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The Cholecystokinin-1 receptor (CCK1R) mediates actions of CCK in areas of the central nervous
system and of the gut. It is a potential target to treat a number of diseases. As for all G-protein-
coupled receptors, docking of ligands into modeled CCK1R binding site should greatly help to
understand intrinsic mechanisms of activation. Here, we describe the procedure we used to
progressively build a structural model for the CCK1R, to integrated, and on the basis of site-
directed mutagenesis data on its binding site. Reliability of the CCK1R model was confirmed
by interaction networks that involved conserved and functionally crucial motifs in G-protein-
coupled receptors, such as Glu/Asp-Arg-Tyr and Asn-Pro-Xaa-Xaa-Tyr motifs. In addition, the
3-D structure of CCK1R-bound CCK resembled that determined by NMR in a lipid environment.
The derived computational model was also used for revealing binding modes of several
nonpeptide ligands and for rationalizing ligand structure-activity relationships known from
experiments. Our findings indeed support that our “validated CCK1R model” could be used to
study the intrinsic mechanism of CCK1R activation and design new ligands.

Introduction

Cholecystokinin (CCK) is a neuropeptide that is
widely distributed in the central nervous system as well
as in the intestine.1 In the body, CCK is composed of
several molecular variants differing in length (CCK-58,
-39, -33), the octapeptide (CCK-8, Asp-Tyr(SO3H)-Met-
Gly-Trp-Met-Asp-Phe-NH2) being the major fully active
one.1 Actions of CCK are mediated by two receptors, the
CCK1 receptor (abbreviated CCK1R) and the CCK2
receptor (abbreviated CCK2R) which both are members
of family I of the superfamily of G-protein-coupled
receptors (GPCRs).2,3 CCK1R activation by agonists
initiates a cascade of signaling primarily resulting from
CCK1R coupling to heterotrimeric protein Gq that
activates phospholipase-C and subsequent signaling
pathways.4 CCK1R-mediated effects include control of
gallbladder contraction, pancreatic growth and secre-
tion, gastric emptying and gut motility, and satiety.2,3

The wide spectrum of biological functions regulated by
the CCK1R has made this receptor a candidate target
for a therapeutic approach in a number of diseases
related to nutrient assimilation.5 As a consequence,
academic and pharmaceutical research groups have
generated a large variety of agonists and antagonists
of the CCK1R, several of which are of therapeutic value
and are in advanced clinical evaluation.5

Knowledge of the three-dimensional structure of
GPCRs is essential for the understanding of their
function, for the docking of existing ligands into their
binding sites, and further for the rational design and/

or optimization of drugs.6,7 Structurally, GPCRs are
believed to share seven predicted transmembrane (TM)
helices connected by three extracellular and three
intracellular loops. However, the structure of GPCRs
at the atomic level are unknown, except for the light
receptor rhodopsin.8 Hence, use of a structure-based
approach for drug design and the impact on the mech-
anisms controlling ligand binding, activation, signal
transduction, and regulation of GPCRs are limited.
Computer-assisted molecular modeling is an alternative
means to access potential 3-D structures of GPCRs. The
method relies on a valuable alignment between the
target amino acid sequence and that of the template,
the 3-D structure of which is available. For a long time
the only available 3-D structure of a 7 TM segment
protein was that of bacteriorhodopsin, which is not a
GPCR and has a very low homology with GPCRs (less
than 20%).9 Homology modeling of GPCRs evolved until
the proposal by Baldwin and co-workers of an CR-
template for the transmembrane helices in the rhodop-
sin family of GPCRs.10 More recently, modeling soft-
ware, such as the Viseur program, was developed in
order to take into account structural data derived from
biochemical and biophysical studies as well as those
from site-directed mutagenesis-based investigations.11

These new modeling modules have significantly con-
tributed to the refinement of GPCR structures, provid-
ing constraints to be satisfied during the modeling
process, as it was accepted that the models could be
modified by translation and rotation of the transmem-
brane helices. Homology modeling of GPCR can now use
the high-resolution 3-D structure of rhodopsin, which
is a GPCR.12

At the beginning of our work aimed at delineation of
the CCK1R binding site for CCK, we modeled the
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CCK1R using bacteriorhodopsin as a template since at
this time, in 1996, the only available high-resolution
structure of an heptahelical membrane protein was that
of bacteriorhodopsin.9 This work yielded a model for the
CCK1R which was then used to dock CCK into its
putative binding pocket. By doing so, a first set of
candidate residues of the putative binding site were
mutated and their involvement in binding and activa-
tion of the CCK1R was confirmed.13 Experimentally
validated interactions were then used as constraints to
perform a second round of refinement of the liganded
CCK1R. This led to finding new potential hits within
the binding pocket.14,15 The step-by-step forced refine-
ment of the CCK1R model using experimental data
regarding the binding site for CCK has yielded a so-
called “refined model of the CCK1R”. In recent work we
compared this “refined model of the CCK1R” with
another model of the CCK1R that we obtained directly
by classical homology modeling using rhodopsin as a
reference structure.16 Notable structural divergences
were observed between the two models, and the model
that we built directly from the rhodopsin structure could
not correctly accommodate CCK in its binding site.16

In the current work we describe, for the first time,
the procedure used to progressively build and refine our
CCK1R model. Furthermore, we evaluated the reli-
ability of this “refined model of CCK1R.CCK complex”.
For this purpose, interaction networks in the CCK1R
which involved conserved and functionally crucial motifs
such as Glu/Asp-Arg-Tyr and Asn-Pro-Xaa-Xaa-Tyr
motifs were compared to those found in rhodopsin, and
the 3-D structure of bound CCK was compared with its
NMR structure determined in a lipid environment. In
addition, the docking of several nonpeptide ligands (SR-
27,897; SR-146,131; L-364,718; L-365,260) within the
refined CCK1R model was performed. New insights in
the modeled structure of the CCK1R and the release of
this refined model to the scientific community should
serve to study molecular mechanisms of activation of
this interesting receptor and to perform the design of
new ligands.

Experimental Methods
General Strategy. Modeling of the human CCK1R was

performed using a segmented approach where the transmem-
brane helices, loop regions, N-terminus, and C-terminus were
modeled as separated molecular entities on separate individual
templates. An unrefined model of the CCK1R was first
generated. It was comprised of transmembrane helices and
connecting loops. This unrefined model served for binding site
studies and was refined on the basis of ligand docking. Then,
in a third step, N-terminal and C-terminal regions, which were
homology modeled using separated templates, were added to
the refined model, yielding the final refined model of the
CCK1R (Figure 1).

Strategy and Methods for Molecular Modeling the
“Unrefined CCK1R”. The transmembrane bundle of the
CCK1R was modeled using the TM arrangement found in
bacteriorhodopsin as the starting point since when the unre-
fined model of the CCK1R was built the only available high-
resolution structure of a heptahelical membrane protein was
that of bacteriorhodopsin.9 However, because bacteriorhodop-
sin has, unfortunately, a poor degree of sequence homology
with the CCK1R that does not allow direct use in the procedure
of sequence alignment, intermediate steps were introduced to
circumvent this difficulty. As the first step, rhodopsin, which
is a GPCR exhibiting a higher degree of homology with any
GPCRs than does bacteriorhodopsin and, on the other hand,

shows functional similarities with bacteriorhodopsin, was
modeled by homology on the basis of the 3.5 Å resolution
structure of bacteriorhodopsin. Sequence alignment of trans-
membrane helices was performed as previously described.17

Briefly, alignment used conserved functional residues found
in the two proteins, as, for instance, Lys residue in TM VII
that forms a Schiff base with all-trans- and 11-cis-retinal,
respectively, and the acidic counterion of that Schiff base in
TM III, namely, Asp85 in bacteriorhodopsin and Glu113 in
rhodopsin. For TM VI alignment, conserved Trp in the middle
of the helix was taken while for other TM amino acids
surrounding retinal ligand were used. In a second step the
hamster â2-adrenergic receptor was modeled using the previ-
ously built structure of rhodopsin as the template. The choice
of hamster â2-adrenergic receptor as the intermediate target
in the modeling procedure was dictated by its membership to
family I in the superfamily of GPCRs and by availability of
functional and pharmacological data which validated the 3-D
model of this GPCR and, therefore, the choice for TM align-
ments. For alignment between hamster â2-adrenergic receptor
and human rhodopsin, conserved residues in transmembrane
helices of all GPCRs as well as amino acids and motifs which
are crucial for activation, such as the Glu/Asp-Arg-Tyr motif
at the bottom of TM III and the Asn-Pro-Xaa-Xaa-Tyr motif
in TM VII, were taken into account.

For homology modeling of rhodopsin using bacteriorhodop-
sin as the template, the coordinates of backbone atoms of
bacteriorhodopsin were transferred to those of the correspond-
ing backbone atoms of rhodopsin in accordance to the sequence
alignment between them, while the side chains were mutated
using the Homology module of Insight II (Acelerys, San Diego,
CA). The same procedure was applied to obtain a model of the
seven-transmembrane helix core of the â2-adrenergic receptor
from the rhodopsin-modeled structure and, finally, the unre-
fined model of the CCK1R from the â2-adrenergic receptor
model. At each step newly constructed models were refined
using energy minimizations. During the energy refinements
the CR backbone of each seven-transmembrane helix bundle
were constrained to their initial positions and gradually
relaxed. This starting unrefined CCK1R model was then
successively modified in order to take into account data coming
from improvements of inactive rhodopsin three-dimensional
structures.18,19 The relative arrangement of the TM helices,
in particular TM III and TM IV, was modified in order to
reproduce the projection structure of rhodopsin. The “in/out”
concept associated with the VISEUR program was used to
rotate and translate the helices in the appropriate way.11

The extracellular and intracellular loops connecting the TM
helices were built using the HOMOLOGY loops module of
Insight II, which uses a library of protein templates from the
PDB (Protein Data Bank) database. In the procedure a set of
high-resolution X-ray structures was searched for protein
fragments with a similar length to the CCK1R loop to be
modeled and a distance between the CR atoms of the residues
delimiting the loop window, which allows connection to trans-

Figure 1. Strategy used to construct a refined model for the
CCK1R and map its binding site.
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membrane ends. Modeled loops were then inserted into the
unrefined CCK1R bundle at appropriate positions, and the
obtained structure was optimized using simulated annealing
procedures. A cooling procedure going from 1000 to 300 K with
steps of 100 K was used. This annealing procedure was applied
only to the loops connecting the helices, the CR-backbone of
which was kept fixed. After minimizing the final annealing
conformation removing all the constraints, the entire system
was finally relaxed and submitted to a 1 ns molecular
dynamics simulations with possible translational and rota-
tional movements of individual TM helices taken into account.

Strategy and Methods for Obtaining the “Refined
CCK1R” Model. Improvement of the “unrefined CCK1R
model” built as described above was performed step-by-step
on the basis of site-directed mutagenesis data regarding the
binding site of the agonist ligand CCK. The general strategy
for this refinement is shown in Figure 1. As indicated, the first
step in the procedure was the docking of CCK in the CCK1R
binding groove. For this docking the 3-D structure of CCK was
computer generated as previously described.20 Then we took
advantage of the identification of a first contact point between
the N-terminal moiety of CCK and two residues Trp39/Gln40
located at the top of TM I.13 Briefly, this contact point was
previously demonstrated by combination of photoaffinity label-
ing and two-dimensional site-directed mutagenesis. The best
evidence for the first contact point was given by experimental
results showing that the two receptor mutants resulting from
exchange of Trp39 for a Phe and of Gln40 for an Asn
demonstrated parallel decreases in both binding affinity for
intact CCK and potency to induce inositol phosphate formation
while the same mutants bound and responded to N-terminally
truncated CCK as did the wild-type CCK1R.13

Thanks to this first experimental contact point, CCK was
docked manually into the CCK1R groove by placing the
C-terminal moiety of the CCK that composes most of the
pharmacophore of the peptide into the cavity formed by
receptor transmembrane segments, while the N-terminal part
was maintained at the entrance of the pocket close to Trp39/
Gln40. Manual positioning of CCK into the receptor was
guided by inspection of potential electrostatic interactions
between ligand and receptor side chains. By doing so, a first
series of residues approximated, in particular, the sulfated
tyrosine Tyr(SO3H) of CCK and Met195/Arg197 of the CCK1R.
To satisfy these predicted interactions, the position of the
second extracellular loop was forced. The obtained structure
for the ligand/receptor complex was further refined. Since site-
directed mutagenesis studies with mutated receptors at posi-
tions Met195 and Arg197 validated the predicted interactions,
a third round of ligand docking was achieved.14,15 It allowed
positioning of the C-terminal half of CCK at the bottom of the
cavity formed by transmembrane segments. The resulting
structure was once more refined. Docking of the C-terminal
half of CCK generated multiple networks of interactions
between CCK and the CCK1R. Site-directed mutagenesis of
amino acids corresponding to these new hits further validated
docking of CCK in the CCK1R model.21,22

At each step of ligand docking the structure was refined by
submitting the receptor-ligand complex to molecular dynam-
ics followed by energy minimization. We first used interaction
constraints between amino acids of the receptor and chemical
functions of the ligand, the backbone of the receptor being
fixed. Then all the constraints were removed except hydrogen
bonds within helices, and finally, the whole receptor-ligand
complex was submitted to energy minimization.

In a third step the extracellular N-terminal and intracellular
C-terminal regions of the CCK1R were built by homology
modeling based on structural data from the PDB (Protein Data
Bank) database.

The whole modeling was carried out with Accelrys software
Insight II modules (Homology, Discover and Biopolymer;
Accelrys, San Diego, CA) on a Silicon Graphics O2 station.

Docking of Nonpeptide Ligands. Autodock3.0 was em-
ployed to carry out the docking calculations.23 The protein

model from refined CCK1R.CCK complex was used for docking
studies. The charges were assigned for the protein using CVFF
residue library of Insight II. The 3-D structures of the ligands
were built using Insight II; partial atomic charges were
calculated using the MOPAC module of InsightII (AM1-ESP)
(Accelrys, 2001, San Diego, CA.). The rotatable bonds in the
ligands were defined using AutoTors. The grid maps were
calculated using AutoGrid. As used in the GRID calculations,
the dimensions of the grid box was 70 × 70 × 70 Å but the
grid spacing was set to 0.375 Å. Lennard-Jones parameters
12-10 and 12-6 were used for modeling H-bonds and van der
Waals interactions, respectively. The distance-dependent di-
electric function was used for calculation of the electrostatic
grid map. Docking was performed using the Lamarckian
genetic algorithm (LGA), and the pseudo-Solis and Wets
methods were applied for the local search. Parameters for the
docking experiments were as follows: initial population size
of 4000, random starting position and conformation, maximal
mutation of 0.1 Å in translation and 5° in orientation and
rotation, and maximal iteration per local search of 300.
Simulations were performed with a maximum of 270 000
generations. The best position of ligands was chosen on the
basis of scoring function and graphical browsing. Then the
complexes were subjected to dynamics simulation (1 ns) and
following minimization using the Discover3 module of Insight
II. During the simulation the CR trace of the protein was
restrained, while it was free in minimization.

Pharmacological and Functional Characterization of
CCK1R Mutants. Most of the mutants regarding amino acids
of the binding site were previously described. A summary of
the functional properties of these mutants is presented in
Table 1. Moreover, analysis of our “refined CCK1R model” and
its comparison with existing structures led us to construct new
CCK1R mutants and analyze their properties as follows.

Site-Directed Mutagenesis and Transfection of COS-7 Cells.
All mutant receptor cDNAs were constructed by oligonucle-
otide-directed mutagenesis (Quick-Change site-directed mu-
tagenesis kit, Stratagene, France) using the human CCK1R
cDNAs cloned into pRFENeo vector as template. The presence
of the desired and absence of undesired mutations were
confirmed by automated sequencing of both cDNA strands
(Applied Biosystem).

COS-7 cells (1.5 × 106) were plated onto 10-cm culture
dishes and grown in Dulbelcco’s Modified Eagle’s Medium
containing 5% fetal calf serum (complete medium) in a 5% CO2

atmosphere at 37 °C. After overnight incubation cells were
transfected with 2 µg/plate of pRFENeo vectors containing the
cDNA for the wild-type or mutated CCK1 receptors using a
modified DEAE-dextran method. Cells were transferred to 24-
well plates at a density of 20 000-80 000 cells/well 24 h after
transfection, depending on transfected mutant and experiment
to be performed.

Receptor Binding Assay. Approximately 24 h after the
transfer of transfected cells to 24-well plates, the cells were
washed with phosphate-buffered saline pH 6.95, 0.1% BSA,
and then incubated for 60 min at 37 °C in 0.5 mL of Dublelcco’s
Modified Eagle’s Medium, 0.1% BSA with either 71 pM 125I-
BH-(Thr, Nle)CCK-9 (prepared as in ref 24) or 1.83 nM [3H]-
SR-27,897 (tritiated 1-[2-(4-(2-chlorophenyl)thiazol-2-yl)amino-
carbonyl-indoyl]acetic acid, specific activity 31 Ci/mmol, Sanofi-
Synthelabo, Toulouse, France) in the presence or absence of
competing agonists or antagonists. The cells were washed
twice with cold phosphate-buffered saline pH 6.95 containing
2% BSA, and cell-associated radioligand was collected with
NaOH, 0.1 N, added to each well. The radioactivity was
directly counted in a gamma counter (Auto-Gamma, Packard,
Downers Grove, IL) or added to scintillant and counted for
the tritiated radioligand.

Inositol Phosphate Assay. Approximately 24 h after the
transfer to 24-well plates and following overnight incubation
in complete medium containing 2 µCi/mL of myo-2-[3H]inositol
(Amersham biosciences, Les Ulis, France), the transfected cells
were washed with Dubelcco’s Modified Eagle’s Medium and
then incubated for 30 min in 1 mL/well Dubelcco’s Modified
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Eagle’s Medium containing 20 mM LiCl at 37 °C. The cells
were washed with PI buffer at pH 7.45: phosphate-buffered
saline containing 135 mM NaCl, 20 mM HEPES, 2 mM CaCl2,
1.2 mM MgSO4, 1 mM EGTA,10 mM LiCl, 11.1 mM glucose,
and 0.5% BSA. The cells were then incubated for 60 min at
37 °C in 0.3 mL of PI buffer with or without ligands at various
concentrations. The reaction was stopped by adding 1 mL of
methanol/hydrochloric acid to each well, and the content was
transferred to a column (Dowex AG 1-X8, formate form, Bio-
Rad, Hercules, CA) for determination of inositol phosphates.
The columns were washed twice with 3 mL of distilled water
and twice more with 2 mL of 5 mM sodium tetraborate/60 mM
sodium formate. The content of each column was eluted by
addition of 2.5 mL of 1 M ammonium formate/100 mM formic
acid. A 0.5 mL amount of the eluted fraction was added to
scintillant, and beta-radioactivity was counted.

Results

Unrefined Model of the CCK1R. The step-by-step
alignment between bacteriorhodopsin and human rhodop-
sin (bR:HumR), human rhodopsin and the hamster â2-
adrenergic receptor (HumR:Ham-Beta2), and the â2-
adrenergic receptor and human CCK1R (Ham-Beta2:
CCK1R) which yielded the bacteriorhodopsin-derived
3-D models of two intermediate GPCRs and subse-
quently an unrefined model of the CCK1R is shown in
Figure 2a-c. Due to the low homology between se-
quences of rhodopsin and bacteriorhodopsin, alignment
was carried out mainly on the basis of similarity in
functioning of the two receptors which involved a set of
conserved amino acids within the binding site of their
ligand. These amino acids are depicted as bold letters.
On the basis of this alignment, a 3-D structure of human
rhodopsin was obtained (not shown).

To align the hamster â2-adrenergic receptor and the
human rhodopsin sequences, homologies between the
transmembrane regions of all GPCRs17 and, more

specifically, conserved residues and motifs shown on
Figure 2b were used. In the 3-D structure (not shown)
built on the basis of this alignment, residues Asp113
(TM III), Phe 290 (TM VI), Ser207, and Ser 204 (TM V)
which have been recognized to be crucial for binding of
catecholamine agonists were correctly positioned in the
receptor groove.25 The last alignment, between the
hamster â2-adrenergic receptor and the human CCK1R,
was facilitated by reasonable degrees of homology
within transmembrane helices. They ranged from 19%
(TM IV) to 46% (TM I, VI) (Figure 2c). A crude model of
the CCK1R transmembrane helices was thus obtained
(not shown).

Loops connecting the TM helices were modeled on the
basis of protein templates from the PDB (Protein Data
Bank) database as described in the Experimental Sec-
tion. They were then inserted at appropriate positions
(not shown). Positioning of the second extracellular loop
was done in order to allow formation of a disulfide bond
between Cys196 (ECL2) and Cys114 at the top of
transmembrane III.

Refined Model of the CCK1R. Features of the
Refined CCK1R.CCK Complex. The unrefined CCK1R
structure composed of transmembrane helices and con-
necting loops was step-by-step refined on the basis of
contact points which were identified between the CCK1R
and CCK. These contact points were used as constraints
in the refinement methodology (Figures 1 and 3). While
experimental results demonstrating the first contact
point between the N-terminal moiety of CCK and Trp39/
Gln40 could be easily satisfied without affecting the
structure of the unrefined model of the CCK1R, search
for additional major interactions in the course of CCK
docking into the receptor groove required several im-
portant structural modifications of the unrefined model.

Table 1. Summary of Mutagenesis Data Used for Refinement of CCK1R Model

CCK1R region CCK1R aa CCK aa in interaction CCK1R mutation effect of mutation Vv ref

N-term Trp39 N-term, Arg1, Asp2 Phe V 10 -fold affinity and potency 13
N-term Gln40 Asn V 10 -fold affinity and potency 13
TM I Leu50 Met/Nle Ala no effect 22
TM I Ile51 Met/Nle Ala V 2-fold affinity V 40%potency 22
TM I Leu53 Met/Nle Ala no effect 22
TM I Cys94 Met/Nle Leu V 62-fold affinity V 28-fold potency V 55% efficacy 22
EL1 Lys105 Leu V 4-fold affinity V 16-fold potency 15
EL1 Asp106 Arg1 Ala V 4-fold affinity and potency 13
EL1 Phe107 Trp Ala V affinitya V 4500-fold potency c
EL 1 Lys115 Leu no effect d
TM III Thr117 Ala no effect d
TM III Thr118 Ala no effect d
TM III Met121 Met/Nle Val V 16-fold affinity V 100% efficacy 22
TM III Ser124 Ala v efficacy c
TM III Val125 Phe Ala v 2-fold affinity V 2-fold potency 22
TM IV Phe170 Ala no effect d
EL 2 Met195 Tyr Leu V 30-fold affinityb V 54-fold potency 14
EL 2 Arg197 SO3H (Tyr) Met V affinitya V 3150-fold potency 15
TM V Phe218 Phe Ala V 2-fold affinity V 65%efficacy 22
TM VI Trp326 Phe Ala v 5-fold affinity V 4-fold potency 22
TM VI Ile329 Phe Ala V 8-fold affinityb V 38-fold potency 22
TM VI Phe330 Phe Ala V 10-fold affinity V 3-fold potency V 40% efficacy 22
TM VI Asn333 C-term amide Ala V affinitya V1300-fold potency V 40% efficacy 21
TM VI Arg336 Asp8 Met V affinitya V 9300-fold potency 21
EL 3 Ser342 Ala no effect d
EL 3 Ser348 (Met) CdO Ala V affinitya V 65-fold potency c,d
TM VII Ile352 Met/Nle, Phe Ala V affinitya V 200-fold potency 22
TM VII Leu356 Met/Nle, Phe Ala V 8-fold affinityb V 30-fold potency 22
TM VII Tyr360 Met/Nle, Phe Phe V 3-fold affinity V 32-fold potency 22

a Affinity could not be evaluated precisely. b Seen on low-affinity state of the CCK1R. c Results from the current study. d Unpublished
results performed in the course of CCK1R binding site mapping.
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The first important modification was that of the second
extracellular loop of the receptor. The structure of this
loop was constrained at its extremities due to connec-
tions with helices IV and V. Furthermore, this loop was
flattened against the top part of helix III due to the
disulfide bond linking Cys196 and Cys114. Although
spatial orientation of Arg197/Met195 side chains toward
the interior of the transmembrane cavity was proper
for strong interactions with the Tyr(SO3H) moiety of

CCK, distances between the putative interacting part-
ners were not optimal. Reduction of this distance to 3
Å during the modeling procedure required a slight
displacement of the loop both laterally toward the
receptor cavity and vertically toward the putative
membrane plane. Concerning the first extracellular
loop, its positioning in the unrefined model did not allow
any interaction with CCK. This brought it nearer the
Trp side chain of CCK in order to fulfill pharmacological
findings showing the importance of Phe107 for CCK
binding and action (Figure 4a). This step of refinement
was carried out after docking of the C-terminal amided
part of CCK into the proximity of Arg336 and Asn333
had been experimentally validated (see later). Initial
positioning of the third extracellular loop allowed the
hydroxyl group of Ser348 in this loop to directly ap-
proximate the backbone carbonyl of Met/Nle in CCK, a
result which fully agrees with the 100-200-fold de-
creased affinity and potency of (S348A)-CCK1R mutant,
as shown in Figure 4b.

The intracellular loops, the structures of which were
generated by homology modeling using available se-

Figure 2. Sequence alignments between transmembrane
helices of bacteriorhodopsin and human rhodopsin (bR:HumR,
2a), human rhodopsin and hamster â2-adrenergic receptor
(HumR:Ham-Beta2, 2b), â2-adrenergic receptor and human
CCK1R/CCK2R (Ham-Beta2:CCK1R/CCK2R, 2c), and be-
tween C-terminal regions of bovine rhodopsin and human
CCK1R (Bov-R:HumCCK1R) (2d). Residues which serve for
alignment are in bold letters. Some functionally important
residues are labeled with an asterisk (*): Lys (TM VII); Asp85/
Glu113 (TM III) in bacteriorhodopsin/rhodopsin; Ser204, Ser
207 (TM V), and Phe 290 (TM VI) in the â2-adrenergic
receptor. For clarity, homologous CCK1/CCK2 receptor resi-
dues mentioned in the discussion are highlighted.

Figure 3. Serpentine representation of the human CCK1R.
A code of colors is used to indicate the amino acids involved
in binding and activity of the receptor and their corresponding
interacting residues in CCK (taken from refs 13, 15, 21, 22,
32, and 35).

Figure 4. Effects of CCK1R mutations on CCK-induced
inositol phosphate production. Inositol production assays were
conducted as described in the Experimental Section. Results
from all the CCK1R mutants are expressed as percent of
maximal inositol phosphate production obtained in COS-7
expressing the wild-type CCK1R after stimulation by CCK.
Potency (D50) and efficacy (Emax) for the different mutants were
as follows: F107A-CCK1R: D50 3140 ( 232 nM, Emax 50;
S348A-CCK1R: D50 89.3 ( 3.3 nM, Emax 100; (K308M, K309T,
R310L)-CCK1R: D50 4.4 ( 0.4 nM, Emax 35; D87A-CCK1R: D50

74.9 ( 14 nM, Emax 45%.
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quences of the PDB library, were maintained in their
initial conformations. It is obvious that such structures
remain only hypothetical in the absence of a lipid
environment and of interacting proteins such as het-
erotrimeric G proteins, regulatory G proteins (RGS), and
G-protein-coupled receptor kinases which in the cellular
context most likely affect the real conformation of
intracellular regions of any GPCRs.

An important network of intramolecular interactions
is seen in the refined model of CCK1R.CCK complex.
These include hydrophobic interactions between amino
acids of the transmembrane helices and ionic and
hydrogen bonds between extracellular and intracellular
regions (not shown). Furthermore, strong bonds are
found between the two partners of the complex. Amino
acids of the CCK1R involved in the CCK binding site
are shown in Table 1 and Figures 3 and 5. Briefly, the
N-terminal residues of [Thr-Nle]CCK-9 are connected
to the receptor through a strong hydrogen bond and salt-
bridge network. Asp106 forms a salt bridge between its
side chain and the Arg-1 side chain of [Thr-Nle]CCK-9.
Gln40 forms a H-bond between its NH amide side chain
and the Asp-2 side chain of [Thr-Nle]CCK-9 and be-
tween its carboxyl side-chain group and the N-terminal
ammonium of the ligand. Trp39 is hydrogen-bonded by
its backbone carbonyl to the ligand N-terminal am-
monium and by its backbone NH to the Tyr-3 sulfate
oxygen of [Thr-Nle]CCK-9.

Besides interactions involving Trp39 and Gln40 resi-
dues and the N-terminal part of CCK,13 two key
interactions which account for the 500-1000-fold se-
lectivity of the CCK1R for sulfated versus nonsulfated
CCK are seen. A first key interaction involves the sulfur
atom of Met195, located in the second extracellular loop
and the aromatic ring of the sulfated tyrosine of CCK.
In this interaction the sulfur atom of Met195 is posi-
tioned toward the center of the aromatic ring of the
tyrosine at a distance of about 6 Å and the methyl group
attached to the sulfur atom is pointed away from the
aromatic plane. Such a positioning is typical of quad-
rupole/quadrupole interactions between a sulfur atom
and the π-electron cloud of an aromatic ring.26,27 The
second key interaction in the same region involves the
positively charged guanidium of Arg197 and negatively
charged sulfate of CCK, the two interacting partners

being at a distance of 4 Å. The last bond appears to be
stabilized by Met195/Tyr(CCK) quadrupole-quadrupole
interactions as well as by a T-shaped interaction
between Trp39 of the CCK1R and Tyr(CCK).14,15 While
the N-terminal moiety of CCK is tightly linked to
extracellular residues of the CCK1R, the C-terminal
tetrapeptide of CCK appears as embedded between TM
helices. In this context, several crucial networks of
interactions must be mentioned. A first one concerns
positively charged guanidium of Arg336 located at the
top of TM VI and negatively charged carboxylate of the
penultimate Asp of CCK. A second one involves the side
chain of Asn333 located at the top of TM VI, one helix-
turn down of Arg336, and the C-terminal amide of CCK.
Hydrophobic chemical moieties within the C-terminal
part of CCK, namely, Nle/Met and Phe side chains,
which are also essential for binding and biological
activities of CCK, are strongly engaged in two interde-
pendent hydrophobic clusters. A first hydrophobic pocket
surrounding Met/Nle residues of CCK is formed by the
amino acids Met121 (TM III), Ile352, Leu356, Phe360
(TM VII), Leu50, Leu53 (TM I), and Cys94 (TM II). A
second pocket surrounding the Phe aromatic of CCK is
composed of Ile352, Leu356, Tyr360 (TM VII), Val125
(TM III), Phe218 (TM V), Trp326, Ile329, and Phe330
(TM VI) (Figure 5).

Model for the Extracellular N-Terminal and the
Intracellular C-Terminal Regions. The N-terminal
and C-terminal regions of the CCK1R were modeled on
the basis of NMR data and rhodopsin structure, respec-
tively, to be connected to the refined structure of the
CCK1R. For the N-terminal region modeling was carried
out on the basis of the high-resolution NMR structure
of the biomolecular complex between the octapeptide of
cholecystokinin, CCK-8, and the N-terminus of the
CCK-1 receptor1-47 (PDB ID: 1D6G). After homology
modeling, sequence 1-31 was added to the previously
refined CCK1R. In this structure there is a disulfide
bond between Cys18 and Cys29, in agreement with data
previously reported for the CCK1R.28

For the C-terminal region of the CCK1R, since part
of this region of the CCK1R (369-390) has a reasonable
degree of homology with rhodopsin it was modeled based
on the X-ray diffraction structure of the bovine rhodop-
sin. To do this the alignment between the C-terminus
of CCK1R and the C-terminus of rhodopsin was achieved
using the common Asn-Pro-Xaa-Xaa-Tyr motif of helix
VII as a reference point (Figure 2d). As found in
rhodopsin crystal, an eighth helix was obtained. For
sequence 391-409 of the CCK1R, a homotrimer of
collagen V (PDB ID, 1A89) was chosen as the template
since it has the highest identity and smallest number
of gap residues. Finally, for region 410-428 of the
CCK1R, a reovirus core (PDB ID, 1EJ6) was chosen for
the template since it has 75% of identity.

Interaction Network between Functional Motifs
in the Modeled CCK1R.CCK Complex. In the final
model of the CCK1R (not shown), we examined amino
acids within transmembrane domains and motifs that
are highly conserved in the group I receptors of the
superfamily of G-protein-coupled receptors. These in-
cluded residues in TM I, II, and III, the Glu/Asp-Arg-
Tyr motif at the end of TM III, and the Asn-Pro-Xaa-
Xaa-Tyr motif in TM VII. The network of interactions

Figure 5. Side view of the CCK1R binding site for CCK. This
side view shows the three-dimensional refined model of the
active high-affinity CCK1R binding site. The model was built
as described in the Experimental Section using the program
package from Acelerys (San Diego, CA). For clarity, the
detailed view shows only identified amino acid side chains of
the CCK1R (in green) in interaction with CCK (in orange) in
the phospholipase-C-coupled high-affinity CCK1R.CCK com-
plex.

Cholecystokinin-1 Receptor Journal of Medicinal Chemistry, 2005, Vol. 48, No. 1 185



between these residues have been demonstrated to
undergo modifications during GPCR activation.29

In TM II of inactive rhodopsin an acidic residue
(Asp83) interacts with the side chain of Asn55 of TM I.
In the refined CCK1R.CCK complex the corresponding
residue Asp87 is double-linked to Arg139 of the Glu/
Asp-Arg-Tyr motif and Lys308 (Figure 6). Of note,
Lys308 is one of the three basic amino acids (Lys308-
Lys309-Arg310) in the C-terminus of the third intra-
cellular loop of the CCK1R. This triple-basic motif is
required for full phospholipase-C activation through
GRq coupling as illustrated on Figure 4c. Furthermore,
involvement of Asp87 of the CCK1R in phospholipase-C
activation agrees with our experimental results, show-
ing that exchange of Asp87 for an Ala caused parallel
drops in affinity and potency of the CCK1R which are
most likely due to a defect in the activation/coupling
process (Figure 4d). In rhodopsin Glu113 (TM III) plays
the role of counterion of Lys296 (TM VII), which
represents the site of attachment of retinal. In the â2-
adrenergic receptor Asp113 side chain is believed, on
the basis of mutagenesis data, to participate to agonist
binding. There is no such acidic residue in the TM III
of the CCK1R. The corresponding residue is Thr117, the
mutation of which does not affect the binding and
activation properties of the CCK1R (Table 1). However,
two helix-turns down in TM III, Ser124 forms an
hydrogen bond with Tyr360 of TM VII. This interaction,
if it really exists, does not seem essential for CCK1R
functioning since mutation of Ser124 and Tyr360 only
affect weakly CCK-induced production of inositol phos-
phates (Table 1 and ref 22).

Regarding the Glu/Asp-Arg-Tyr motif, the following
network of interactions is found in rhodopsin:8,30 op-
posite-charged Asp and Arg residues point to the
interior of the heptahelical bundle and form a salt
bridge, while Tyr side chain is orientated in the opposite
direction; furthermore, Arg is interacting with Glu247
located in the C-terminus of the third intracellular loop
(Glu-Lys-Glu motif); the Glu/Asp-Arg-Tyr motif of rhodop-
sin is surrounded with several hydrophobic amino acids.
A picture of the Glu/Asp-Arg-Tyr motif (Glu138-Arg139-
Tyr140) of the refined CCK1R.CCK complex is shown
in Figure 7a. Like in rhodopsin, the Glu/Asp-Arg-Tyr

motif of the CCK1R appears in a cluster of several
hydrophobic residues composed of Phe79, Leu83 (TM
II), Ile135 (TM III), Ala228, Leu231 (TM V), Met314,
Leu315 (TM VI), Pro367 (TM VII), Ile143 (ICL2),
Leu236, Val311 (ICL3) (not illustrated). No bond is seen
between Glu138 and Arg139, although the side chains
of the two residues are pointing in the same direction
to the interior of the receptor groove. Interestingly,
Tyr140 hydroxyl is at an interaction distance of Glu235
which is located at the interface between the third
intracellular loop and TM V, Glu138 is interacting with
Ser156 and Lys155 at the bottom of TM IV, and Arg139
is salt-bridged to Asp87 of TM II.

A last crucial motif for GPCR activation is the Asn-
Pro-Xaa-Xaa-Tyr motif of TM VII. In the CCK1R,
mutation of Asn366 abolishes receptor activation (Fig-
ure 4c). In the refined model of the CCK1R.CCK
complex, Asn366 side chain approximates Arg310 which
belongs to basic motif Lys308-Lys309-Arg310 at the
C-terminus of the third intracellular loop (Figure 7b).
In addition, Pro367 and Tyr370 form hydrogen bonds
with Lys308 and Lys309, respectively. Finally, like in
the rhodopsin structure, the Asn-Pro-Xaa-Xaa-Tyr motif
is close to helix VIII because of several interactions such
as ring-ring interactions between Tyr370 and Phe377
(Figure 6).

3-D Structure of Receptor-Bound CCK. To per-
form docking of CCK into the CCK1R binding site,
previously modeled CCK was taken.20 However, the
structure of CCK evolved in the course of its binding to
the CCK1R to adopt a constrained 3-D structure. As
shown in Figure 8, the CCK ligand adopts a helical
conformation in the receptor-bound state. We then
compared the structure of the bound ligand with that
determined by NMR in a membrane-mimetic environ-
ment.31,32 Indeed, studies with N-terminal lipo-deriva-
tized CCK analogues have supported a membrane-
bound pathway for the binding of CCK to its receptors.33

Interestingly, the receptor-bound CCK displays struc-
tural characteristics very similar to those previously
found for CCK in the presence of dodecylphosphocholine
micelles (Figure 8c).31,32 The rmsd between the two
structures is 2.42. Interestingly, the C-terminal region
of CCK adopted a folded conformation in the presence
of dodecylphosphocholine micelles, whereas this region
is in an extended conformation when bound to CCK1R.

Figure 6. Serpentine representation of the active CCK1R.CCK
complex showing interacting residues involving functionally
crucial motifs in GPCRs.

Figure 7. Detailed views of (a) Glu/Asp-Arg-Tyr region and
(b) Asn-Pro-Xaa-Xaa-Tyr region of liganded CCK1R. To locate
residues in the CCK1R structure, see Figure 6. Interactions
are described in the Results section.
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Binding Modes of Nonpeptide Ligands. The dock-
ing of nonpeptide ligands revealed that the optimal
orientation of the selective CCK1 antagonist SR-27897
could be achieved when the carboxyl group of ligand is
allowed to form a salt bridge with Arg336; the carbonyl
and hydrogen of amide group are hydrogen-bonded with
Ser348 and Asn333, respectively. The phenyl moiety
provides hydrophobic interactions with Phe330, Val125,
and Leu214, and the indole moiety lies in the hydro-
phobic pocket formed by Leu46, Leu50, and Ile352
(Figure 9). In the case of docking experiments with
selective CCK1 agonist SR-146131, the orientation of
molecule is similar. However, with this compound the
cyclohexane ring forms hydrophobic interactions with
Leu356, Leu125, Leu53, Ile352, and Met121 and the
indole moiety approximates Phe107 and Phe109 side
chains as observed with the Trp moiety of CCK. The
docking of selective CCK1 antagonist L 364718 and
selective CCK2 antagonist L 365260 shows that the
binding positions of these ligands are similar, namely,
the OdC group of the benzodiazepine ring forms hy-
drogen bonds with Arg336 and H-N< of the amide
group interacts with Asn333 (Figure 9).

Discussion
G-protein-coupled receptors (GPCRs) are widely ex-

pressed in the body and play a fundamental role in
physiology and pathophysiology. As such, they are
potential targets for therapeutic interventions in many,
if not most, diseases. Of the ∼500 currently sold drugs,

more than 30% are modulators of GPCR function.34 In
this context, elucidation of the structure, mechanisms
of activation, and regulation of GPCRs is of prime
importance. However, crystallization of GPCRs remains
extremely difficult to achieve. Computer-assisted mo-
lecular modeling is an apparently easy mean to access
3-D structural models of GPCRs. However, one major
issue concerning molecular models of GPCRs thus
obtained is the question of their accuracy.

The CCK1R is an important GPCR specimen. It
mediates actions of the neuropeptide CCK in some areas
of the central nervous system and in many organs of
the digestive apparatus, making it a potential target to
treat a number of diseases affecting food intake, nutri-
ment digestion, and energy homeostasis.2,3 Further-
more, besides its natural ligand, this receptor possesses
a wide variety of synthetic ligands including peptidic
and nonpeptidic agonists and antagonists, the synthesis
of which has generated abundant structure-activity
data. The docking of the most relevant ligands into their
binding site should greatly help to understand intrinsic
molecular mechanisms which govern CCK1R activation.
In this perspective, we generated a structural model for
the CCK1R. Unlike models of GPCRs often presented
in the literature, our model of the CCK1R was built
progressively in order to integrate, and on the basis of,
site-directed mutagenesis data regarding its binding
site.

The “refined CCK1R model” was recently compared
with a model directly obtained by classical homology
modeling using the high-resolution structure of rhodop-
sin as the template.16 In this study the rhodopsin-

Figure 8. Structure of CCK bound to the CCK1R in the
refined model of CCK1R.CCK complex (a), and NMR structure
of CCK in DPC micelles taken from PDB31 (b). Superimposition
of the two structures (rmsd ) 2.42) (c). For clarity, hydrogens
were removed from c.

Figure 9. Binding mode of nonpeptide ligands to the refined
model of the CCK1R. This figure shows superimposition of
complexes formed between the CCK1R and antagonist SR-
27897 (in yellow) and between the CCK1R and agonist SR-
146131 (in green) (a); superimposition of complexes formed
between the CCK1R and antagonist L-364718 (in yellow) and
between the CCK1R and L-365260 (in green) (b). For clarity,
the detailed view shows only amino acids side chains of the
CCK1R in interaction with the nonpeptide ligands.
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derived model could not correctly accommodate CCK in
its binding pocket, thus showing limitation of homology
modeling and reinforcing the interest of including
agonist docking and site-directed mutagenesis results
in the procedure of model refinement. At this stage of
our study it was however important to evaluate the
degree of accuracy of the “refined CCK1R model” before
its release to the scientific community. For this purpose
interaction networks between amino acids of the CCK1R
itself and with the agonist CCK were analyzed in light
of the current knowledge regarding GPCRs. Moreover,
the 3-D structure of CCK taken from the refined model
of CCK1R.CCK complex was compared with that of CCK
in a lipid environment.

The binding site of CCK involves a number of residues
located both at the extracellular surface and in the
upper third of transmembrane helix.13-15,21,22,35 In this
respect, the CCK1R has strong similarities with peptide
GPCRs but differs with GPCRs for amines as well as
with the light receptor rhodopsin, which have most, if
not all, determinants of its binding site buried in
transmembrane helix.25,36,37 In common with all GPCRs
of family I, TM III, TM VI, and TM VII of the CCK1R
have major anchoring points of CCK. This common
feature is important since spectroscopic studies on
rhodopsin and â2-adrenergic receptor and transfer of a
metal-ion binding site by site-directed mutagenesis to
peptide GPCRs have demonstrated the importance of
transmembrane helix III, VI, and VII in the activation
process.29,38-40

In family I of GPCRs the acidic residue of the Glu/
Asp-Arg-Tyr motif is believed to undergo protonation
during activation. In accordance with this view, ex-
change of the acidic residue Glu/Asp for an uncharged
residue such as an Ala results is constitutive activation
of the receptors.41,42 In the refined model of CCK1R.CCK
complex, Glu138, instead of being protonated, is linked
to the facing residues Ser156 and Lys155 of the second
intracellular loop while Arg139 is salt-bridged to Asp87
of TM II. Salt bridging the Arg residue of the Glu/Asp-
Arg-Tyr motif to the conserved Asp is in agreement with
the activation mechanism initially proposed by Balles-
teros et al. The authors suggested that in the inactive
state the side chains of Glu/Asp and Arg residues of the
conserved Glu/Asp-Arg-Tyr motif form an electrostatic
interaction and that during receptor activation Glu/Asp
becomes protonated, causing the Arg residue to interact
with Asp of TM II.43 This representation of the activated
state of the CCK1R fits experimental data from the
current study, indicating that Asp87 of TM II is required
for full biological activity. Similar data were reported
for several other GPCRs.29 Moreover, it agrees with
studies on rhodopsin showing the proximity of the
Glu134 and Arg135 side chains in the crystal of the
inactive receptor and with spectroscopic results indicat-
ing that Asp83 of TM II is more strongly hydrogen-
bonded upon activation, a fact that is consistent with
its potential interaction with another residue in the
active state of the receptor.44 One must however men-
tion the alternative mechanism proposed by Scheer et
al. in which the Arg residue of the Glu/Asp-Arg-Tyr
motif would be associated to the conserved Asp of TM
II in the inactive state of the receptor; this interaction
would be interrupted upon activation.41

Several other important features of the refined model
of the CCK1R.CCK complex are in good agreement with
the experimental results on this receptor and with data
on other GPCRs. Indeed, in the model a network of
intramolecular interactions involving, notably, residues
Phe218, Met121, Phe330, and Trp326 is found. The role
of residues Met121, Cys94, Phe218, Phe330, and Trp326
in the conformational stability of CCK1R was previously
documented22 (and unpublished data). Indeed, pharma-
cological data indicated that exchange of Met121 for a
Val or an Ala converted the whole CCK1R population
into a single relatively high- affinity state as did
mutation of residues Cys94, Phe218, and Phe330. These
were interpreted by considering the prevailing model
for G-protein-coupled receptor activation, which is the
allosteric ternary complex formed between the receptor
R, the agonist L, and G protein(s).45,46 According to this
model, in the absence of any agonist stimulation, R is
believed to undergo spontaneous conformational changes,
however, with the inactive conformation being energeti-
cally the most stable. Binding of an agonist would either
induce or stabilize active receptor species (R*) or
both.45,46 Accordingly, Met121, Phe330, Cys94, and
Phe218 would represent key residues allowing the
receptor to be stabilized in an inactive conformation in
absence of ligand and undergo proper conformational
changes for G-protein(s) coupling and phospholipase-C
activation in the presence of the agonist.

Moreover, the bond between TM III and VII through
residues Ser124 and Tyr360 is in line with the slight
role of these residues for CCK1R activation and can be
compared with the interaction between Glu113 and
Lys296 of rhodopsin TM III and VII. Finally, interac-
tions between residues of the Asn-Pro-Xaa-Xaa-Tyr
motif and Lys308-Lys309-Arg310 of the C-terminal part
of the third intracellular loop through hydrogen bonds
is in line with results showing that both Asn366 and
the three basic residues within the C-terminal part of
the third intracellular loop are required for full biologi-
cal activity of the CCK1R. The same findings were
reported for other GPCRs.29,47

The last bit of interesting information given by the
refined model of the CCK1R.CCK complex concerns the
helical structure of CCK bound to the CCK1R which
resembles that determined by NMR in the presence of
DPC micelles known to mimic the water-phospholipid
bilayer interface. The observation that the C-terminal
Phe of CCK adopts distinct conformations in micelles
and while bound to the CCK1R might have functional
significance because the C-terminal amidated Phe of
this peptide is crucial for full biological activity. This
result is similar to that from NMR studies which
demonstrated that conformations of an analogue of
PACAP (the pituitary adenylate cyclase activating pep-
tide) in the presence of DPC micelles and while bound
to its receptor are very similar.48 Functional studies
involving the use of N-terminal lipo-derivatized CCK
analogues have provided evidence to support a mem-
brane-bound pathway for interaction of CCK with its
cognate receptors.33 In this mechanism adsorption of the
ligand to the cell membrane is followed by its lateral
diffusion whereby the ligand binds to and activates the
receptor.49 Thus, the conformation of the ligand in its
cell membrane-bound state is believed to resemble the
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active conformation. Such a mechanism for ligand
binding to GPCRs allows reduction of the entropic
penalty associated with ligand-receptor recognition.49

The NMR structure of another neuropeptide, neuro-
tensin, bound to its receptor was recently determined
by NMR. Obtained results revealed that receptor-bound
neurotensin adopts a linear structure which differs with
the disordered state of the peptide in absence of recep-
tor.50

Finally, automated docking of nonpeptide ligands
allowed us to describe the binding site of agonists and
antagonists within the CCK1R. The importance of
residues that form agonist and antagonist binding sites
is supported by site-directed mutagenesis data.21,22

According to docking results, the binding sites of non-
peptide agonists and antagonists most likely occupy a
region of CCK1R (Figure 10) which interacts with the
C-terminal amidated tripeptide of CCK, i.e., Met-Asp-
Phe-NH2, and moreover, there is an overlap between
agonist and antagonist binding sites. Indeed, both
nonpeptide agonists and antagonist interact with Arg336,
Asn333 and form hydrophobic contacts with two hydro-
phobic pockets composed of Phe330, Ile329, Val125 and
Ile352, Leu50, Met121, Leu53, respectively (Figure 9).
In the case of agonist SR-146131, there is a hydrophobic
interaction with Leu356 which is absent in the binding
mode of the antagonist SR-27897. This finding is in
agreement to the mutagenesis study by Gouldson et al.51

On the other hand, the antagonist binding site of SR-
27897 in our CCK1R refined model is not totally in
accordance with that proposed by Gouldson et al.51

Indeed, these authors stated that antagonist SR-27897
interacts with Lys115 and Lys187 as mutation of these
residues into alanine reduced by 56- and 68-fold the
binding affinity of SR-27897, respectively. We could not
confirm such results but observed that mutation of
Lys115 dramatically affected CCK1R expression at the
cell surface (unpublished results). Considering the posi-
tions of Lys115 and Lys187 in the receptor, respectively,
the top of TM III and the second extracellular loop, one
can assume that mutation into alanine can influence
receptor conformation due to loss of interaction with
negatively charged lipids of the cell membrane.

According to the docking results into our refined
model of CCK1R, selective CCK1 antagonist L-364718
and selective CCK2 antagonist L-365260 were posi-
tioned in the same way into the binding pocket. How-
ever, in the case of the CCK2R ligand, L-365260, which
is in the R-conformation, Leu46 side chain is very close

to the 1,4-benzodiazepine moiety. Evidently this can
cause steric hindrance, explaining in part the low
affinity of this compound for the CCK1R. Interestingly,
in the CCK2R there is a threonine (Thr59) in place of
Leu46 of the CCK1R (Figure 2c). Detailed analysis of
the L-365260 binding site also made it possible to
explain structure-activity relationships in this family
of compounds. For instance, addition of hydrophilic
substituents in place of the methyl moiety on the phenyl
ring of L-365260 decreases the affinity for the CCK1
receptor, whereas addition hydrogen-bondable moieties
to this one increases the affinity for the CCK2 receptor.5
The preference for additional hydrogen-bondable moi-
eties for CCK2R binding deals with close position of
nonconservative residue His376 (Leu356 in the CCK1
receptor, Figure 2c), which has been shown to be
important for L-365260 binding selectivity to the
CCK2R.52

Apart from Gouldson’s model of the CCK1R, several
other models were reported in the literature, although
their coordinates were not released, except for a theo-
retical model (PDB: 1PB2). Comparison of these other
models with our refined model is somewhat difficult and
can be done only with respect to data on binding sites
since no description of other functionally critical regions
has been reported. A first model was built by homology
with bacteriorhodopsin by Van der Bent.53 The obtained
3-D model was used for virtual identification of the
binding site of small-size antagonists that matches the
structural and conformational characteristics of the
ligands. This model did not predict correctly determi-
nants of the binding site for CCK; however, it allowed
residues which, according to our site-directed mutagen-
esis and modeling data, are close to or compose the
binding site of the antagonist L-364718 to be high-
lighted. These are Met121, Trp326, Ile329, Asn333, and
Leu356. Miller’s group modeled the CCK1R and re-
ported several refined versions of a model on the basis
of photoaffinity labeling data.35 Photoaffinity labeling
results included the following: labeling of Glu345 by a
photoreactive benzophenone analogue of CCK (Gly
substitution); labeling of Trp39 by C-terminal photore-
active analogues of CCK.54,55 Accordingly, a model for
binding of CCK to the CCK1R was proposed in which
the C-terminus of CCK is in interaction with Trp39, Tyr-
(SO3H) pairs with Arg197, and the N-terminal moiety
of CCK is in contact with the third extracellular loop of
the CCK1R. In our refined model of the CCK1R and on
the basis of site-directed mutagenesis data, Trp39
belongs to the CCK1R binding site but interacts with
the N-terminus of CCK.13 On the other hand, in our
refined model of the CCK1R the third extracellular loop,
which contains Glu345, is positioned close to the center
of the CR backbone of CCK, which agrees with photo-
affinity labeling results.54 Thus, although the 3-D model
of the CCK1R proposed by Miller’s group may not be so
far from ours, the structure of CCK while bound in their
modeled CCK1R contains a â-turn centered to the
middle of the peptide which is not consistent with the
NMR structure of CCK in a lipid environment.32,35 More
importantly, positioning of the C-terminus of CCK in
interaction with Trp39 (top of TM I) is inconsistent with
structure-activity data on CCK. Indeed, deletion stud-
ies demonstrated that the amidated C-terminal Phe

Figure 10. Superimposition of CCK (in green) and the
antagonist L364718 (in yellow) in the binding site of the
CCK1R.
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residue of CCK highly contributes to CCK binding and
activity.56 If Trp39 was the residue in interaction with
C-terminal Phe of CCK, mutation of Trp39 should cause
an equivalent drop in the affinity of the receptor for
CCK. This is not the case since exchange of Trp39 for a
Phe or an Ala induced 10-20-fold-decreases in affinity
of the receptor for CCK.13,57

To summarize, analysis of our refined model of the
CCK1R and its release to the scientific community
represent an additional basis for future investigation
aimed at understanding the activation process of this
important GPCR and to design or optimize ligands.
These are major challenges for us in the near future.
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