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ABSTRACT
The cholecystokinin (CCK) 2 receptor (CCK2R) appears as a
pharmacological target for the treatment of many major dis-
eases. To complete the mapping of the CCK2R binding site and
its activation processes, we have looked for the receptor resi-
dues that interact with Trp6, an essential residue for CCK
binding and activity. In our molecular model of the CCK-occu-
pied CCK2R, the indole group of Trp6 stacked with the phenyl
ring of Phe120 (ECL1) and interacted with the imidazole group
of His381(H7.39) and the phenyl ring of Tyr385(H7.43). Mu-
tagenesis and pharmacological studies validated these interac-
tions. It is noteworthy that the mutation of Phe120 to Trp
conferred constitutive activity to the CCK2R. Molecular mod-
eling and experimental works identified the residues involved in
the activation cascade initiated by Trp6 and revealed that the

constitutively active F120W mutation mimics the conforma-
tional changes induced by Trp6 resulting in: 1) the exposure of
Glu151(E3.49) of the conserved E/DRY motif 2) the formation of
an amphiphatic pocket involving protonated Glu151(E3.49) and
Leu330 (ICL3), and 3) the opening of the intracellular loops 2
and 3 and the release of Arg158 (ICL2). The R158A mutation
was shown to affect inositol phosphate production, whereas
the E151A and L330E mutations induced constitutive inositol
phosphate production. Given that a constitutively active variant
of the CCK2R has been identified in different cancers and the
fact that the E151A mutant has been reported to induce tumors,
these studies should help in the development of potent inverse
agonists to inhibit the constitutive activation of the CCK2R.

The cholecystokinin 2 receptor is a member of the rhodop-
sin-like G protein-coupled receptor family that mediates im-
portant physiological functions by binding cholecystokinin
(CCK) and gastrin peptides. The CCK2R is present in the
central nervous system, where it regulates anxiety/panic at-
tacks, dopamine release, and nociception. In the periphery, it
regulates acid, histamine, and leptin secretion as well as cell
growth and differentiation (Wank, 1995; Rozengurt and
Walsh, 2001; Aly et al., 2004). It is also expressed in different
cancers of neuroendocrine origin, whereas it is not present in
the corresponding normal tissues (Reubi et al., 1997). In

different human cancers, a variant of this receptor that dis-
plays constitutive cell proliferation and PLC activation has
been isolated (Hellmich et al., 2000; Ding et al., 2002; Harris
et al., 2004), indicating that permanent activation of these
receptors may have pathological consequences. We have re-
ported a link between the constitutive activation of the
CCK2R and the development of tumors by showing that the
mutation of the residue Glu151 to Ala of the highly conserved
E/DRY motif induces ligand-independent receptor activation
as well as tumor formation (Gales et al., 2003b). Given the
clinical importance of CCK2R-mediated functions, great in-
terest has been devoted to the identification of efficient and
selective CCK2 ligands (de Tullio et al., 2000). To date, how-
ever, none of these compounds has been used as a therapeutic
agent, highlighting the need to better understand the struc-
tural basis of ligand-receptor interactions and activation, to
rationalize the synthesis of CCK ligands. To this end, we
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started several years ago to characterize residues involved in
the rat CCK2R binding site and PLC activation, one of the
main signaling pathways activated by the CCK2R after its
coupling to Gq proteins (Silvente-Poirot and Wank, 1996;
Silvente-Poirot et al., 1998, 1999; Gales et al., 2000; Gales et
al., 2003a,b). The CCK peptide exists physiologically in mul-
tiple forms processed from a 115-amino acid preprohormone.
The C-terminal-amidated tetrapeptide of CCK represents the
minimal peptide that presents nanomolar affinity and activ-
ity for the CCK2R.

We first showed that the extracellular loops (ECL) 1 and 2
were involved in CCK binding and activity by mutagenesis
studies (Silvente-Poirot et al., 1998). We then demonstrated
that His207 in ECL2 of the CCK2R interacts directly with
the C-terminal Asp8 of CCK (Silvente-Poirot et al., 1999).
Based on these different results, we established a molecular
model of the CCK2R occupied by CCK. This model enabled us
to identify two new residues not identified by mutagenesis,
Tyr189(Y4.60) and Asn358(N6.55), in interaction with the
C-terminal Phe9-amide of CCK (Gales et al., 2003a). Mu-
tagenesis of these residues and affinity studies with modified
peptides allowed us to confirm these interactions and to show
the involvement of the transmembrane domains (TM) 4 and
6, in addition to the ECL2 in the CCK binding site and
receptor activation. Similar residues in TM4 and TM6 were
reported as important for CCK binding in the human CCK2R
(Blaker et al., 1998; Ren et al., 2003). Although TM6 domain
has been shown to be important for GPCRs of the rhodopsin
family and the CCK2R activation (Gether, 2000; Schwartz et
al., 2006), the TM4 domain has received much less attention.
However cross-linking studies of rhodopsin with a photoac-
tivated chromophore labeled a residue in TM4 and indicated
that a substantial movement of TM3 and TM4 accompany
receptor activation (Borhan et al., 2000). In addition, resi-
dues in TM4 and ECL2 in the dopamine D2 receptor have
been shown to form the binding site crevice (Javitch et al.,
2000; Shi and Javitch, 2004). Mutational data also indicated
that ECL2 is important for the stability of the retinal binding
site in rhodopsin and meta II (Doi et al., 1990). Several other
reports implicated ECL2 in ligand specificity in aminergic
and other small ligand receptors (Shi and Javitch, 2002). It is
noteworthy that, in our molecular model, the ECL2 enters
into the cavity formed by the seven helices, as observed for
rhodopsin in the X-ray structure, to interact with the C-
terminal part of CCK (Silvente-Poirot et al., 1999; Gales et
al., 2003a). The fact that our molecular model and experi-
mental data are in accordance with these data push us to
pursue the characterization of the CCK binding site. When
we evaluated the contribution of each amino acid of CCK2–9
peptide to bind and activate the WT-CCK2R, we found that
the exchange of Trp6 to Ala induced the greatest decrease on
binding and IP production (Silvente-Poirot et al., 1999). The
present study was undertaken to define the amino acids of
the receptor in interaction with Trp6 of the ligand and to
explore the contribution of this residue in receptor activation.

Materials and Methods
Material. The sulfated C-terminal nonapeptide of CCK

[Thr28,Nle31]-CCK25-33 was synthesized as described previously
and referred to as CCK-9s (Gales et al., 2003b). 125I-Na (2000 Ci/
mmol) was from GE Healthcare (Little Chalfont, Buckinghamshire,

UK). (Thr28,Nle31)-CCK25-33 was conjugated with the Bolton-
Hunter reagent, purified, radioiodinated as described previously,
and referred to as 125I-BH-CCK-9s (Gales et al., 2003b). The com-
pound RPR048, kindly provided by sanofi-aventis (Bridgewater, NJ)
was previously characterized as an inverse agonist of the CCK2R
(Gales et al., 2003b).

Construction of Mutant Receptor cDNAs. Mutant receptor
cDNAs were constructed by oligonucleotide-directed mutagenesis
(QuikChange site-directed mutagenesis kit; Stratagene, Montigny le
Bretonneux, France), using rat CCK2R cDNAs as template. Muta-
tions were confirmed by DNA sequencing using an automated se-
quencer (Applied Biosystems, Foster City, CA).

Transfection of Wild-Type and Mutant Receptor cDNAs
into Mammalian Cells. COS-7 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 5% fetal calf se-
rum. In general, 2 �g of the CCK2R and mutant receptor cDNAs
subcloned in pCDL-SR� were transiently transfected into COS-7
cells using the DEAE/Dextran method as described previously (Sil-
vente-Poirot and Wank, 1996). Twenty-four hours after transfection,
the transfected cells were transferred to 24-wells culture plates and
seeded at a density of approximately 1 � 105 cells/well and assayed
for 125I-BH-CCK-9 binding or inositol phosphate (IP) hydrolysis.

Binding of 125I-BH-CCK-9 to Transfected COS-7 Cells. Twen-
ty-four hours after the transfer of transfected cells to 24-well plates,
the cells were washed once with cold phosphate-buffered saline, pH
7.4 containing 0.1% bovine serum albumin (BSA), and incubated in
DMEM containing 0.1% BSA for 60 min at 37°C with 50 pM 125I-
BH-CCK-9 with or without increasing concentrations of unlabeled
peptides. Cell-associated 125I-BH-CCK-9 was separated from free
radioligand by washing twice with phosphate-buffered saline con-
taining 2% BSA. Cell-associated 125I-BH-CCK-9 was recovered by
adding 0.5 ml of 0.1 N NaOH to each well and counting the radioac-
tivity in a gamma counter. Nonspecific binding (determined in pres-
ence of 1 �M CCK) was always less than 10% of the total binding.
Binding assays were performed in duplicate in at least three sepa-
rate experiments. Binding data were determined using the nonlin-
ear, least-squares, curve-fitting computer program Ligand (Munson
and Rodbard, 1980) and Prism (GraphPad Software, San Diego, CA).

Measurement of Total IP Accumulation. Twenty-four hours
after COS-7 cell transfection, the transfected cells were transferred
to 24-well culture plates and incubated overnight in DMEM with 2
�Ci/well of [myo-2-3H]inositol (18.6 Ci/mmol; GE Healthcare). After
the aspiration of the medium containing the [myo-3H]inositol, the
cells were incubated at 37°C for 20 min with 1 ml of DMEM contain-
ing 20 mM LiCl. The cells were then washed with IP buffer, pH 7.45
(20 mM HEPES, 135 mM NaCl, 2 mM CaCl2, 1.2 mM MgSO4, 1 mM
EGTA, 10 mM LiCl, 11.1 mM glucose, and 0.5% BSA) and then
incubated 1 h at 37°C with IP buffer containing the indicated con-
centrations of peptide. The reaction was stopped by adding 1 ml of
methanol/HCl to each well and the contents transferred to an AG
1-X8 column (formate form) (Bio-Rad Laboratories, Ivry/Seine,
France). Each column was washed twice with 3 ml of water followed
by 2 ml of 5 mM sodium tetraborate/60 mM sodium formate. Total
IPs were eluted from the columns with 2 ml of 1 M ammonium
formate/100 mM formic acid. [myo-3H]inositol phosphate radioactiv-
ity was counted in a liquid scintillation counter (PerkinElmer Life
and Analytical Sciences (Boston, MA). The EC50 were calculated
using GraphPad Prism.

Locus Numbering Scheme. The positions of amino acids in the
CCK2R are identified by their original numbering and by a consen-
sus numbering (indicated in parentheses) as described previously to
facilitate the comparison between different GPCRs (Ballesteros and
Weinstein, 1995). In brief, in the consensus numbering, transmem-
brane amino acids are identified by a transmembrane number fol-
lowed by the position relative to the most conserved residue in that
helix, which is assigned the number 50.

Molecular Modeling. The WT-CCK2R and CCK-occupied WT-
CCK2R molecular models were built as described previously (Gales
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et al., 2003a). In brief, to dock CCK into this CCK2R model, we took
into account our previous mutagenesis data and imposed as con-
straint the direct contact point identified between the lateral side
chains of His207 located in the second extracellular loop and Asp8 of
CCK. While keeping this constraint, the resulting complex was sub-
mitted to energy minimization using 250 steps of the steepest de-
scent followed by a conjugated gradient until the root-mean-square
gradient was less than 0.001 kcal/mol/Å. A distant dependent dielec-
tric term (� � r) and a 20-Å nonbonded cut-off distance were chosen,
whereas the hydrogen bond involved in � helices conformation was
preserved by applying a generic distance constraint between the
backbone oxygen atoms of residue i and the backbone nitrogen atoms
of residue i � 4, excluding prolines. This was performed using the
Discover calculation engine with the CVFF force field (InsightII,
version 2000.1; Accelrys, San Diego, CA). The minimized coordinates
of the wild type and mutated receptor that were constructed using
the Biopolymer module were then used as the starting point for a 150
ps at 300 K using the Verlet algorithm while the constraint used
during minimization was maintained. The resulting conformation
was then further minimized using 250 steps of the steepest descent
followed by a conjugated gradient until the root-mean-square gradi-
ent was less than 0.001 kcal/mol/Å. The comparison of the structure
of mutant receptor with that of the wild-type receptor was performed
using the Search Compare module. In each transmembrane
domain, the C� of the most conserved amino acids were chosen
for super-position: Asn72(N1.50), Asp100(N2.50), Arg152(R3.50),
Trp179(W4.50), Pro230(5.50), Pro353(6.50), and Pro392(7.50).

The program package (Insight II: Discover, Search Compare, Ho-
mology, Biopolymer) from Accelrys was used for all the calculations.

Results
Identification of the Residues of the CCK2R that

Interact with Trp6 of CCK by Using Molecular Model-
ing. We previously reported that the replacement of Trp6 by
Ala in nonsulfated CCK-9 induced a dramatic decrease in
both the affinity (no binding measurable) and potency
(around 13,000-fold) of the modified [Ala6]CCK-9 for the WT-
CCK2R as well as in its efficacy to stimulate IP production
(32%) (Silvente-Poirot et al., 1999), suggesting that Trp6 is
important for CCK binding and activity. In the present work,
we used the CCK-occupied WT-CCK2R molecular model that
we have described previously (Gales et al., 2003a) to identify
the amino acids in interaction with Trp6. As shown in Fig.
1a, the indole group of Trp6 is positioned into a cavity in the
receptor formed by Phe120 (located in ECL1), His381(H7.39)
and Tyr385(Y7.43) (located at the top of TM7) and is delin-
eated by residues Phe110(F2.60) and Ser137(S3.35) (located
at the top of TM2 and in TM3, respectively). A network of
interactions linked these different residues. A stacking inter-
action was observed between the phenyl rings of Trp6 and
Phe120 (distance between centroids 7.6 Å) (McGaughey

Fig. 1. Detailed view of the amino ac-
ids side-chains in interaction with
Trp6 of CCK in the CCK-occupied WT-
CCK2R model (a) and in the CCK-
occupied F120W mutant model (b).
Oxygen atoms are in red, hydrogen
atoms are in white, carbon atoms are
in green, and nitrogen atoms are in
dark blue. Distances (in Å) between
chemical functions are represented by
dotted lines. Representation of the
van der Waals volumes of the amino
acids in interaction with or in the vi-
cinity of Trp6 of CCK in the CCK-
occupied WT-CCK2R (c) and CCK-oc-
cupied F120W mutant molecular
model (d). Phe120 is located in the
first extracellular loop (ECL1). Ac-
cording to the Ballesteros and Wein-
stein nomenclature (Ballesteros and
Weinstein, 1995), His381 is H7.39,
Tyr385 is Y7.43, Phe110 is F2.60, and
Ser137 is S3.35.
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et al., 1998), whereas the pyrrole part of Trp6 formed a
T-shaped interaction with both the phenyl ring of
Tyr385(Y7.43) and the imidazole of His381(H7.39) (distance
4.8 and 4.0 Å) (McGaughey et al., 1998). A van der Waals
interaction was observed between the phenolic ring of
Tyr385(Y7.43) and the imidazole group of His381(H7.39)
with a distance of 3.8 Å. Moreover, the oxygen of the hydroxyl
group of S137(S3.35) located at the vicinity of Trp6 was
hydrogen-bonded with the hydroxyl group of Tyr385(Y7.43)
(distance 1.8 Å), whereas the side chain of Phe110(F2.60) was
involved in a van der Waals interaction with the indole group
of Trp6 (distance 3.1 Å).

Effects of Exchanging Trp6 of Sulfated CCK-9 on
Binding and Biological Activity for the WT-CCK2R.
Because the effect of exchanging Trp6 for Ala was previously
evaluated on nonsulfated CCK-9 peptides, we first tested the
same exchange on sulfated CCK-9s to evaluate the exact
contribution of this residue to the affinity and activity to
stimulate IP production in COS-7 cells expressing the WT-
CCK2R and then tested other modifications at this position
based on the interactions identified in the molecular model.
As shown in Table 1, the exchange of Trp6 for Ala induced an
important effect on the affinity and activity of sulfated [Ala6]-
CCK-9s peptide for the WT-CCK2R because a decrease of
4400- and 2467-fold in the affinity and potency were mea-
sured, whereas the efficacy to produce IP was decreased by
approximately 36%. It is noteworthy that the exchange of
Trp6 by Phe, another aromatic residue in the [Phe6]-CCK-9s
peptide, had an effect close to that of the Ala exchange,
decreasing by 1 126- and 831-fold the affinity and potency of
the modified peptide and by 15% its efficacy. The important
effect measured while the aromatic property of the residue
was conserved is consistent with the interaction of Trp6 with
several residues of the receptor as indicated in the molecular

model. We then tested the exchange of Trp6 for Ala-�-Naph-
tyl to keep two aromatic phenyl rings. This exchange induced
a much smaller effect than the two previous modifications
because the affinity and potency of the modified [Ala6-�-
naphthyl]-CCK-9s peptide was decreased by 41- and 43-fold
with no change in its efficacy to produce IP. Together, these
data are consistent with the molecular model that shows
Trp6 in interaction with a cluster of residues via the phenyl
and pyrrole parts of its indole group (Fig. 1a).

Effects of the Phe120 Trp Mutation on Binding and
Biological Activity of the CCK2R. In agreement with the
involvement of Phe120 in the CCK binding site, we have
reported, in a previous study, that the mutation of Phe120 to
Ala resulted in an important decrease in CCK binding and
potency to stimulate IP production (no detectable binding of
labeled CCK and a 440-fold decrease in the EC50, but normal
expression and binding of the antagonist [3H]PD140376 (Sil-
vente-Poirot et al., 1998). To characterize further the inter-
action of Phe120 with Trp6, we mutated Phe120 to Trp and
investigated the consequences of this mutation on CCK bind-
ing and activity after transient transfection of the mutant
and wild-type receptors into COS-7 cells. We hypothesized
that the interaction of a Trp pair should not or slightly
modify the affinity of CCK for the Trp120 mutant compared
with the F120A mutation that removed the aromatic group of
the residue. As reported in Table 2, the F120W mutation
induced a gain of affinity and function because a 5-fold in-
creased affinity and potency of CCK for the F120W mutant
and full efficacy (Emax) was measured compared with the
WT-CCK2R. It is noteworthy that a 2.3-fold increase in basal
IP production was detected compared with the control cells.
We then evaluated the effects of exchanging Phe120 to Trp in
the molecular model. The only difference that was observed
in the binding site between the CCK-occupied F120W model

TABLE 1
Affinities and potencies of CCK modified peptides for the WT-CCK2R transiently expressed in COS cells
Ki values were calculated from competition curves of 125I-BH-CCK-9s binding by the indicated peptides. The potencies (EC50) were calculated from the total IP production
concentration-response curves stimulated by the indicated modified peptides. The efficacies (Emax) of the indicated modified peptides to stimulate IP production are expressed
as the percentage of the maximal increase obtained with 1 �M CCK-9s on cells expressing the WT-CCK2R. The factor FCCK-9s represents the effect of the modified peptide
tested on the affinity or potency relative to CCK-9s. Results are expressed as means � S.E. of three to five separate experiments performed in duplicate.

Ligands Ki FCCK-9s EC50 FCCK-9s Emax

nM nM %

CCK-9s 0.72 � 0.10 1 0.58 � 0.14 1 100
�Ala6�-CCK-9s 3200 � 145 4400 1431 � 234 2467 64
�Phe6�-CCK-9s 811 � 59 1126 482 � 35 831 85
�Ala-�-Naphtyl6�-CCK-9s 30 � 11 41 25 � 5 43 100

TABLE 2
Pharmacological properties of the WT-CCK2R and F120 mutants transiently expressed in COS cells
Kd and Bmax values were calculated from the analysis of CCK-9 competition binding using 125I-BH-CCK-9s as the radioligand. The potencies (EC50) of CCK-9 were calculated
from the total IP production concentration-response curves. The efficacies (Emax) of CCK-9s to stimulate IP production are expressed as the percentage of the maximal
increase obtained with 1 �M CCK-9s on cells expressing the WT-CCK2R. The factor Fmut represents the effect of the mutation on CCK-9s affinity or potency relative to the
wild -type receptor. Basal IP production is expressed as -fold increase over that in control cells expressing the empty vector. Results are expressed as means � S.E. of three
to five separate experiments performed in duplicate.

Receptor Kd Fmut Bmax EC50 Fmut Emax Basal

nM pmol/106 nM % � Induction

WT-CCK2R 0.53 � 0.12 1 1.61 � 0.14 0.71 � 0.21 1 100 1.1
F120W mutant 0.10 � 0.03 0.18 1.59 � 0.11 0.11 � 0.05 0.15 100 2.3
F120Y mutant 10.12 � 1.35 19 1.58 � 0.35 11.68 � 2.56 16 100 1.1
F120H mutant 74 � 15 139 1.59 � 0.15 61 � 20 86 100 1.1
F120M mutant 114 � 12 215 1.62 � 0.2 101 � 26 142 100 1.2
F120L mutant 146 � 23 275 1.45 � 0.25 143 � 6 201 93 1.1
F120A mutant* N.D. N.D. 2.04 � 1.3 147 � 3 440 100 1

* Results from Silvente-Poirot et al. (1998).
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and the CCK-occupied WT-CCK2R model was that the dis-
tance between the aromatic side chains of Trp6 of CCK and
Trp120 was decreased by approximately 1 Å compared with
that measured between Phe120 and Trp6 of CCK in the
CCK-occupied WT-CCK2R model (Fig. 1b). Therefore, this
decrease in distance strengthened the interactions between
Trp120 and Trp6 as well as with the other amino acids
surrounding Trp6 as indicated by the representation of the
van der Waals volumes (Fig. 1, c and d). Together, these data
are consistent with an interaction between Phe120 and Trp6
of CCK.

Characterization of the Constitutive Activity of Mu-
tations at Position 120 in the CCK2R. Because we mea-
sured an increase in the basal IP production for the F120W
mutant, we determined whether this increase was dependent
on the F120W mutant expression and whether this effect was
specific or not to this mutation by testing different substitu-
tions at this position. The increase in basal IP production was
shown to be correlated with increased level of the F120W
mutant expression, although no change was observed for the
WT-CCK2R when its expression was increased (Fig. 2a). In
addition, the basal activity was reversed by RPR048, the
inverse agonist that we have previously characterized as a
blocker of the constitutive activity of an other mutant
(E151A) of the CCK2R (Gales et al., 2003b) (Fig. 2b). These
data show that the F120W mutant harbored constitutive
activity on IP production. We then mutated Phe120 to aro-
matic (Tyr), polar (His) or aliphatic (Met and Leu) residues
and evaluated the effects of these mutations on CCK binding
as well as on basal and CCK-stimulated IP production.

As shown in Table 2, the mutation of Phe120 to Tyr, which
conserved the aromatic phenyl group, had a small effect on
CCK affinity and potency to stimulate IP (19- and 16-fold
decrease, respectively), whereas the mutation of Phe120 to
residues His, Met, and Leu had more important effects by
decreasing the affinity of CCK by 139, 215, and 275-fold,
respectively and its potency to stimulate IP production by
86-, 142- and 201-fold, respectively. For all these mutants, no
increase in basal IP production was measured compared with
the control cells (Table 2). Likewise, no constitutive IP pro-
duction was measured with the F120A mutation described
previously (Table 2). Together, these data suggest that the
constitutive activity of the F120W mutant is specific to the
Trp residue introduced at position 120.

Effects of the His381(H7.39), Tyr385(Y7.43),
Phe110(F2.60), and Ser137(S3.35) Mutations on CCK
Binding and Receptor Activation. We then mutated the
other residues [His381(H7.39), Tyr385(Y7.43), Phe110(F2.60),
and Ser137(S3.35)] shown to surround Trp6 in the CCK-occu-
pied WT-CCK2R molecular model to determine their contribu-
tion to CCK binding and receptor activity. These different res-
idues were mutated to Ala to evaluate the contribution of their
side chains after their transfection into COS-7 cells. As reported
in Table 3, the analysis of the maximal binding capacities
(Bmax) demonstrated that all these mutants displayed a similar
level of cell surface expression compared with the WT-CCK2R.
The analysis of CCK competition binding revealed that only the
H381A(H7.39A) and Y385A(Y7.43A) mutations resulted in a
significant decrease in CCK affinity (83- and 89-fold, respec-
tively) compared with the WT-CCK2R. The decrease in CCK
affinity observed for the H381A and the Y385A mutants is in
accordance with the molecular model. The phenyl ring of

Phe110(F2.60) does not seem to have an important contribution
on CCK binding because no change in CCK affinity was ob-
served after its removal. The slight effect (1.7-fold) observed on
CCK affinity for the S137A mutant indicates that
Ser137(S3.35) is also not essential for CCK affinity and is in
agreement with the molecular model that predicts a preferen-
tial hydrogen bond interaction with the hydroxyl group of
Tyr385(Y7.43).

We then determined the importance of His381(Y7.39),
Tyr385(Y7.43), Phe110 (F2.60), and Ser137(S3.35) residues
in the activation of the CCK2R by testing the capacity of the
corresponding Ala mutants to induce basal and CCK-stimu-

Fig. 2. a, effect of expression levels of the WT-CCK2R and F120W mutant
on the basal level of total IP production. COS-7 cells were transfected
with increasing amounts of cDNAs encoding the WT-CCK2R (f) or the
F120W mutant (Œ). The receptor density (Bmax) and total IP production
were measured as described under Materials and Methods. b, effect of the
inverse agonist RPR038 on basal IP production. COS-7 cells expressing
the WT-CCK2R (f) or the F120W mutant (Œ) were treated for 1 h with
increasing concentrations of RPR038 and basal IP production was as-
sessed. Results are expressed as increased induction (-fold increase) over
control (cells transfected with the empty vector) and are means � S.E. of
three separate experiments performed in duplicate.
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lated IP production. None of these mutants displayed in-
creased basal activity compared with the control cells (Table
3). The potency of CCK for the H381A and Y385A mutants
was decreased 56- and 59-fold compared with the WT-
CCK2R, whereas no change was measured with the F110A
and S137A mutants. Thus, there is a good correlation be-
tween the potency and affinity of CCK for these different
mutants. In contrast, all the mutants displayed a decreased
efficacy to stimulate IP production (32% for the F110A mu-
tant and around 50% for the H381A, Y385A, and S137A
mutants), indicating that all these residues participate in
the receptor activation whereas only His381(Y7.39) and
Tyr385(Y7.43) are involved in CCK binding and activity.
These data are consistent with an involvement of these res-
idues in a signaling cascade initiated by Trp6.

Molecular Modeling of the Constitutively Active
F120W Mutant. The fact that the mutation of Phe120 to
other residues (Ala, Leu, His, Met, Tyr) than Trp did not
confer constitutive activity to the receptor but significantly
decreased CCK binding and activity suggests that Phe120 is
not involved in an intramolecular bond that stabilized the
receptor in its inactive state as described for most constitu-
tively active mutants described so far (Parnot et al., 2002;
Cotecchia et al., 2003). To study further the contribution of
this residue in the activation of the CCK2R as well as in the
inactive state of the CCK2R, we built a molecular model of
the F120W-CCK2R mutant (“constitutively active F120W
model”). This model was then compared with the CCK-occu-
pied WT-CCK2R (“active model”) and the nonoccupied WT-
CCK2R (“inactive model”) molecular models. As shown in
Fig. 3, when we compared the “active” (Fig. 3a) and the
“inactive” (Fig. 3b) models, it seemed that in the “inactive
model,” the aromatic ring of Phe120 formed a stacking inter-
action with that of Phe110(F2.60). Likewise, the phenyl
group of Tyr385(Y7.43) stacked with the imidazole ring of
His381(H7.39). In the “active model,” the insertion of CCK
and the interaction of the indole group of Trp6 with the
phenyl ring of Phe120 resulted in the breaking of this stack-
ing and the release of the phenyl group of Phe110(F2.60)
that turned down. In addition, the imidazole group of
His381(H7.39) and the phenyl group of Tyr385(Y7.43) turned
over to interact with the indole group of Trp6. This move-
ment preserved the interaction between the lateral chains of
His381(H7.39) and Tyr385(Y7.43). It is noteworthy that, in

the “constitutively active F120W model,” similar changes
occurred when Phe120 was replaced by Trp120 because
the side chains of Phe110(F2.60), His381(H7.39), and
Tyr385(Y7.43) moved as in the “active model” (Fig. 3c),
whereas no significant movements were observed for His207
(ECL2) and Asn358(N6.55)/Tyr189(Y4.60) that interact with
Asp8 and Phe9-NH2 of CCK, respectively (Silvente-Poirot et
al., 1999; Gales et al., 2003a) (not illustrated). These results
suggest that the introduction of a Trp at position 120 mimics
the effects of Trp6 of CCK and may explain the constitutive
activity of this mutation compared with the others mutations
tested.

Conformational Changes Involved during the
CCK2R Activation. Because the experimental data were
found to be in accordance with the theoretical models that we
built, we analyzed further the conformational changes that
occurred in transmembranes and intracellular loops of the
“inactive” and “active” models compared with the “constitu-
tively active F120W” model. When we compared the “inactive
model” (Fig. 4a) with the “active model” (Fig. 4b), we ob-
served that the binding of CCK induced a descent of TM2 and
TM3 of 3.6 Å toward the cytosol, whereas TM4 underwent a
significant lateral shift of 4.7 Å away from TM3, which re-
sulted in the breaking of the hydrogen bond linking
Ser131(S3.29) and Thr193(T4.64) (Fig. 4, d and e).

In the “inactive model” (Fig. 5a), the oxygens of the car-
boxyl of Glu151(E3.49) of the highly conserved E/DRY motif,
located at the end of TM3, established two hydrogen bonds
with the hydroxyl of Ser95(S2.45) and the NH of the peptidic
bond of Leu94(L2.44), distances of 1.8 and 1.4 Å, respectively.
Moreover, the end of TM4 was connected to the C-terminal
part of the third intracellular loop via a hydrophobic inter-
action between the aliphatic side chain of Val174(V4.45) and
Leu330 (ICL3) respectively (distance 2.4 Å), whereas the
guanido group of Arg158 (ICL2) formed a hydrogen bond
with the oxygen of the amide group of Gln327 (ICL3) (dis-
tance, 1.9 Å).

In the “active model” (Fig. 5b), the motion of TM3 toward
the cytosol resulted in the exposure of Glu151(E3.49). The
descent of TM2 and TM3 while maintaining the hydrogen
bond between the hydroxyl of Ser95(S2.45) and the carboxyl
group of Glu151(E3.49) resulted in the breaking of the hy-
drogen bond with the NH of Leu94(L2.44). These movements
and the lateral movement of TM4 in the “active” model in-

TABLE 3
Pharmacological properties of the wild-type and mutated CCK2R transiently expressed in COS cells
Kd and Bmax values were calculated from the analysis of CCK-9s competition binding using 125I-BH-CCK-9s as the radioligand. The potencies (EC50) of CCK-9s were
calculated from the total IP production concentration-response curves. The efficacies (Emax) of CCK-9s to stimulate IP production are expressed as the percentage of the
maximal increase obtained with 1 �M CCK-9s on cells expressing the WT-CCK2R. The factor Fmut represents the effect of the mutation on CCK-9s affinity or potency relative
to the wild-type receptor. Basal IP production is expressed as fold increase over that in control cells. Results are expressed as means � S.E. of three to five separate
experiments performed in duplicate.

Receptor Kd Fmut Bmax EC50 Fmut Emax Basal

nM pmol/106 nM % � Induction

WT-CCK2R 0.53 � 0.12 1 1.61 � 0.14 0.71 � 0.21 1 100 1.12
H381A mutant 44.21 � 2.65 83 1.64 � 0.19 40.35 � 0.15 56 51 1.10
Y385A mutant 47.52 � 1.33 89 1.60 � 0.15 42.35 � 1.56 59 50 1.13
F110A mutant 0.72 � 0.31 1.3 1.61 � 0.30 0.57 � 0.21 0.80 68 1.12
S137A mutant 0.94 � 0.16 1.7 1.62 � 0.09 0.92 � 0.05 1.3 52 1.0
S131A mutant 1.15 � 0.11 2.1 1.59 � 0.12 0.98 � 0.02 1.4 54 1.18
T193A mutant 1.01 � 0.11 1.9 1.58 � 0.15 1.02 � 0.24 1.4 54 1.15
R158A mutant 0.58 � 0.04 1.1 1.62 � 0.21 0.51 � 0.02 0.71 70 1.17
L330E mutant 0.11 � 0.02 0.20 1.58 � 0.25 0.09 � 0.01 0.12 100 2.31
E151A mutant 0.09 � 0.02 0.16 1.61 � 0.10 0.08 � 0.03 0.11 100 2.52
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duced the disruption of the interaction between the aliphatic
sides chains of Val174(V4.45) and Leu330 (ICL3) (distance 9
Å). These transmembrane domain motions were followed by
a movement of the second and third intracellular loops away
from each other. The movement of these loops resulted in the
breaking of the hydrogen bond between the guanido group of
Arg158 (ICL2) and the amide group of Gln327 (ICL3) and the
subsequent establishment of a hydrogen bond between the
NH of the amide group of Gln327 and the carboxyl group of
Glu151(E3.49) (distance 1.8 Å). These changes enabled
Glu151(E3.49) to interact with the aliphatic side chains of
Leu330 (ICL3) (distance 3.2 Å), Leu94(L2.44) (distance 4.6
Å), and Leu93(L2.43) (distance 3.1 Å) that formed a hydro-
phobic pocket surrounding its cytoplasmic side, as well as the
release and exposure of the guanido side chain of Arg158 in
the groove formed in between the second and third intracel-
lular loops.

In the “constitutively active F120W model,” similar move-
ments were observed (Fig. 4c). However, although a similar
descent of TM2 and TM3 of 3.6 Å toward the cytosol was
measured, the lateral movement of TM4 was less marked (3.3

Å) compared with that in the “active model” (4.7 Å); however,
this motion resulted in the disruption of the interaction be-
tween Ser131 and Thr193 (Fig. 4f). These movements in-
duced the exposure of Glu151(E3.49); however, the interac-
tion of Glu151(E3.49) differed from that observed in the
“active model” because the oxygens of its carboxyl group were
involved in a hydrogen bond with a NH2 of the guanido group
of the adjacent Arg152(R3.50) (distance 1.6 Å) and with the
hydroxyl of Ser95(S2.45) (distance 1.4 Å); Gln327 (ICL3) was
too far away to be involved in such a bond (distance 8.2 Å).
However, as in the “active model,” these conformational
changes meant that Glu151(E3.49) interacted with hydro-
phobic residues Leu330 (ICL3) (distance 4.3 Å), Leu94(L2.44)
(distance 4.6 Å), and Leu93(L2.43) (distance 2.6 Å) after the
disruption of the interaction between Leu330 and
Val174(V4.45) (distance 8.2 Å). Finally, as observed in the
“active model,” these movements ended up in the release and
exposure of Arg158.

Thus, the “active” and “constitutively active F120W” mod-
els indicate that part of the activation of the CCK2R results
in the exposure and protonation of Glu151(E3.49) as well as

Fig. 3. Comparison of the positioning of
His381(H7.39), Tyr385(Y7.43), Phe110(F2.60),
and Ser137(S3.35) residues in the three-dimen-
sional models of the CCK-occupied WT-CCK2R
(“active model”) (a); the nonoccupied WT-CCK2R
(“inactive model”) (b), and the F120W mutant
(“constitutively active F120W model”) (c). For
clarity, only helices (TM) 1, 2, 3, and 7 are dis-
played. Helices are in green in the “active
model,” blue in the “inactive model” and purple
in the “constitutively active F120W model.” Ox-
ygen atoms are in red, carbon atoms are in green,
and nitrogen atoms are in dark blue.
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in the formation of an amphiphatic pocket surrounding
Glu151(E3.49) and involving Leu330, and in the exposure
and release of Arg158 located in the ICL2.

Effect of Mutating Glu151(E3.49), Leu330, Arg158,
Ser131(S3.29), and Thr193(T4.64) on the CCK2R Acti-
vation. We have reported previously that the mutation of
the Glu151(E3.49) to Ala in the human CCK2R induced
constitutive activation of IP production and conferred
transforming as well as tumorigenic properties on the cor-
responding E151A mutant, indicating that Glu151(E3.49)
is a key residue for the CCK2R activation. In addition, the
mutation of Leu325 to Glu in the human CCK2R (the

corresponding residue of Leu330 in the rat CCK2R) has
been reported to constitutively activate IP production
(Beinborn et al., 1998). Therefore, we have performed sim-
ilar mutations in the rat CCK2R to determine whether
these two mutants were constitutively active. Indeed, the
E151A and L330E mutants constitutively activated IP pro-
duction to the same extent as the F120W mutant compared
with the control cells (Table 3).

We then mutated Arg158, Ser131(S3.29), and Thr193(T4.64)
to Ala to determine the effects of these mutations on binding
and IP production. As reported in Table 3, these mutations
affected neither the binding capacity nor the affinity and po-

Fig. 4. Conformational changes involved during receptor activation. A, side view of the three-dimensional models of the nonoccupied WT-CCK2R
(“inactive model”) (a), CCK-occupied WT-CCK2R (“active model”) (b), and F120W mutant (“constitutively active F120W model”) (c). For clarity, only
helices (TM) 3, 4, and 6, represented by cylinders, and the intracellular loops ICL2, ICL3, represented by thin ribbons, are displayed to observe the
movements of TM3 and TM4 and the opening of the groove between the ICL2 and ICL3. B, side view of the three-dimensional model of the nonoccupied
WT-CCK2R (“inactive model”) (d), CCK-occupied WT-CCK2R (“active model”) (e), and the F120W mutant (“constitutively active F120W model”) (f)
showing the disruption of the hydrogen bond involved between the lateral chains of Ser131 and Thr193. For clarity, only helices (TM) 3 and 4
represented by ribbons are shown. According to the Ballesteros and Weinstein nomenclature (Ballesteros and Weinstein, 1995), Ser131 is S3.29, and
Thr193 is T4.64.
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tency of CCK. In contrast, the efficacy was decreased by 30% for
the R158A mutant and 46% for the S131A and T193A mutants,
indicating that these residues are involved in the CCK2R acti-
vation, consistent with that observed in the “active” molecular
model.

Discussion
The present work was undertaken to identify the residues

in the CCK2R that interact with Trp6 of CCK for which no
receptor partners had yet been identified and to gain insight
into the mechanisms of peptide-induced activation by com-
bining mutagenesis, pharmacology and molecular modeling
studies. Molecular modeling of GPCRs presents different lim-
itations: only one available high-resolution crystal structure

of a G protein-coupled receptor (rhodopsin), and lack of well
defined secondary structure for the intracellular loops that
are flexible and approximations of MD stimulations (Fanelli
et al., 2005). Despite these limitations, the modeling analysis
performed in the present study within the same approxima-
tions, has been able, in combination with experimental data,
to complete the mapping of CCK binding site and to infer a
few structural features that differentiate the inactive from
the active and constitutively active receptor states. The mo-
lecular model of the CCK-occupied CCK2R, which we previ-
ously validated, was used to identify the residues in interac-
tion with Trp6 of CCK. Some residues surrounding Trp6
were identified as putative partners in both TM domains
(His381, Tyr385, Ser137, Phe110) and in the first extracel-
lular loop (Phe120). Previous and present experimental data
confirmed the molecular model predictions. Indeed, we pre-
viously reported the importance of Phe120 for CCK affinity
and activity after its mutation to Ala (Silvente-Poirot et al.,
1998). In the present study, further support for an interac-
tion of Trp6 with Phe120 was obtained by mutating Phe120
to Trp. The F120W mutant bound CCK with a 5-fold in-
creased affinity and potency compared with the WT-CCK2R
and displayed constitutive activity. This gain of affinity and
activity, in contrast with the significant decrease in affinity
and potency measured for the F120A, F120Y, F120L, F120H,
and F120M mutants, indicated that the mutation of Phe120
to Trp favored a better interaction with Trp6 and was con-
sistent with an interaction between Phe120 and Trp6. In
accordance with the experimentation, the exchange of
Phe120 to Trp in the CCK2R-CCK molecular model strength-
ened the interaction between the indole groups of Trp6 and
Trp120 by reducing their distance to approximately 1 Å.

The involvement of His381(H7.39) and Tyr385(H7.43) in
CCK binding and activity were shown by changing these
residues to Ala. Their mutation resulted in a significant
decrease in CCK affinity and potency (80-fold) as well as
efficacy (50%). The similar decrease in CCK affinity mea-
sured for these two mutants is consistent with the molecular
model that predicted a stacking interaction between these
residues. The mutation of Ser137(S3.35) and Phe110(F2.60)
to Ala were shown to be important for the receptor activity
because their mutations only decreased their efficacies to
produce IP by 50% and 30% respectively. It must be noted
that the decrease in CCK efficacy for these different mutants
is in the same range as the decrease in efficacy measured for
the sulfated [Ala6]CCK-9s peptide toward the WT-CCK2R
(36%), consistent with an involvement of these residues in a
signaling cascade initiated by Trp6.

Because Trp6 is involved in a complex network of interac-
tions, it is difficult to assess the energetic contribution of a
single interaction. The simultaneous presence of multiple
interactions produces cooperativity between them, and to-
gether they can be much stronger than might be expected
from the sum of their individual strengths (Creighton, 1993).
The important decrease in CCK affinities measured when
Phe120, His381(H7.39), and Tyr385(7.43) are mutated to Ala
(440-, 83-, and 73-fold, respectively) is consistent with the
complex network of interactions linking Trp6 with these res-
idues.

Identification and studies using constitutively active mu-
tants have helped the understanding of receptor activation
by showing that, in absence of agonist, receptors are kept

Fig. 5. Comparison of the interactions involved in the intracellular do-
mains of the receptor in the molecular model of the nonoccupied WT-
CCK2R (“inactive model”) (a), CCK-occupied WT-CCK2R (“active model”)
(b), and F120W mutant (“constitutively active F120W model”) (c). In the
“active model” (b) and “constitutively active F120W model” (c), the
changes result in 1) the exposure of Glu151(E3.49) of the highly con-
served E/DRY motif (TM3), 2) the disruption of the interaction between
Val174(V4.45) and Leu330 (ICL3) that results in the formation of an
amphiphatic pocket involving protonated Glu151(E3.49) and Leu330, and
3) the opening of the intracellular loops (ICL) 2 and 3 which results in the
release and exposure of Arg158 (ICL2).
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inactive by constraining intramolecular interactions. The
constitutively active mutations described so far were shown
to release such constraints leading to receptor activation
(Parnot et al., 2002; Cotecchia et al., 2003). In the present
study, experimental and modeling data provide original data
on the activation processes of the CCK2R initiated by Trp6.
Indeed, the mutation of Phe120 to Trp was shown to cause
constitutive PLC activation; however, our data indicate that
Phe120 is not involved in an intramolecular bond that main-
tains the receptor in an inactive state. First, its mutation to
different residues (Ala, Leu, Tyr, His, and Met) did not confer
constitutive activity to the CCK2R as would be expected
when a constraint is removed, suggesting that the constitu-
tive activity of the F120W mutant was specific to the Trp
residue introduced at position 120. Conversely, the mutation
of Phe110(F2.60) to Ala, which removed the interactions
between the aromatic rings of Phe120 and Phe110(F2.60) in
the molecular model, did not induce constitutive activation of
the receptor. Moreover, the construction of a molecular model
of the constitutively active F120W mutant highlights that
the introduction of a Trp at position 120 mimics the effects of
Trp6 of CCK on receptor activation because similar move-
ments of Phe110(F2.60), Tyr385(Y7.43), and His381(H7.39)
were observed in the “active model” after the interaction
of Trp6 of CCK with Phe120, His381(H7.39), and
Tyr385(Y7.43) and in the “constitutively active F120W
model” when Phe120 was exchanged by Trp.

Thus, in both the “active” and the “constitutively active
F120W” models, CCK binding induces a movement of TM2
and TM3 of 3.6 Å toward the cytosol, whereas a significant
translation of TM4 occurs away from TM3. These movements
of the transmembrane domains result in: 1) the exposure of
Glu151(E3.49) of the highly conserved E/DRY motif (TM3), 2)
the disruption of the interaction between Val174 (V4.45) and
Leu330 (ICL3) and the formation of an amphiphatic pocket
involving protonated Glu151(E3.49) and Leu330, and 3) the
opening of the intracellular loops 2 and 3, which results in
the exposure of Arg158.

Some differences were also observed between these mod-
els. In the “active” model, the side chain of Glu151(E3.49)
interacts with that of Gln327 via a hydrogen bond, whereas
in the “constitutively active F120W” model, it forms a hydro-
gen bond with the side chain of Arg152(R3.50) and not with
that of Gln327, which is too far away to be involved in such a
bond (distance 8.3 Å). These differences between these two
models could be due to the weaker movement of TM4 in the
“constitutively active F120W” model (3.3 Å) compared with
that measured in the “active model” (4.7 Å) that does not
enable Gln327 to interact with Glu151(E3.49). It is more
likely that in the “active model,” the interaction of the C-
terminal amidated Phe9 of CCK with Tyr189(Y4.60) located
in TM4 amplifies the translational movement of TM4 (Gales
et al., 2003a). Thus, a significant motion of TM4 seems to
contribute to the maximal activation of PLC by CCK, in
addition to other domains such as ECL2, TM6, and TM7,
which involved important residues for CCK binding and Gq

activation (Blaker et al., 1998; Silvente-Poirot et al., 1999;
Gales et al., 2000, 2003a). Cross-linking studies of rhodopsin
with a photoactivated chromophore have shown a flip-over of
the ionone ring of retinal from TM6 to TM4 during receptor
activation implying that movements of TM3 and TM4 accom-
pany receptor activation (Borhan et al., 2000).

Glu151(E3.49) appears as another key element in the
CCK2R activation. Its mutation to Ala confers constitutive
activity to the corresponding E151A mutant both in human
CCK2R (Gales et al., 2003b) and in the rat CCK2R (present
study). The charge neutralizing mutation of this Asp/Glu
residue has been reported to induce constitutive activation of
a number of G protein-coupled receptors (Cohen et al., 1993;
Scheer et al., 1997; Rasmussen et al., 1999; Alewijnse et al.,
2000; Ballesteros et al., 2001). Direct evidence for protona-
tion of this residue in rhodopsin by the uptake of a proton
during photoactivation has been reported (Arnis et al., 1994).
In the crystal structure of the inactive state of rhodopsin,
Glu134(E3.49) is connected to the next Arg135(R3.50),
whereas Arg135(R3.50) interacts with Glu247(E6.30) and
Thr251(T6.34) located in TM6. Similar interactions have
been demonstrated in the �2-adrenergic receptor (Balles-
teros et al., 2001). However, Glu247(E6–30) is not conserved
among all the rhodopsin-like receptors, indicating that other
interactions might serve the same function in receptors lack-
ing this residue. In the WT-CCK2R, Glu247(E6.30) is not
conserved, and no acidic residue is present at the end of TM6
to establish an interaction with Arg135(R3.50). Only the
C-terminal part of the third intracellular loop is connected to
TM4 via the interaction of Leu330 with Val174(V4.45). It is
noteworthy that the mutation of this Leu to Glu in the
human and rat CCK2R induced constitutive activation (Bein-
born et al., 1998; present study). Consistent with a role of
Leu330 in the activation of the CCK2R, the “active” and
“constitutively active F120W” models reveal that Leu330 is
involved in the disruption of the bond linking Arg158 and
Gln327 by participating in the formation of the amphiphatic
pocket involving Glu151(E3.49). In agreement with a role for
Arg158 in the CCK2R activation, its mutation to Ala de-
creased maximal IP response by 30% without affecting CCK
binding and potency. This decrease in efficacy is in the same
range as that measured when Trp6 was exchanged to Ala in
CCK, suggesting that Arg158 participates in the activation
cascade initiated by Trp6 of CCK.

In conclusion, the present study enabled us to complete the
mapping of CCK binding site and to explore receptor confor-
mational changes initiated by the ligand and during consti-
tutive activation. Understanding these different processes
will help in the design of inverse agonists to inhibit the
constitutive activation of the CCK2R. It is noteworthy that
constitutive activation of the CCK2R may have a pathologi-
cal relevance because a variant that displays constitutive cell
proliferation and PLC activation has been isolated in differ-
ent human cancers (Hellmich et al., 2000; Ding et al., 2002;
Harris et al., 2004), and we have reported that the constitu-
tively active E151A mutant is highly tumorigenic when ex-
pressed in NIH-3T3 cells (Gales et al., 2003b).
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