 (PDB code, 1d6g). For CCK-15 the structure
obtained before (a) and after (b) docking with the 1-47 region
of the CCK-A receptor model, reported by Pellegrini and
Mierke,9 was considered.
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presence of the CCK-A receptor fragment 1-47, i.e.,
after a global refinement following docking. The rmsd
value relative to the 8-13 R-carbons, after this “docking
refinement”, decreases from 0.818 Å to a value of 0.650
Å. Figure 4b shows that superposition of residues 8-13
is clearly improved, whereas residues 14 and 15 are still
diverging from the corresponding residues in CCK-8 but
with a different orientation.

The conformational features of the residues involved
in the interaction with the receptor were further ana-
lyzed. Figure 5 shows the models of the CCK-A receptor,
represented as a red ribbon, and of the CCK-15 agonist,
represented as a blue ribbon. Two shades of blue were
used for residues common to CCK-8 (8-15, dark hue)
and for those of CCK-15 only (1-7, light hue). The side
chains of the CCK-15 residues involved in the main
interactions are shown with corresponding colors and
labeled, whereas those of the CCK-A receptor are shown
without labels to avoid confusion. The side chains of
Tyr9, Trp12, and Met13 that cover a sizable portion of
the interaction surface of the peptides with the model
CCK-A receptor show differences with respect to the
structure of isolated CCK-15 in solution as a result of
the molecular refinement of the CCK-15 conformation
in the presence of the CCK-A receptor. In the complex
CCK-15/receptor all the relevant intermolecular inter-
actions occurring in the CCK-8 structure of Pellegrini
and Mierke9 can still be observed. The most prominent
among these are two hydrogen bonds, both involving the
side chain of CCK-A Gln43 and backbone atoms of
Met13, i.e., one between the side chain NH of Gln43 and

the backbone carbonyl oxygen of CCK-15 Met13 and
another between the CCK-A Gln43 side chain carbonyl
oxygen and CCK-15 Met13 amide backbone proton.
Furthermore, there is a close contact between the
aromatic rings of CCK-A Trp39 and CCK-15 Tyr9 that
are approximately perpendicular. This interaction is a
typical aromatic-aromatic interaction that is known to
stabilize peptide and protein tertiary structures. The
edge-to-face orientation is caused by the electrostatic
attraction between the positively charged protons (Tyr9)
and the negatively charged carbon atoms on the aro-
matic ring (Trp39).

In addition, new contact sites involving residues not
present in CCK-8 can now be observed. The new
contacts extend the area of interaction of CCK-15 on
the same side of the receptor involved in the complex
with CCK-8, as shown in Figure 5. The two main
residues characterizing the new contacts are His2 and
Arg3. The ammonium group of the CCK-A Lys37 side
chain is placed between the carbonyl oxygens of His2
and Arg3 at distances consistent with the formation of
two hydrogen bonds. The imidazole ring of His2 is
involved in a likely electrostatic interaction with the
carbonyl of the CCK-A Glu38 side chain. There are new
relevant interactions involving Phe15, which is common
to CCK-8 and CCK-15 but whose side chain had a
different orientation in the quoted work.9 The CCK-15
Phe15 side chain interacts with three aliphatic CCK-A
residues, namely, Met1, Ala42, and Leu47, thus tight-
ening considerably the interactions of this hydrophobic
core. These novel observations are fully consistent with
the study of photoaffinity cross-linking by Ding et al.,35

which emphasizes the importance of the N-terminal
domain of the receptor and which apparently protects
the peptide-binding domain within the receptor. The
model of Figure 5 shows that, owing to these additional
interactions, CCK-15 covers a larger area of the putative
receptor surface. It is also interesting to note that the
sulfate group of Tyr9, which is responsible for the full
bioactivity of the CCK peptides and is present in the
analyzed CCK-15 model, is close to CCK-A Trp39 and
Gln40, in full agreement with previously reported
experimental mutagenesis data that pointed to a critical
role of these two residues.36 The sulfate group of Tyr9
is also proximal to the CCK-A Arg34, a positively
charged amino acid, while the amide proton of the
CCK-A Asn13 side chain is placed at 2.8 Å from a sulfate
oxygen, consistent with the formation of a hydrogen
bond. These interactions may account for the impor-
tance of the post-translational sulfation in terms of
receptor subtype specificity. All these data yield strong
evidence for a high degree of similarity between the
receptor-bound CCK-8 and CCK-15, in full agreement
with their identical receptor affinities.10 The data also
validate the consensus structure as a possible bioactive
conformation that can be used for further drug design.

Structural comparison of this putative bioactive struc-
ture with those of well-established CCK-A receptor
antagonists would suggest similarities in the spatial
array, particularly of the aromatic moieties. It is crucial,
for such a comparison, to assume that peptides and non-
peptidic ligands interact with the same active site of
the receptor. Recent mutagenesis data apparently sug-
gest a distinct binding mode for the peptidic agonists

Figure 5. Schematic representation of the complex between
the 1-47 region of the CCK-A receptor (red ribbon) and that
of the CCK-15 (blue ribbon). The dark-blue ribbon represent
residues common to CCK-15 and CCK-8 (8-15), and the light-
blue ribbon represents residues belonging to CCK-15 only (1-
7). The side chains of the CCK-15 residues and of CCK-A
receptor involved in the main interactions are shown with the
corresponding colors and labeled.
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and non-peptide antagonists.37-43 Peptide/benzodiaze-
pine hybrids were recently used to study in detail this
open question, and the results would support a different
binding mode with the peptides interacting mainly with
the extracellular surface of the receptor and antagonists
inserted into a deeper hydrophobic pocket.44 Nonethe-
less, it seems fair to hypothesize that peptides can
interact with both sites, and accordingly, it remains of
interest to compare the two classes of compounds.

Since CCK is involved in many different biological
processes such as gut function, digestive processes,
control of feeding behavior, and neurotransmitter re-
lease, the therapeutic potential of cholecystokinin recep-
tors ligands seems extremely broad and promising.
Several families of CCK receptor ligands (peptides,
peptidomimetics, peptoids, or non-peptidic compounds)
were prepared with the aim of improving agonistic or
antagonistic potency and selectivity. Non-peptide CCK-A
(gastrin) antagonists were developed as potential thera-
peutic agents. The reference CCK antagonist compound
was, for several years, proglumide, but chemical modi-
fications of its structure led to a new series of CCK
receptor antagonists whose most representative com-
pound is lorglumide.45 The isolation and identification
of asperlicin as a selective CCK antagonist46 led to the
subsequent development of selective and potent CCK
benzodiazepine derivatives, devazepide being the most
active and selective as a CCK-A antagonist.47 In Figure
6 the backbone of residues 12-14 of the calculated
CCK-15 model is overlapped to the crystal structures
(Cambridge Crystallographic Database) of representa-
tive non-peptide CCK-A receptor ligands, such as lor-
glumide and devazepide. The fitting was performed
using the centromers of corresponding rings and/or side
chains of lorglumide, devazepide, and residues 12-14
of CCK-15.

As expected, the fit of the rings or groups directly
involved in the fitting procedure is good (Figure 6b).
However, it is very interesting to note that an optimal

superposition is also detectable for the carbonyl oxygens
of the Met13 backbone, the devazepide benzodiazepi-
nonic ring, and the lorglumide 5-oxo function, which
were not used at all in the fitting (Figure 6b). It is also
worth noting that the indolyl moieties of Trp12 and
devazepide do not simply occupy the same region in
space, as imposed by the fitting procedure, but they
actually have the same orientation as the lorglumide
3,4-diclorophenyl ring. It is interesting that devazepide
and lorglumide have an orientation that allows H-bond
interactions with CCK-A Gln43. These results are in
agreement with structure-activity relationships of
CCK-A antagonists.

Conclusion

The study of the solution conformation of CCK-15 in
several solvents by NMR and modeling techniques was
undertaken with two main goals: to ascertain whether
the helical conformation found for CCK-8 in micellar
solution was mainly induced by the environment and
to find further interaction points with the receptor. The
prevailing structure in a mixture hexafluoroacetone/
water, an isotropic medium, showed that the residues
common to CCK-15 and CCK-8 have very similar
conformations. The similarity is enhanced by concerted
modeling together with the partial receptor structure
proposed by Pellegrini and Mierke (1999) and discloses
novel interactions that involve a large receptor area.
Last but not least, the consensus structure between
CCK-15 and CCK-8 is fully consistent with the archi-
tecture of two non-peptidic CCK-A antagonists.

Experimental Procedures

Peptide Synthesis. The CCK-15 peptide was synthesized
as reported previously.48

Circular Dichroism Spectroscopy. Circular dichroism
(CD) spectra were obtained on a Jasco 810 spectropolarimeter
at room temperature. Spectra were recorded with a path length
of 0.1 cm, a bandwith of 0.1 nm, a time constant of 2.0 s, and

Figure 6. (a) Chemical structures of the non-peptidic CCK-A receptor ligands lorglumide and devazepide. (b) Superposition of
the NMR-derived structure of the CCK-15 peptide with the X-ray diffraction structures of the non-peptidic CCK-A receptor ligands
devazepide and lorglumide.
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a wavelength range of 190-260 nm, using quartz cuvettes.
The CCK15 concentration was 100 µM, and the pH was 7. The
concentration was determined accurately by UV spectroscopy
using ε280 for tryptofan.

The spectrum of the buffer was subtracted from all the other
spectra; the results of 10 scans were then averaged.

NMR Spectroscopy. The sample for NMR spectroscopy
was prepared by dissolving the appropriate amount of CCK-
15 in 0.5 mL of 1H2O phosphate buffer (pH 6.6) to obtain a 1
mM solution. Lyophilized peptide was dissolved in 8 mM
sodium phosphate buffer containing 50% 1,1,1,3,3,3-hexafluo-
roacetone trihydrate.

NMR spectra were recorded on a Bruker DRX-600 spec-
trometer. One-dimensional (1D) NMR spectra were recorded
in the Fourier mode with quadrature detection, and the water
signal was suppressed by low-power selective irradiation in
the homogated mode. DQF-COSY,26 TOCSY,27 and NOESY28

experiments were run in the phase-sensitive mode using
quadrature detection in 1 by time-proportional phase increase
of the initial pulse.49 Data block sizes were 2048 addresses in
t2 and 512 equidistant t1 values. Before Fourier transforma-
tion, the time domain data matrices were multiplied by shifted
sin2 functions in both dimensions. A mixing time of 70 ms was
used for the TOCSY experiments. NOESY experiments were
run at 300 K with mixing times in the range 150-300 ms.
The qualitative and quantitative analyses of DQF-COSY,
TOCSY, and NOESY spectra were obtained using the interac-
tive program package XEASY.29 The NOE-based distance
restraints were obtained from NOESY spectra collected with
a mixing time of 250 ms. The NOE cross-peaks were integrated
with the XEASY program (ETH), and they were converted into
upper distance bounds using the CALIBA module of DYANA
software.34 Cross-peaks that overlapped more than 50% were
treated as weak restraints in the DYANA calculation. An
ensemble of 50 structures was generated with a distance
geometry simulated annealing program DYANA using 147
NOE-based distance constraints. No dihedral angle restraints
and no hydrogen bond restraints were used.

Molecular Modeling. A total of 50 NMR constrained
structures were calculated by DYANA (standard protocol). The
first 10 best scored ones showed an rmsd value of 0.4 Å, thus
revealing a very high degree of similarity between each other.
Therefore, this family was considered for further calculations.
All energetic calculations were carried out using the Discover
module present in the MSI InsightII software, using the cvff
force field and applying a dielectric constant value of 4r to
simulate the protein-protein interaction environment.

To check how much the imposed constraints influence the
obtained structure, first it was relaxed without constraint by
using a combination of steepest descent and conjugate gradient
minimization algorithms until the maximum rms derivative
was less than 0.01 kcal/Å. The resulting structure showed an
rmsd value of 0.9 on C atoms from the original one.

The structure was then superimposed onto the one derived
from the protein data bank (PDB code 1D6G)9 in which the
CCK-8 peptide is complexed with a 47-amino acid, N-terminal
fragment of the CCK-A receptor binding site. The superim-
position was made using the C atoms of residue 8-13 of CCK-
15 corresponding to residues 1-6 of CCK-8 not taking into
account the last two carboxy-terminal amino acids that do not
present a defined structured conformation in our calculations.
The obtained rmsd value was 0.818 Å. CCK-8 present in the
CCK-A binding site was thus replaced by CCK-15, and the
complex was energetically minimized using the conjugate
gradients method until the maximum rms derivative was less
than 0. 01 kcal/Å and applying a dielectric constant value of
4r. The following restraints were applied during the calcula-
tions: CCK-A backbone fixed and CCK-15 backbone tethered
with a template force constant of 10 kcal/Å2. Distance con-
straints were imposed on CCK-8 Met13 NH and oxygen
backbone atoms so that they have to be within a range of 1.
6-2. 5 Å from CCK-A Asn43 oxygen and from NH side chain
atoms. A generic distance maximum force constant of 100 kcal/

mol and upper and lower distance force constants of 10 kcal/
mol were used.

The complex geometrically optimized was then subjected to
60 ps of molecular dynamics calculations after an equilibration
period of 30 ps using a temperature of 310 K, applying the
same restraints mentioned above. During molecular dynamics,
frame structures were saved every 1 ps. The average confor-
mation was extracted and again energetically minimized
without using any constraints by a combination of steepest
descent and conjugate gradients minimization algorithms until
the maximum rms derivative was less than 0.01 kcal/Å. The
resulting CCK-15 conformation was again superimposed on
CCK-8, using the same criterion previously described, with
an rmsd value of 0.650 Å.

Complex bond distances, bond angles, and torsion angles
were checked for their consistence with proteins standard
values using the Homology InsightII module.

CCK-A residues displaying interactions with CCK-15 were
checked for their conservation between CCK-A and CCK-B
human, mouse, and rat receptors. Corresponding sequences
were aligned using the PAM 120 matrix and the multiple
alignment alghorithm present in the Homology InsightII
module.

Lorglumide and devazepide structures were extracted from
the Cambridge Crystallographic Data Bank and fitted upon
CCK-15 conformation complexed with the CCK-A binding site.
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