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Background: Type 1 CCK receptor function is affected by a high cholesterol environment.
Results: The CCK1R Y140A mutant has ligand binding and activation characteristics similar to wild type CCK1R in high
cholesterol.
Conclusion: This mutant mimics CCK1R structure in high cholesterol.
Significance: This mutant represents a powerful and unique tool for identification of ligands to correct the abnormal confor-
mation of CCK1R in high cholesterol.

Cholecystokinin (CCK) stimulates the type 1 CCK receptor
(CCK1R) to elicit satiety after a meal. Agonists with this activity,
although potentially useful for treatment of obesity, can also have
side effects and toxicities of concern, making the development of
an intrinsically inactive positive allosteric modulator quite attrac-
tive. Positive allosteric modulators also have the potential to cor-
rect the defective receptor-G protein coupling observed in the high
membrane cholesterol environment described in metabolic syn-
drome. Current model systems to study CCK1R in such an environ-
ment are unstable and expensive to maintain. We now report that
the Y140A mutation within a cholesterol-binding motif and the
conserved, class A G protein-coupled receptor-specific (E/D)RY
signature sequence results in ligand binding and activity character-
istics similar to wild type CCK1R in a high cholesterol environ-
ment. This is true for natural CCK, as well as ligands with distinct
chemistries and activity profiles. Additionally, the Y140A con-
struct also behaved like CCK1R in high cholesterol in regard to its
internalization, sensitivity to a nonhydrolyzable GTP analog, and
anisotropy of a bound fluorescent CCK analog. Chimeric CCK1R/
CCK2R constructs that systematically changed the residues in the
allosteric ligand-binding pocket were studied in the presence of
Y140A. This established increased importance of unique residues
within TM3 and reduced the importance of TM2 for binding in the
presence of this mutation, with the agonist trigger likely pulled
away from its Leu356 target on TM7. The distinct conformation of
this intramembranous pocket within Y140A CCK1R provides an
opportunity to normalize this by using a small molecule allosteric
ligand, thereby providing safe and effective correction of the cou-
pling defect in metabolic syndrome.

Cholecystokinin (CCK)2 is a gastrointestinal peptide hor-
mone that plays an important role in nutritional homeostasis,

stimulating gallbladder contraction and pancreatic exocrine secre-
tion and affecting gastrointestinal motility and transit, as well as
inducing postcibal satiety (1–4). The ability of CCK to stimulate
satiety has been responsible for efforts to target this receptor as a
potential treatment for obesity. Indeed, agonists of the type 1 CCK
receptor (CCK1R) have been developed (5–8) and studied in clin-
ical trials for obesity (8, 9). Although these agents did stimulate
weight loss, this was not quantitatively greater than acute dieting
alone. Additionally, there has been at least the theoretical concern
about a long-acting CCK1R agonist having trophic effects on pan-
creatic cells, with possible impact to stimulate the development
and/or growth of pancreatic cancer (10, 11).

A possible strategy to circumvent these concerns is the devel-
opment of a nonbiologically active allosteric enhancer of the
CCK1R. Such a drug could exhibit satiety effects only during
the brief postcibal period when natural CCK is released into the
circulation, because this hormone has a particularly brief half-
life. Action at that time could limit the size of the meal, a strat-
egy that could reinforce the motivation to maintain a normal or
healthy weight in individuals.

Another set of observations is particularly relevant to this
type of drug development. This receptor has been shown to be
uniquely sensitive to the membrane cholesterol composition
(12, 13), with the closely structurally related type 2 CCK recep-
tor (CCK2R) not sensitive to membrane cholesterol (14). This
effect has been demonstrated not only in model cell systems
(15) but also in the natural cellular environment in animal mod-
els, such as the prairie dog fed a high cholesterol diet (16), and
even in patients with cholesterol gallstones (17–19). Mechanis-
tic studies have localized the cause of the reduced coupling
efficiency between CCK1R and its heterotrimeric G protein
(Gq) to increased cholesterol composition of the membrane
(20, 21). Consistent with this, patients with pigment gallstones
who are known to have normal rather than increased mem-
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brane cholesterol, such as is present in patients with cholesterol
gallstones (22), have normal CCK1R function (19, 23).

We previously reported direct in vitro evidence showing that
CCK1R function is sensitive to the membrane cholesterol con-
tent, which is reflected in its ligand binding characteristics and
in its biological activity (12). CCK binding affinity and CCK-
stimulated biological responses are reduced upon cholesterol
depletion, although cholesterol augmentation also reduces CCK-
stimulated biological responses, but in the setting of actually
enhancing CCK binding affinity. The increased binding affinity for
CCK in the setting of increased membrane cholesterol, however, is
nonproductive and results in a reduction in biological responsive-
ness. In contrast, the closely structurally related CCK2R is not sen-
sitive to alterations in membrane cholesterol (14).

We localized the key structural determinant within the
CCK1R for cholesterol sensitivity to residues encoded by its third
exon (14), including most of transmembrane segments (TM) three
and four, which contains both the “cholesterol recognition/inter-
action amino acid consensus” (CRAC) (24) and the “cholesterol
consensus motif” (CCM) (25) sequence motifs. Key residues
include Tyr140 (Y3.51, based on the nomenclature of Ballesteros
and Weinstein (26)). There is also an additional CRAC motif in
TM5 that includes Tyr237 (Y5.66). CCK binding and signaling are
negatively affected by mutation of each of these residues to ala-
nines. It is notable that, in contrast with the mutation of the other
two residues, the Y140A mutation results in elimination of the
sensitivity of the CCK1R to cholesterol (14).

Tyr140 (Y3.51) is also part of the highly conserved (E/D)RY
class A GPCR signature sequence. It is well established that the
charged residues in this sequence, the acidic glutamic or aspar-
tic acid and the basic arginine, form a charge-charge interaction
key for the ionic lock to maintain these receptors in their inac-
tive state (27, 28). The role of the tyrosine residue in this
sequence motif is much less clear. It is less well conserved than
the other residues, often replaced with a cysteine, histidine, or
valine. Mutation of this residue has often had no, or minimal,
functional impact (29 –33).

In this study, we have focused on the Y140A mutant of the
CCK1R, now establishing a stable mutant receptor-bearing cell
line and expanding its functional characterization. These data
support the use of this cell line as a mimic of the wild type
CCK1R in the presence of elevated membrane cholesterol. As
such, this provides a valuable new tool to use in the screening for
positive allosteric modulators of this receptor that might correct
the conformational change in the receptor induced by the high
cholesterol membrane environment. Such a surrogate may offer
substantial advantages in future high throughput screening strat-
egies, because it addresses challenges of existing model systems
incorporating physical enhancement in membrane cholesterol or
cell lines with mutations in lipid synthetic machinery for mimick-
ing CCK1R conformations in a high cholesterol environment, hav-
ing a stable phenotype, and growing well in culture.

EXPERIMENTAL PROCEDURES

Materials—Ham’s F-12 medium and Amplex Red reagent
were from Invitrogen. Fetal clone 2 culture medium supple-
ment was from Hyclone Laboratories (Logan, UT). Lipopro-
tein-deficient serum was obtained from Intracel (Frederick,

MD). Bovine serum albumin (BSA) was from Equitech Bio, Inc.
(Kerrville, TX). Quest Fluo-8-AMTM was from AAT Bioquest
Inc. (Sunnyvale, CA). LDL was obtained from Sigma. All other
reagents were analytical grade.

Synthetic CCK octapeptide (CCK(26 –33), also known as
CCK-8) was purchased from Peninsula Laboratories (Belmont,
CA). The CCK-like radioactive tracer, 125I-D-Tyr-Gly-
[(Nle28,31)CCK-(26 –33)], was prepared by oxidative radioiodi-
nation of the parental peptide using IODO-BEADs (Pierce)
with purification to homogeneity on reversed-phase HPLC, as
described previously (34). The 1,5-benzodiazepine agonist
ligand (GI181771X) was provided by Dr. Brad Henke at Glaxo-
SmithKline Research Laboratories (Research Triangle Park,
NC); and BDZ-1 ligand was provided by Drs. P. S. Portoghese
and E. Akgun from the University of Minnesota. A71623 was
purchased from Santa Cruz Biotechnology.

Receptor-bearing Cells and Cell Culture—Chinese hamster
ovary (CHO) cell lines engineered to stably express the wild
type human type 1 CCK receptor (CHO-CCK1R) or type 2 CCK
receptor (CHO-CCK2R) were utilized in this work. These cell
lines have been characterized previously and have been dem-
onstrated to express fully functional receptors that are capable
of binding CCK and signaling normally, as well as undergoing
agonist-induced internalization (14, 15, 35). CHO cells stably
expressing the human CCK1R Y140A mutant (Fig. 1) and the
analogous human CCK2R Y153A mutant were similarly engi-
neered using previously described cDNA constructs (14). Chi-
meric CCK1R/CCK2R constructs involving residues lining the
intramembranous inter-helical pocket (36) were also engi-
neered to express the Y140A mutation (Fig. 1). Cell lines
expressing each of these receptor constructs were established
by transfecting CHO cells using Lipofectamine LTX (Invitro-
gen) with PlusTM reagent according to the manufacturer’s
directions. Receptor-expressing clones were enriched using
G418 or hygromycin selection and were selected based on 125I-
CCK binding after limiting dilution. CHO cell lines were grown
at 37 °C in a humidified environment containing 5% CO2 in
tissue culture plasticware containing Ham’s F-12 medium sup-
plemented with 5% fetal clone 2. Cells were passaged approxi-
mately two times/week for maintenance in culture.

Modification of Membrane Cholesterol Levels—Cholesterol
levels in the receptor-bearing CHO cell lines were increased
either using methyl-�-cyclodextrin (M�CD)-cholesterol or by
growing cells in Ham’s F-12 medium containing LDL. For the
first method, M�CD-cholesterol complex stock solution was
prepared as described previously (37). In brief, 12 mg of choles-
terol was dissolved in 80 �l of isopropyl alcohol/chloroform
(2:1) solution. This was added dropwise to a solution containing
200 mg of M�CD in 2.2 ml of Krebs-Ringer/HEPES (KRH)
medium (25 mM HEPES, pH 7.4, 104 mM NaCl, 5 mM KCl, 2 mM

CaCl2, 1 mM KH2PO4, 1.2 mM MgSO4) heated to 60 – 80 °C with
constant stirring. The receptor-bearing CHO cells were incu-
bated with 5 mM M�CD-cholesterol in KRH medium for 35– 40
min at 37 °C. In the second method, the cells were grown for
24 h in Ham’s F-12 medium containing 5% lipoprotein-defi-
cient serum with 10 �M mevastatin, followed by an additional
24-h period in which the cells were grown in Ham’s F-12
medium containing 150 �g/ml LDL (12, 14, 15).
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Plasma membrane cholesterol was directly determined using
a morphological assay with filipin staining (12) and a quantita-
tive biochemical assay using Amplex Red reagent (38) on lipid
extracts (39). Both methods of enhancing plasma membrane
cholesterol were optimized to yield levels that mimicked those
found in patients with metabolic syndrome (12, 14, 15, 23). This

represented an increase of 27 � 2% above that in parental CHO
cells.

Membrane Preparation—Receptor-enriched membrane
fractions were prepared from receptor-bearing CHO cell lines,
as described previously (40). Cells were harvested mechanically
using a cell scraper and suspended in ice-cold phosphate-buff-

FIGURE 1. Topological representation and predicted helical wheel organization of residues within the TM segments of the human CCK1R. Shown is an
illustration of the topology of CCK1R with amino acids predicted to form the TM segments depicted in circles containing 1-letter amino acid identifiers (A). The
putative TM region is shaded, and tail and loop regions are represented by lines. Residues in black circles represent the most conserved residues within the class
A GPCRs, which are denoted by TM.50 according to the Ballesteros and Weinstein numbering system (26). Residues that were mutated to the corresponding
residues in CCK2R to prepare receptor chimeras are shown in gray circles within the respective TM segments. The TM segments are also shown as helical wheels
with the predicted locations of the modified residues in the inter-helical pocket (B).
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ered saline, pH 7.4. Cells were homogenized by mixing the sus-
pension with 0.3 M sucrose containing 0.01% trypsin inhibitor
and 1 mM phenylmethylsulfonyl fluoride and sonicating for 10 s
on ice with a Branson Sonifier 250. The sucrose concentration
of the homogenate was then adjusted to 1.3 M and placed at the
bottom of a centrifuge tube and overlaid with 0.3 M sucrose.
Tubes were centrifuged at 225,000 � g for 1 h at 4 °C. The
receptor-enriched fraction was collected at the sucrose inter-
face, diluted with ice-cold water, and pelleted at 225,000 � g for
30 min at 4 °C. The membrane pellet was resuspended in KRH
buffer and stored at �80 °C prior to use.

Radioligand Binding—CCK receptor binding experiments
were performed as described previously (12, 14, 36). Two dif-
ferent types of CCK receptor radioligands were utilized,
representing a CCK peptide-like ligand, 125I-D-Tyr-Gly-
[(Nle28,31)CCK-(26 –33)] (34), and an allosteric benzodiazepine
radioligand 125I-BDZ-1 with selectivity for the CCK1R (41).
Binding was performed with membranes or intact receptor-
bearing cells in 24-well dishes at a confluence of �80%. The
membrane suspension (7–10 �g/tube) or cells were incubated
with 5 pM radioligand in the absence or presence of unlabeled
competing ligand in KRH medium containing 0.2% bovine
serum albumen (BSA) and 0.01% soybean trypsin inhibitor at
room temperature for 60 min with gentle shaking. In certain
experiments, 1 �M GppNHp was added to the reaction. Non-
saturable binding was defined as radioactivity bound in the
presence of 1 �M concentration of the analogous unlabeled
ligand. At the end of the incubation, the reaction was termi-
nated by washing the cells twice with ice-cold KRH medium,
lysing the cells with 0.5 M NaOH, and quantifying bound radio-
activity in the lysate using a gamma counter. For the membrane
binding assay, the receptor-bound fraction was separated from
free radioligand by centrifugation or using vacuum filtration
using GF/B filter mats (Unifilter-96-well, PerkinElmer Life Sci-
ences) in a Filtermate Harvester. The plates were washed six
times using ice-cold buffer (0.9% NaCl, 0.2% BSA) and air-
dried, prior to addition of 30 �l of scintillant. Bound radioac-
tivity was quantified using a Top Count NXT instrument (Pack-
ard Instrument Co.). Data were analyzed using the LIGAND
program of Munson and Rodbard (42) and were graphed using
the nonlinear least squares curve-fitting routine in GraphPad
Prism 5.0 (San Diego).

Biological Activity—Increases in intracellular calcium con-
centrations in response to various agonist ligands were mea-
sured to assess the biological activity of the CCK receptor-bear-
ing CHO cell lines, as described previously (15, 43). Cells were
seeded in a 96-well black-walled clear bottom plate at a density
of 15,000 –20,000 cells/well in Ham’s F-12 medium and cul-
tured for 24 h at 37 °C in a humidified environment containing
5% CO2. Before the assay, the cells were washed once and
loaded with 1.37 �M Fluo-8AM in KRH medium containing 1.2
mM MgCl2, 0.2% BSA, and 2.5 mM probenecid for 1 h at 37 °C in
a humidified chamber containing 5% CO2. Following this, cells
were washed once with medium, and biological activity was
measured by stimulating the cells with various concentrations
of the agonists at 37 °C and monitoring fluorescence over 3 min
using a Flexstation 3.0 (Molecular Devices, Sunnyvale, CA)
equipped with Softmax Pro 5.4 software. Emission was moni-

tored at 520 nm after excitation at 485 nm. Data were graphed
using the nonlinear least squares curve-fitting routine in
GraphPad Prism 5.0.

Fluorescence Spectroscopy and Anisotropy Measurements—
Fluorescence measurements in cells were performed using a
Fluoromax-3 spectrophotometer. Unlabeled cells were used to
correct for background fluorescence and light scattering.
Receptor-bearing CHO cell lines were dislodged from the cul-
ture plates using nonenzymatic cell dissociation medium, pel-
leted by low speed centrifugation, and incubated with 100 nM

Alexa488-Gly-[(Nle28,31)CCK-(26 –33)] (Alexa488-CCK) in
KRH medium containing 0.2% BSA for 90 min at 4 °C. This
fluorescent ligand was fully characterized and validated previ-
ously (44). The cell suspension was then centrifuged and
washed repeatedly with ice-cold KRH medium containing 0.2%
BSA to remove excess unbound ligand and resuspended in
KRH medium without BSA. Nonsaturable binding of the
Alexa488-CCK was determined in each experiment using sat-
urating concentrations of unconjugated CCK peptide. Fluores-
cence spectra for Alexa488-CCK were collected for the labeled
cells by collecting emission at wavelengths ranging from 505 to
600 nm upon excitation at 485 nm, using a 4-nm bandwidth
filter.

Fluorescence anisotropy was measured and calculated as
described previously (12). Measurements were taken at 4 and
20 °C using an L-format-based single channel Fluoromax-3
spectrophotometer equipped with a thermostatically adjusted
cuvette holder and automatic polarizer. The degrees of align-
ment of the excitation and emission polarizing filters were set
to 55 and 0°, respectively. The excitation wavelength was set at
485 nm, and the emission wavelength was fixed at 520 nm. Data
were collected with five sets of acquisitions after a delay of 10 s,
each using constant wavelength profile with 10-s integration
times.

Receptor Internalization—CCK-stimulated agonist-occu-
pied receptor internalization was studied morphologically
using the fluorescent Alexa488-CCK ligand, as described pre-
viously (12). Receptor-bearing CHO cells were seeded on glass
coverslips and cultured for 48 h in Ham’s F-12 medium at 37 °C
in a humidified environment containing 5% CO2. Coverslips
containing cells were first pre-cooled on ice for 10 min and
rinsed three times with ice-cold PBS, pH 7.4 (1.5 mM NaH2PO4,
8 mM Na2HPO4, 145 mM NaCl, 0.1 mM MgCl2, and 0.08 mM

CaCl2). Cells were then labeled by incubating with 100 nM

Alexa488-CCK for 90 min at 4 °C, followed by washing with
ice-cold PBS to eliminate unbound ligand. Coverslips were then
warmed to 37 °C for various times and fixed with 2% parafor-
maldehyde. Morphological examination of the cells was then
done using an inverted epifluorescence microscope (Axiovert
200 M, Carl Zeiss, Thornwood, NY) with a fixed YFP filter set
with excitation at 500/20 nm, dichroic mirror at Q515 long
pass, and emission at 535/30 nm (Chroma Technology, Brattle-
boro, VT). Images were collected using an ORCA-12ER charge-
coupled device camera (Hamamatsu, Bridgewater, NJ) with
QED-InVivo 2.03 image acquisition software (Media Cybernet-
ics, Silver Spring, MD). Background-subtracted images were
assembled using Adobe Photoshop 7.0 (Adobe Systems, Moun-
tain View, CA).
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Data Analysis—Possible differences in the binding and bio-
logical activity parameters of the constructs were determined
using one-way analysis of variance and the Tukey/Dunn’s post
test or unpaired t test. Differences between the conditions were
considered to be significant at p � 0.05 (Prism 5, GraphPad, San
Diego). Fractional occupancy of receptors at the EC50 value for
a particular agonist was calculated using the following formula:
[ligand]/[ligand] � Kd. This can then be used to calculate num-
ber of occupied receptors by multiplication of fractional occu-
pancy � Bmax.

RESULTS

CCK Binding and Signaling—Fig. 2 illustrates CCK radioli-
gand binding and biological activity at wild type CCK1R and
CCK2R and at the Y140A mutant of CCK1R and the analogous
Y153A mutant of CCK2R. Also shown are the effects of aug-
mentation of the membrane cholesterol in these cells. As we
demonstrated previously in transient expression assays (12, 14),
the type 1 CCK receptor was quite sensitive to its cholesterol
environment, exhibiting higher affinity binding in the stable
receptor-bearing CHO-CCK1R cell line under these conditions

(3.6-fold increase in affinity in the presence of increased mem-
brane cholesterol, p � 0.05, Fig. 2 and Table 1). Of note, this did
not result in a parallel increase in natural agonist-stimulated
biological activity. Instead, intracellular calcium responses to
CCK in this construct were actually shifted to the right (10-fold
reduction in potency, p � 0.05, see Fig. 2 and Table 2). The
calculated number of wild type CCK1R receptors occupied to
elicit a half-maximal biological response (EC50) was 1,138 �
141, whereas the number of wild type receptors occupied to
elicit a similar increase in biological response was 15,709 �
4,819 when the membrane cholesterol was increased, repre-
senting an increase of 13.8-fold (p � 0.05). This is consistent
with reduced G protein coupling efficiency in this environment.
In contrast, there were no shifts in CCK binding affinity or
biological activity in the stably expressing CHO-CCK2R cell
line (p 	 0.05, Fig. 2 and Tables 1 and 2).

The site mutants of the analogous tyrosine residues at the
bottom of TM3 in these receptors (position 3.51 based on the
Ballesteros and Weinstein numbering system (26)), Y140A
mutant of CCK1R and Y153A mutant of CCK2R, behaved like
their parental receptors in the presence of high membrane cho-

FIGURE 2. CCK binding and signaling responses at wild type and mutant CCK receptors in the absence or presence of elevated membrane cholesterol.
Shown are CCK competition-binding (top panels, A and B) and dose-dependent calcium-response curves (bottom panels, C and D) for receptor-bearing CHO cell
lines for CCK1R WT and CCK1R Y140A in the presence of excess membrane cholesterol (A and C), as well as for the corresponding mutant CCK2R Y153A (B and
D). Inset shows representative images of filipin staining of cholesterol in control and cholesterol-modulated CHO-CCK1R cells, where an increase in staining is
observed on cells with augmented membrane cholesterol. Radioligand binding values reflect percentages of maximum saturable CCK radioligand binding in
the absence of competing CCK. Intracellular calcium responses are expressed as percentages of the maximal responses measured for each condition. The
curves represent mean � S.E. from four to nine independent experiments performed in duplicate.
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lesterol. The Y140A CCK1R construct exhibited higher CCK
binding affinity and lower CCK-stimulated biological activity
than wild type CCK1R (9.3-fold increase in binding affinity, p �
0.05, Fig. 2 and Table 1; 22-fold reduction in potency, p � 0.05,
Table 2), although these characteristics of the Y153A CCK2R
construct were not different from wild type CCK2R (p 	 0.05,
Fig. 2 and Tables 1 and 2). Of note, the cell line expressing the
Y140A CCK1R construct had fewer receptors on the cell sur-
face than the cell lines expressing wild type CCK receptors.
Because this could result in a right shift in biological response
curves, we also calculated the number of these receptors that
are needed to be occupied to yield a half-maximal biological
response. Indeed, the number of Y140A CCK1R receptors
occupied to elicit an EC50 response was 33,623 � 5,524, which
is not different from the wild type CCK1R receptors necessary
to elicit a similar response when present in a high cholesterol
environment. This is consistent with reduced G protein cou-
pling of this mutant receptor construct. The measured binding
affinities, biological potencies of CCK, and the receptor occu-
pancy at the EC50 at the wild type CCK1R in the presence of
excess cholesterol and at the CCK1R Y140A-bearing cells were
not different from each other (p 	 0.05).

Fluorescence Anisotropy of Receptor-bound Alexa488-CCK—
The fluorescence characteristics of a receptor-bound ligand
can provide insights into the microenvironment in which the
fluorophore resides when bound, thereby providing indirect
insights into the conformation of the receptor. We previously
reported that the anisotropy of Alexa488-CCK bound to the
CCK1R changed in the presence of increased membrane cho-
lesterol, increasing to reflect decreased rotational motion of the
fluorophore (12). This observation was repeated here (Fig. 3),
demonstrating a 1.2-fold increase in anisotropy at 4 °C (p �
0.05). The trend was similar at 20 °C, although it did not reach
statistical significance. The anisotropy of this fluorescent probe
when bound to the CCK1R Y140A construct was in the same
range as when bound to the wild type CCK1R in the presence of
high membrane cholesterol, also exhibiting a significantly
higher value than that observed for wild type CCK1R at 4 °C
(Fig. 3). Of note, this anisotropy value did not change when the
Y140A CCK1R construct was expressed in a high membrane
cholesterol environment.

Internalization of CCK in Receptor-bearing CHO Cells—We
previously demonstrated that agonist-stimulated internaliza-
tion of CCK1R is not affected by the presence of high mem-
brane cholesterol (12). Here, we studied Alexa488-CCK inter-
nalization in wild type CCK1R and CCK1R Y140A-bearing cell
lines. The CCK1R Y140A construct behaved like wild type
CCK1R, with the fluorescent agonist ligand probe internalizing
normally, with the same time course as that observed for the
wild type CCK1R (Fig. 4). Indeed, internalization of wild type
CCK1R was not affected by increasing membrane cholesterol.

Non-natural Ligand Binding and Activity at Wild Type and
Mutant CCK Receptors—Presumably, the changes in CCK
ligand binding and CCK-stimulated biological activity at the
CCK1R in the presence of increased membrane cholesterol
reflect the impact of this membrane environment on receptor
conformation. If the conformation of the Y140A CCK1R
mutant in a normal membrane environment mimics the abnor-
mal conformation of wild type CCK1R in a high cholesterol

TABLE 1
Binding affinities for CCK receptor ligands at the wild type CCK1R in
the absence and presence of increased membrane cholesterol and at
CCK1R Y140A mutant
Values represent means � S.E. from three to nine independent experiments per-
formed in duplicate. chol. means cholesterol.

Receptor Ligand Condition

Binding
affinity
Ki (nM)

Binding sites
(sites/cell � 105)

CCK1R CCK WT 12.1 � 1.1 5.6 � 1.8
WT � excess chol. 3.3 � 0.3a 2.9 � 0.9a

Y140A 1.3 � 0.2a 1.6 � 0.5a

Y140A � excess chol. 1.0 � 3.2a 0.4 � 0.1a

A71623 WT 32.1 � 5.4 8.3 � 1.1
WT � excess chol. 6.2 � 0.2a 3.3 � 0.8a

Y140A 5.5 � 1.1a 1.6 � 1.2a

CCK2R CCK WT 1.9 � 0.6 4.9 � 1.5
WT � excess chol. 1.3 � 0.1 3.2 � 0.3
Y153A 1.5 � 0.4 5.2 � 1.7

a p � 0.05 compared with the wild type receptor.

TABLE 2
Biological activity of CCK receptor agonists at the wild type CCK1R in
the absence or presence of increased membrane cholesterol and at
the CCK1R Y140A mutant
Values represent means � S.E. from three to nine independent experiments per-
formed in duplicate. chol. means cholesterol.

Receptor Ligand Condition

Calcium
responses
EC50 (nM)

CCK1R CCK WT 0.02 � 0.01
WT � excess chol. 0.20 � 0.07a

Y140A 0.37 � 0.07a

Y140A � excess chol. 0.44 � 0.11a

A71623 WT 0.19 � 0.06
WT � excess chol. 1.38 � 0.50a

Y140A 1.24 � 0.26a

Gl181771X WT 0.72 � 0.15
WT � excess chol. 11.2 � 2.3a

Y140A 6.3 � 1.44a

CCK2R CCK WT 0.30 � 0.04
WT � excess chol. 0.28 � 0.14
Y153A 0.44 � 0.07

a p � 0.05 compared with the wild type receptor.

FIGURE 3. Fluorescence anisotropy of Alexa488-CCK bound to the CCK1
receptor-bearing CHO cells. Shown are the values of fluorescence aniso-
tropy of receptor-bound Alexa488-CCK at two different temperatures, 20 °C
(left) and 4 °C (right). For each temperature, fluorescence anisotropy values
were measured for the CCK1R WT or CCK1R Y140A-bound Alexa488-CCK in
the absence or presence of excess cholesterol (chol.). Data represent means �
S.E. of data from four to eight independent experiments. *, p � 0.05, com-
pared with control.

Mutant CCK1R Mimicking Impact of High Cholesterol

JUNE 27, 2014 • VOLUME 289 • NUMBER 26 JOURNAL OF BIOLOGICAL CHEMISTRY 18319



environment, it might also be expected to bind and respond to
a variety of ligands having distinct structures in a manner sim-
ilar to the wild type receptor in a high cholesterol environment.

In this series of studies, we compared the binding and ago-
nist-stimulated biological activity of a series of CCK1R ligands.
The tetrapeptide agonist ligand, A71623 (45), exhibited
increased binding affinity for wild type CCK1R in the presence
of increased membrane cholesterol (5.1-fold increase in affin-
ity, p � 0.05, Fig. 5 and Table 1). Its binding to CCK1R Y140A
was similar to that in the high cholesterol environment (5.8-
fold higher than wild type CCK1R, p � 0.05, Fig. 5 and Table 1).
Also, as shown in Fig. 5, the high binding affinity was nonpro-
ductive, as measured by a significant decrease in its potency to
stimulate a biological response (7.2-fold reduction in potency at
the wild type CCK1R in the presence of increased membrane
cholesterol, p � 0.05, Fig. 5 and Table 2). The potency of
A71623 at the CCK1R Y140A mutant was similar to that at the
wild type CCK1R in the high cholesterol environment (6.5-fold
decrease in potency relative to the wild type CCK1R in a normal
environment, p � 0.05, Fig. 5 and Table 2). For this compound,
as for CCK, the calculated number of ligand-occupied receptors
necessary to elicit an EC50 response was similar to the Y140A
CCK1R construct and the wild type CCK1R in a high mem-
brane cholesterol environment (28,063 � 4,908 and 54,678 �
15,781, respectively, representing 5.6- and 10.9-fold higher
numbers of receptors (p � 0.05) than for wild type CCK1R in a
normal membrane cholesterol environment (5,007 � 1,548)).
For A71623, the binding affinities, biological potencies, and
fractional receptor occupation at EC50 at the wild type CCK1R
in the presence of excess cholesterol and at the CCK1R Y140A-
bearing cells were not different (p 	 0.05).

The molecular basis of CCK1R binding of benzodiazepine
ligands has been most extensively studied. These ligands bind
to an allosteric site within the intramembranous helical bundle
that is distinct from the orthosteric CCK peptide-binding site of
CCK1R (46 – 48). We used the benzodiazepine antagonist,
BDZ-1, which has been shown to bind within the intramembra-
nous allosteric pocket, with major determinants in transmem-
brane segments six and seven (36), as well as the benzodiaz-
epine agonist, GI181771X, which binds within the same pocket,

but with distinct determinants (43). Fig. 6 illustrates data from
competition binding studies using the BDZ-1 radioligand, 125I-
BDZ-1. BDZ-1 exhibited higher binding affinity to the wild type
CCK1R in the presence of elevated membrane cholesterol (Ki,
0.55 � 0.1 versus 2.1 � 0.4 nM, increased by 3.8-fold, p � 0.05,
Fig. 6A), and its binding affinity to the Y140A CCK1R mutant
was similar to that of wild type CCK1R in the presence of high
cholesterol (Ki, 0.3 � 0.1 nM). The affinity of BDZ-1 for the
CCK1R Y140A construct was observed to be significantly
higher than its binding affinity for wild type CCK1R (7-fold
increase, p � 0.05, Fig. 6A).

In competition-binding studies using the CCK-like radioli-
gand, the GI181771X competition curves were not statistically
different for the Y140A CCK1R mutant (Ki, 380 � 76 nM) and
the wild type CCK1R in the absence or presence of increased
membrane cholesterol (Ki, 1,100 � 340 versus 660 � 190 nM,
respectively, p 	 0.05, Fig. 6B). Also shown in this figure,
GI181771X stimulated intracellular calcium responses in a
concentration-dependent manner, with its potency reduced in
the presence of increased membrane cholesterol (15-fold
reduction, p � 0.05, Fig. 6C and Table 2). Its ability to stimulate
intracellular calcium in the Y140A CCK1R construct was sim-
ilar to that for the wild type CCK1R in the presence of increased
cholesterol, and it reflected a significant reduction relative to
wild type CCK1R in its natural environment (8.8-fold reduc-
tion, p � 0.05, Fig. 6C and Table 2). When compared with
CCK1R WT, the fraction of ligand-occupied receptors at the
EC50 was significantly higher for CCK1R Y140A (�25-fold) and
CCK1R WT in the presence of excess membrane cholesterol
(�25.5-fold). The measured binding affinities, biological
potencies of GI181771X, and fractional receptor occupation at
EC50 at the wild type CCK1R in the presence of excess choles-
terol and at the CCK1R Y140A-bearing cells were not different
(p 	 0.05).

Effect of the Nonhydrolyzable GTP Analog GppNHp—Recep-
tor binding in the presence of GppNHp is known to move this
receptor toward its G protein-uncoupled state, often resulting
in a lower binding affinity (49). Indeed, this effect was observed
for wild type CCK1R, where treatment with 1 �M GppNHp
resulted in a 2.8-fold reduction in the binding affinity of CCK
for this receptor when compared with control (Ki, 40.3 � 4.3
versus 14.2 � 1.7 nM, respectively, p � 0.05, Fig. 7). To deter-
mine the sensitivity of the wild type CCK1R in high membrane
cholesterol environment, we used cell membranes from
CCK1R-bearing SRD15 cells that have increased levels of cho-
lesterol in their plasma membrane (2.0-fold higher than con-
trol) (15). We previously reported the functional characteristics
of this cell line as similar to CCK1R behavior in a high mem-
brane cholesterol environment (15). We observed that the wild
type CCK1R in these membranes was no longer sensitive to 1
�M GppNHp when compared with control (Ki, 4.6 � 2.6 versus
2.7 � 0.9 nM, respectively, Fig. 7), indicating less efficient G
protein-coupling. Similar to this, the CCK1R Y140A mutant
also did not exhibit a shift to a lower binding affinity in the
presence of this concentration of GppNHp when compared
with the control (Ki, 1.2 � 0.2 versus 1.1 � 0.3 nM respectively,
Fig. 7).

FIGURE 4. Internalization kinetics of CCK1 receptors on CHO cell lines.
Shown are representative fluorescence images for internalization of
Alexa488-CCK bound to CCK1R WT on CHO cells under normal or excess cho-
lesterol conditions, as well as on the CCK1R Y140A CHO cells at various time
points. Cells internalized the ligand normally at each condition. Images are
representative of three independent experiments. Scale bar, 10 �m.
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Nature of the Allosteric Ligand Binding Pocket in Y140A
CCK1R—Similar to our previous approach to map the allosteric
small molecule ligand-binding site within the CCK1R using chi-
meric CCK1R/CCK2R constructs (36, 43), we introduced the

Y140A mutation into each of these constructs to test for significant
differences in this pocket that this mutation might introduce. Fig.
8A shows that the benzodiazepine radioligand, 125I-BDZ-1, exhib-
ited saturable binding to the wild type CCK1 receptor, with con-

FIGURE 5. A71623 binding and biological activity in cholesterol-modulated CCK1R WT CHO cells, as well as CCK1R Y140A cells. Shown are the heter-
ologous competition binding curves with increasing concentrations of A71623 competing for CCK-radioligand binding to the CCK1R WT CHO cells in the
absence or presence of excess cholesterol (chol.), as well as on the CCK1R Y140A CHO cells (left). Values reflect saturable binding as a percentage of that
occurring in the absence of competitor. Also shown are the concentration-dependent A71623-stimulated intracellular calcium responses on the same cells
(right). Intracellular calcium responses are expressed as percentages of the maximal responses measured for each condition. Values represent mean � S.E. from
three to six independent experiments performed in duplicate.

FIGURE 6. Binding and signaling behavior of benzodiazepine ligands in CCK1R-bearing CHO cells. Shown are the curves for the homologous competition
binding of the benzodiazepine antagonist, BDZ-1 (A), and competition binding for the CCK-like radioligand (B) and calcium responses (C) of the agonist,
GI181771X, on CCK1R WT bearing CHO cells in the absence or presence of excess cholesterol, as well as on the CCK1R Y140A-bearing CHO cells. Nonsaturable
binding of BDZ-1 was measured using a 1 �M concentration of the same unlabeled ligand, whereas in the case of GI181771X, 1 �M unlabeled CCK was used.
Values represent means � S.E. from three to five independent experiments performed in duplicate.
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centration-dependent competition by GI181771X. In contrast,
this radioligand did not bind saturably to CCK2R. Because of this
clear differential in binding, chimeric CCK1R/CCK2R constructs
in which all of the differences in the small molecule binding pocket
between these two receptors were exchanged were particularly
useful to define molecular determinants. The CCK1R Y140A con-
structs in which the distinct residues from CCK2R in TM2
(N2.61T), TM6 (I6.51V,F6.52Y), and TM7 (L7.39H) were intro-
duced, continued to bind this ligand saturably (Fig. 8A). Whereas
the affinities of the TM2 and TM6 chimeric constructs were not
different from that of the CCK1R Y140A parental construct, that
of the TM7 chimeric construct was actually higher. This estab-
lishes that these residues are not the determinants responsible for
the poor binding to CCK2R. In contrast, introducing the distinct
residues from CCK2R in TM3 (T3.28V,T3.29S) into CCK1R
Y140A eliminated saturable binding, indicating that this region in
CCK1R is clearly important for binding of GI181771X.

The biological activity studies with the CCK1R/CCK2R chi-
meric constructs were even more informative. Here, too, there
were clear functional differences between the two CCK recep-

tor subtypes, with GI181771X acting as a full agonist at CCK1R
and having no biological activity at CCK2R (43). When the
analogous CCK2R residues were used to replace the CCK1R
residues in each TM segment of the CCK1R Y140A construct,
significant calcium responses were still observed for the
replacements in TM6 and TM2, but there were no observed
calcium responses when these residues in TM7 or TM3 were
introduced (Fig. 8B). Because the TM3 chimeric construct did
not bind saturably, the absence in biological activity was
expected. However, the TM7 chimeric construct bound with
even higher affinity than CCK1R Y140A, establishing L7.39 as a
critical residue for biological activity. GI181771X was a more
potent stimulant of calcium responses in the TM2 chimeric
construct than in the CCK1R Y140A construct, establishing
that N2.61 is not an important residue for biological activity.

Comparing the data for these chimeric constructs in the pres-
ence of Y140A with those previously reported for the same con-
structs in the absence of this mutation (43), there were some key
differences (Table 3). For the binding determinants, there was a
major difference for the impact of the TM3 chimeric construct

FIGURE 7. Effect of GppNHp on receptor binding of 125I-CCK. Shown are homologous competition binding curves demonstrating the effect of 1 �M GppNHp
on CCK binding at the wild type receptor expressed on membranes from CHO cells with normal cholesterol (chol.) (left), on membranes from CCK1R-bearing
SRD15 cells with high membrane cholesterol (middle), and on membranes from the CCK1R Y140A mutant expressed on CHO cells (right). Saturable binding of
the 125I-CCK was determined by competing with 1 �M nonradioactive CCK. Data represent means � S.E. of values from three to four independent experiments
performed in duplicate.

FIGURE 8. Receptor binding and biological activity of chimeric CCK receptor constructs. Shown are competition binding curves demonstrating the
abilities of GI181771X to compete for binding of the CCK1 receptor-selective benzodiazepine radioligand, 125I-BDZ-1 (A), and curves representing the abilities
of GI181771X to stimulate intracellular calcium responses in wild type and chimeric Y140A CCK receptor-bearing cells (B). Saturable binding of the 125I-BDZ-1
was determined by competing with 1 �M nonradioactive benzodiazepine ligand. Calcium data are plotted relative to the maximal responses of each cell line
to CCK. Data represent means � S.E. of values from four to six independent experiments performed in duplicate.
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(T3.28V,T3.29S), with this actually increasing affinity for the
benzodiazepine at the wild type CCK1R, although it eliminated
binding at the CCK1R Y140A construct. We know that this
construct was expressed on the cell surface because the natural
peptide agonist, CCK, bound to this receptor in intact cells (Ki,
0.22 � 0.12 nM) and stimulated a full biological response (EC50,
0.74 � 0.16 nM). The other noteworthy change in binding
involved the TM7 chimeric construct in which there was no
effect on binding of the benzodiazepine to the wild
type CCK1R, although there was higher affinity binding for the
CCK1R Y140A mutant. Thus, T3.28 and T3.29 appear to be
more important for binding in the Y140A mutant than at the
wild type CCK1R receptor, and L7.39 appears to be less impor-
tant for binding in this mutant. Looking at the biological activ-
ity data, the major difference observed was for the TM2 chime-
ric construct in which potency for stimulating intracellular
calcium responses was reduced relative to the wild type CCK1R
in the absence of Y140A and increased in the presence of this
mutation. This suggests that N2.61 is less important for biolog-
ical activity in the presence of this mutation. In contrast, the
negative impact of the TM3 construct was much more signifi-
cant in the presence of Y140A, suggesting that T3.28 and T3.29
are more important determinants of activity in the presence of
this mutation.

DISCUSSION

A prominent feature of GPCRs is their shape-changing char-
acter (50). This is responsible for their ability to bind an extra-
cellular agonist ligand and change the conformation of their
intracellular face that couples with its G protein to initiate sig-
naling. It is also responsible for the possibility of allosteric mod-
ulation of these receptors to change other characteristics, such
as agonist specificity and signaling characteristics. Lateral allo-
steric regulation of the CCK1R, induced by a membrane envi-
ronment with elevated cholesterol content, is responsible for
the defective coupling of this receptor with its G protein (20,
21), resulting in a defective biological response observed in the
setting of cholesterol gallstone disease (19). This is also likely
present to reduce the effectiveness of the negative feedback
mechanism regulating postprandial satiety through CCK
action on vagal afferent nerves in obese subjects (3).

We are particularly interested in a strategy to utilize an allo-
steric drug to correct the abnormal conformation of the CCK1R
when it is in a high cholesterol membrane environment. If such
a drug has no endogenous agonist activity, it could simply cor-

rect the biological response to CCK released after a meal,
thereby stimulating satiety and reducing food intake. This
effect would be active only when CCK is in the circulation.
Because this hormone has a half-life of only a few minutes, the
duration of this effect would be limited, thereby reducing the
risk of excess activation of this receptor.

A strategy to identify such an allosteric modulator is chal-
lenging, due to the absence of stable, easily handled model sys-
tems to reflect the CCK receptor in a high cholesterol mem-
brane environment. Most studies have utilized animal models
or limited precious human biospecimens that are obviously
finite and not readily available (16, 18, 19). Cholesterol has been
increased in the membrane using acute cholesterol loading
strategies (12, 14), but this does not yield reproducible levels of
cholesterol enrichment and is not stable over time. Similarly,
cell lines have been engineered to include mutations in the lipid
metabolic machinery to yield elevated cholesterol, but these
require highly specialized and often expensive media and grow
quite slowly, as well as carrying the risk of reversion of pheno-
type (15, 51, 52).

For these reasons, we have been encouraged by the possibility
of developing a mutant CCK1R cell line that could act as a
surrogate, mimicking the structure and function of the CCK1R
in a high cholesterol environment. Such a cell line could be
readily propagated with a stable phenotype and could be used in
a high throughput screening strategy. We are hopeful that the
Y140A CCK1R-bearing cell line developed for this work could
be such a cell line. In this work, we demonstrate that this line
has the CCK binding and biological activity properties observed
for the wild type receptor in a high cholesterol environment. Of
interest, augmentation of cholesterol in the membrane of the
Y140A CCK1R-bearing cells did not further modify these func-
tions. Additionally, other ligands of the CCK1R behaved simi-
larly at the Y140A CCK1R-bearing cells as they did at the wild
type CCK1R in a high cholesterol environment. We also show
that the resultant decrease in the potencies of the agonists at
these two conditions is likely due to reduced coupling efficiency
of the receptor to its G protein, as indicated by an increased
fractional occupation of receptors at these two conditions that
is necessary to elicit an EC50 response, than at the wild type
receptor. Although this was a limited series of ligands, it
spanned distinct chemotypes and included both agonists and
antagonists. Behavior like the wild type receptor in a high cho-
lesterol membrane environment was further confirmed by the

TABLE 3
Binding and biological activity parameters of GI181771X in CCK1R mutants in CHO cells
Values represent means � S.E. from four to six independent experiments performed in duplicate. The following abbreviations are used: NDB, no detectable binding; NR,
no response.

Receptors Binding affinity Biological activity
WTa Ki (nM) Y140A Ki (nM) WTa EC50 (nM) Y140A EC50 (nM)

CCK1R WT 97 � 17 42 � 4 0.8 � 0.1 5.1 � 0.02b

CCK1R TM2 N2.61T 89 � 37 84 � 35 4.5 � 1.0 1.2 � 0.2b

CCK1R TM3 T3.28V,T3.29S 6 � 1 NDBb 2.5 � 1.3 NRb

CCK1R TM6 I6.51V,F6.52Y 74 � 8 39 � 8 19.6 � 5.5 28 � 8
CCK1R TM7 L7.39H 109 � 44 15 � 3b NR NR
CCK2R WT NDB NR NR

a Data for chimeric wild type CCK1R/CCK2R constructs previously reported (43) are shown for comparison with Y140A mutant data.
b p � 0.05 compared with WT receptor.
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fluorescence studies probing the microenvironment of CCK
bound to this receptor. Even the internalization behavior of this
mutant was similar to that of wild type CCK1R in a high cho-
lesterol environment. It is believed that increased membrane
cholesterol is responsible for the defective G protein coupling
of the CCK1R in cholesterol gallstone disease (19 –21). Consis-
tent with this, we now show that the CCK1R Y140A mutant also
exhibits defective G protein coupling, contributing to the
defective signaling observed with this mutant.

It was particularly interesting that the mutation that resulted
in this phenotype affected a residue in the (E/D)RY motif, which
is known to play a very important role for stabilizing the inac-
tive state of class A GPCRs (27, 28). However, it involved the
tyrosine residue in this motif that has been the least conserved
residue in the motif, which has been mutated in a variety of
receptors, with minimal or no functional impact (29 –33). Per-
haps the dual role of this tyrosine as also being a part of a cho-
lesterol-binding motif in CCK1R (14) makes it different from
other analogous residues in related class A GPCRs. When this
tyrosine is mutated to an alanine, it can no longer bind choles-
terol, but it seems to mimic the effect on receptor structure and
function of the cholesterol-bound tyrosine in that position.

The molecular basis for the binding of the natural orthosteric
agonist ligand of this receptor, the CCK peptide, has been care-
fully determined (53–55). We have direct spatial approxima-
tion data for five of the six residues within the hormone phar-
macophore, establishing the receptor residue adjacent to it
when docked at this receptor (49, 53, 55). These studies dem-
onstrate that the orthosteric site is at the external surface of the
receptor, utilizing molecular determinants within the receptor
amino-terminal tail and external loop regions. In contrast, ben-
zodiazepine ligands have had their intramembranous site of
action mapped using mutagenesis (36, 56) and even direct pho-
toaffinity labeling (47). This has been demonstrated using phar-
macological approaches to represent an allosteric site that is
distinct from that of docking the natural peptide agonist (36,
48).

The molecular determinants for this allosteric small mole-
cule ligand pocket within the CCK1R have been carefully
mapped using site-directed mutagenesis and chimeric CCK1R/
CCK2R approaches (36). This was recently extended to provide
insights into the differences between the active conformation
and inactive conformations of this pocket (43). With all these
insights, however, we still have little understanding of the con-
formational changes in this pocket that are influenced by a high
cholesterol membrane environment. This work provides the
first insights into what these changes might include. This was
achieved by studying the chimeric constructs involving each
TM segment lining this pocket that are distinct in CCK1R and
CCK2R. With the addition of Y140A into these chimeric
CCK1R/CCK2R constructs, differences were observed for both
binding and biological activity. Key observations included pro-
found reduction in benzodiazepine binding and biological
activity by changing the residues in TM3 (T3.28V,T3.29S) of
the Y140A mutant, although the binding affinity was actually
increased at the wild type CCK1R, with its biological activity
retained. Another important difference was the effect of the
TM2 change (N2.61T) that improved biological activity at the

CCK1R Y140A construct, while reducing it at the wild type
CCK1R. These observations suggest a more important role of
TM3 in binding and biological activity and a less important role
of TM2 for binding in the presence of the Y140A than in the
wild type receptor. With normal docking of the benzodiazepine
to the wild type CCK1R, the benzo ring points toward TM3 and
the N1 isopropyl group believed to represent the agonist trigger
points toward L7.39. Presumably, the conformational change in
this allosteric pocket may move the ligand toward TM3, mov-
ing the trigger further away from its target on TM7. Unfortu-
nately, these experimental observations are qualitative and not
adequate to provide specific constraints to build a meaningful
molecular model reflecting the changes implied by these data.
However, we can be certain that the cholesterol-enhanced
membrane exerts substantial lateral allosteric impact on the
CCK1R that results in a conformational change that affects
receptor-G protein coupling. Once there are adequate data for
ligands that preferentially recognize this conformation over
that of the wild type CCK1R, a ligand-directed approach to
modeling should provide insights into the details of this
conformation.
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