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ABSTRACT: The conformational features of a conjugate of the C-terminus of human gastrin (HG[11-
17]), the shortest gastrin sequence retaining biological function, withâ-cyclodextrin ([Nle15]-HG[11-
17]-âCD) were determined by NMR spectroscopy in an aqueous solution of dodecylphosphocholine
(DPC) micelles. The peptide-âCD conjugate displays a binding affinity and activation profile comparable
to those of HG[11-17] at the cholecysokinin 2 (CCK2) receptor, the G protein-coupled receptor responsible
for the gastrointestinal function of gastrin. The structure of the peptide consisted of a well-definedâ-turn
between Gly13 and Asp16 of gastrin. The structural preferences of [Nle15]-HG[11-17]-âCD in DPC
micelles and the 5-doxylstearate-induced relaxation of the1H NMR resonances support a membrane-
associated receptor recognition mechanism. Addition of [Nle15]-HG[11-17]-âCD to the third extracellular
loop domain of the CCK2 receptor, CCK2-R(352-379), generated a number of intermolecular nuclear
Overhauser enhancements (NOEs) and chemical shift perturbations. NOE-restrained MD simulations of
the [Nle15]-HG[11-17]-âCD-CCK2-R complex produced a topological orientation in which the
C-terminus was located in a shallow hydrophobic pocket near the confluence of TM2 and -3. Despite the
steric bulk and physicochemical properties ofâCD, the [Nle15]-HG[11-17]-âCD-CCK2-R complex is
similar to the CCK-8-CCK2-R complex determined previously, providing insight into the mode of ligand
binding and the role of electrostatic interactions.

The cholecystokinin 2 (CCK2)1 guanine nucleotide-binding
regulatory protein-coupled receptor (GPCR) is activated by
cholecystokinin and gastrin, two endogenous peptides sharing
an identical carboxyamidated C-terminal pentapeptide (Gly-
Trp-Met-Asp-Phe-NH2). Gastrin (HG) and cholecystokinin
(CCK) are derived from distinct preprohormones and exist
in multiple molecular forms (e.g., HG-34, HG-17, HG-7,
CCK-33, CCK-8, and CCK-4); however, only the carboxy-
amidated C-terminal tetrapeptide is necessary for exerting
the full biological effect (1, 2). The CCK2-R is expressed
throughout the central nervous system (CNS), where it is
involved in anxiety, satiety, analgesia, and memory (2, 3).

The receptor is also found in the gastrointestinal (GI) tract,
where it regulates the proliferation of cells in the gastric
mucosa, the contraction of smooth muscle cells in the stom-
ach, and the secretion of gastric acid and pepsinogen (2, 3).
As such, the CCK2-R has provided a potential therapeutic
target for modulating neuronal and GI homeostasis (4).

The rational design of agonists and antagonists for the
CCK2-R, as for the vast majority of GPCRs, has been
hindered by the lack of high-resolution structural data for
the receptor and the ligand-receptor complexes. Therefore,
structural studies have focused on delineating the confor-
mational features of ligands in solvent systems that mimic
the physicochemical environment of the ligand-binding
pocket (5). Circular dichroism (CD) and NMR studies of
cholecystokinin and gastrin in organic solvent/water mixtures
were indicative of partially ordered structures composed of
R helix, â form, and random coil (6-11). Structural studies
of cholecystokinin in a membrane mimetic solvent system
composed of dodecylphosphocholine (DPC) micelles re-
vealed the preference for a pseudohelix in the C-terminal
heptapeptide (12, 13). Combined with the intermolecular
contacts deduced by site-directed mutagenesis and photoaf-
finity cross-linking, the structural features of cholecystokinin
and gastrin analogues have been used to define the ligand-
binding pockets in molecular models of the ligand-receptor
complexes (14-18).

Additional information concerning the ligand binding
mechanism in the gastrin-CCK2-R complex has been pro-
vided by N-terminal lipophilic and hydrophilic derivatives
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of gastrin (17, 19). Dimyristoylated (DM) [Nle15]-HG-17 and
â-cyclodextrin conjugates of tetra- and heptagastrin exhibited
a 4-7-fold reduction in receptor binding affinity in com-
parison to the unmodified peptides (17, 19). The high affinity
of DM-[Nle15]-HG-17 is consistent with a membrane-
associated pathway, whereby the ligand initially partitions
into the cell membrane and then interacts with the receptor
through a lateral diffusion process (7, 20-23). However, the
affinities of theâ-cyclodextrin (âCD) conjugates suggest an
alternative mechanism in which receptor recognition occurs
by a more direct pathway via statistical collision in the
aqueous phase (19). The interpretation of the binding results
was further complicated by the inability to identify structural
preferences for DM-[Nle15]-HG-17 in either dimyristoylphos-
phatidylcholine (DMPC) vesicles or water (7).

Recently, X-ray crystallography and NMR spectroscopy
have been used to determine the structure of receptor
fragments corresponding to complete or partial domains of
GPCRs, as well as the structure of the ligand-receptor
domain complexes (24-27). The receptor domain approach
has been used to deduce intermolecular contacts between
CCK-8 and receptor domains derived from the human
N-terminal (NT) domain of CCK1-R(1-47) and the third
extracellular loop domains of CCK1-R(329-357) and CCK2-R-
(352-379) (12, 28, 29). The technique has since been
extended to elucidate intermolecular contacts between syn-
thetic agonists and CCK1-R(329-357) (30). Incorporation
of the experimentally determined structures and NOE-derived
ligand-receptor contacts into molecular models of the full
receptor produced binding orientations consistent with mu-
tagenesis and photoinduced cross-linking studies (13, 28, 29).

In this study, the conformational features of the [Nle15]-
HG[11-17]-âCD conjugate were determined by NMR
spectroscopy in a biphasic solvent system composed of an
aqueous solution of DPC micelles. Addition of the ligands
to the third extracellular loop of CCK2-R(352-379) produced
a number of intermolecular NOEs and ligand-induced chem-
ical shift perturbations. The intermolecular NOEs were used
to manually dock the [Nle15]-HG[11-17]-âCD conjugate
to an NOE-restrained molecular model of the CCK2-R.
The binding orientations and intermolecular interactions in
the [Nle15]-HG[11-17]-âCD-CCK2-R complex are com-
pared to those in the NOE-restrained molecular models of
the CCK-8-CCK2-R and CCK-8-CCK1-R complexes.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. A peptide corresponding to the putative
EC3 domain and several residues from the adjoining sixth
and seventh transmembrane (TM) domains of the human
CCK2-R, acetyl-A353NTWRAFDGPGAHRALSGAPISFIH-
LLS379-NH2, was synthesized using Fmoc chemistry (Protein
Chemistry Facility, Tufts University, Boston, MA). The
peptide was purified by semipreparative reverse-phase high-
performance liquid chromatography, and the structural in-
tegrity was verified by mass spectrometry and NMR. The
synthesis of theâCD conjugate of [Nle15]-HG[11-17],
AYGW(Nle)DF-NH2, has been described previously (19).
The preparation of CCK-8, DYMGWMDF-NH2, has been
described previously in detail (28).

NMR Methods. Peptide solutions (1 mM) were prepared
in 50 mM phosphate buffer (90% H2O/10% D2O, Cambridge

Isotopes) and 150 mM DPC-d38 (98.6%, Cambridge Iso-
topes). The pH of the solution was 5.2 without correcting
for the deuterium isotope effect. Phase sensitive (31) TOCSY
(32, 33) and NOESY (34, 35) spectra were collected using
Bruker Avance 400 and 600 MHz NMR spectrometers
(298-308 K, f2 ) 2048,f1 ) 640, 4-48 scans, SW) 7500
Hz) with mixing times of 50 and 150-300 ms, respec-
tively. The WATERGATE pulse sequence was used for
solvent suppression (36). The spectra were processed using
NMRPipe (37). The NOE cross-peak volumes were inte-
grated using Sparky (38) and converted to distances using
the isolated two-spin approximation. The geminal cross-peak
volumes of Asp16 and Phe17 were used as an internal ref-
erence (1.75 Å).2 The upper distance restraints of nonste-
reospecifically assigned protons were corrected using stan-
dard procedures (39).

Studies of Radical-Induced Relaxation. The relative ori-
entation of amino acid residues along the water-micelle
interface was probed by monitoring radical-induced relax-
ation of the1H resonances (40). An aliquot of 5-doxylstearic
acid dissolved in methanol was added, providing ap-
proximately one radical for each micelle of DPC.

Structure Calculations. The conformational space of the
[Nle15]-HG[11-17]-âCD conjugate was searched using dis-
tance geometry (DG) with random metrization (41). The
experimentally derived distances, holonomic distances, and
chiral volumes were used as restraints, generating an en-
semble of 93 structures. A single structure, representative
of the æ and ψ dihedral angle distributions of the entire
ensemble and with small residual distance and chiral volume
penalty functions, was selected for further refinement by
NOE-restrained MD simulations (200 ps at 300 K). The
peptide was placed in the center of a water/decane solvent
box (x ) y ) z ) 60 Å), with the side chains of Asp16 and
Tyr12 and theâCD moiety projected into the aqueous phase.
The side chain of Asp16 was treated as a charged species.
The integration time step was 1 fs, and the neighbor list was
updated every 10 fs. Lennard-Jones and Coulomb potentials
were truncated with a polynomial switch function between
1.0 and 1.2 nm. Initial velocities were assigned randomly
from a Maxwellian distribution and scaled to reflect the initial
temperature of the system. The temperature was coupled with
a time constant of 20 fs to an external bath using the method
of Berendsen. A force constant of 2000 kJ mol-1 nm-2 was
applied to the distance restraints throughout the entire
simulation.

Models of the [Nle15]-HG[11-17]-âCD-CCK2-R(352-
379) Complex.The previously reported structure of CCK2-R-
(352-379) (29) was template forced to the corresponding
TM6 and -7 residues in the crystal structure of bovine rho-
dopsin (42). The template forcing resulted in a slight decrease
in the minimum distance between TM domains (from 11(
3 to 7.3 ( 0.8 Å), as compared to that of the average
NMR structure. [Nle15]-HG[11-17]-âCD was docked to
CCK2-R(352-379) using the intermolecular NOEs as re-
straints. The backbone atoms in the putative TM domains
were restrained to initial positions using a force constant of
200 kJ mol-1 nm-2. The average backbone dihedral angles

2 To simplify the description of the interaction in the ligand-receptor
complex, the amino acids of the ligand will be denoted using the three-
letter code and those of the receptor using the one-letter code.
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of [Nle15]-HG[11-17]-âCD were restrained with a force
constant of 500 kJ mol-1 rad-1 to the average values obtained
during the NOE-restrained MD simulation of the ligand
alone. The simulation was allowed to proceed for 200 ps at
300 K using the same conditions described above.

Models of the [Nle15]-HG[11-17]-âCD-CCK2-R Com-
plex. As described previously, the molecular model of the
CCK2-R was constructed by template forcing the backbone
atoms in the putative TM domains of the CCK2-R to those
in the crystal structure of bovine rhodopsin (29). Extensive
NOE-restrained MD simulations of the CCK-8-CCK2-R
complex, including two cycles of simulated annealing (50
ps at 1200-300 K), were used to generate a model of the
ligand-binding pocket and to remove interhelical steric
conflicts. After a stable structure for the CCK-8-CCK2-R
complex had been achieved (500 ps at 300 K), CCK-8 was
replaced with [Nle15]-HG[11-17]-âCD. The ligand was
manually docked using the intermolecular NOEs and binding
orientations deduced from NOE-restrained MD simulations
of the [Nle15]-HG[11-17]-âCD-CCK2-R complex. NOE-
restrained MD simulations of the [Nle15]-HG[11-17]-
âCD-CCK2-R complex were conducted for 200 ps at 300
K using the same conditions described above.

RESULTS

Structure of [Nle15]-HG[11-17]-âCD. The NOESY
spectra of [Nle15]-HG[11-17]-âCD provided 89 unique and
unambiguous NOEs (Figure 1). Of these, 21 were classified
as sequential interresidue and 9 as nonsequential interresidue.
Many of the structurally informative NOEs are summarized
in Figure 2.

The NOE-derived distance restraints were used to generate
an ensemble of 93 DG structures with distance violations of

less than 0.3 Å and a backbone rmsd of 1.9 Å. The mean
dihedral angles of Trp14 (φi+1 ) -44° ( 4° andψi+1 ) -44°
( 6°) and Nle15 (φi+1 ) -99° ( 9° andψi+1 ) 48° ( 5°)
were consistent with a type Iâ turn between Gly13 and Asp16

(φi+1 ) -60°, ψi+1 ) -30°, φi+2 ) -90°, andψi+2 ) 0°).
The mean distances between the CR and CR(i,i+3), O and
N(i,i+3), and O and HN(i,i+3) atoms were 6.1( 1.0, 3.6
( 1.0, and 3.3( 1.0 Å, respectively. More than 70% of the
generated DG structures satisfied the distance criteria for a
hydrogen bond between the carbonyl oxygen of Gly13 and
the amide hydrogen of Asp16. The dihedral angles and
aforementioned distances provide strong evidence of a type
I â turn in the structure of [Nle15]-HG[11-17]-âCD.

The relative orientation of [Nle15]-HG[11-17]-âCD, with
respect to the water-micelle interface, was determined by
monitoring radical-induced relaxation of the backbone and
side chain1H NMR signals. The cross-peak intensities of
the amino acid residues were reduced 25-82%, while that
of the first glucose monomer (Glc-1) was reduced 13%
(Figure 3). The relaxation data support a topological orienta-
tion in which the peptide is partially embedded in the
hydrophobic phase of the micelle, with theâ-cyclodextrin
moiety closely associated with the water-micelle interface.
Partial association of theâCD moiety with the water-micelle
interface would not be unexpected, since the hydroxyl groups
of âCD can form multiple stabilizing interactions with the
zwitterionic headgroup of DPC.

FIGURE 1: Expanded view of the amide-aliphatic region in the
two-dimensional NOESY spectrum of [Nle15]-HG[11-17]-âCD
(mixing time of 150 ms, 308 K).

FIGURE 2: Summary of the structurally informative NOEs for
[Nle15]-HG[11-17]-âCD observed from a NOESY spectrum
collected at 308 K. The NOEs were classified as strong, medium,
and weak according to the intensity of the integrated cross-peak
volumes.

FIGURE 3: Radical-induced relaxation data of the1H resonances
of [Nle15]-HG[11-17]-âCD following the addition of 0.5 mM
5-doxylstearate. The bars indicate the percent reduction in cross-
peak intensity.
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The DG algorithm generated structures using a simplified
force field composed of the distance, chiral volume, and van
der Waals restraints without accounting for Coulombic and
Lennard-Jones interactions, so a representative DG structure
of [Nle15]-HG[11-17]-âCD was selected for further refine-
ment by NOE-restrained MD in a membrane mimetic simu-
lation cell composed of an immiscible layer of water and
decane. The gastrin-âCD conjugate was positioned along
the water-decane interface in accordance with the radical-
induced relaxation data. The side chains of Ala11, Trp14,
Nle15, and Phe17 were placed in the decane phase, while the
remaining residues and theâCD moiety were projected into
the aqueous phase. During the simulation, the hydrophobic
side chains of the Trp14, Nle15, and Phe17 residues became
increasingly embedded in the decane phase (Figure 4). The
Gly13 and Asp16 residues and the corresponding O-HN-
(i,i+3) hydrogen bond were located along the water-decane
interface, while the N-terminal residues and theâCD moiety
resided in the aqueous phase. The mean backbone dihedral
angles of [Nle15]-HG[11-17]-âCD extracted from the last
100 ps of the MD trajectory are provided in Table 1.
Throughout the entire simulation, the backbone dihedral
angles for Trp14 and Nle15 were consistent with a type Iâ
turn.

Molecular Complex of [Nle15]-HG[11-17]-âCD with
CCK2-R(352-379). Addition of [Nle15]-HG[11-17]-âCD
to CCK2-R(352-379) produced a number of intermolec-
ular NOEs and concentration-dependent chemical shift
perturbations (Figure 5). Intermolecular NOEs were lo-
calized in the third extracellular loop region of the re-
ceptor domain between the amide of Ala11 and HR of
S368, and between HR of Tyr12 and Asp16 and Ηε of
R365. The most significant concentration-dependent chem-
ical shift perturbations were observed for the amide reso-

nances in the loop leading to the EC3 helix (G360 and
G362), the EC3 helix (A363 and R365), and the TM7 (F374
and H376) regions of the receptor domain. Upon addition
of the receptor domain, the intramolecular NOEs observed
for the ligand remain the same, indicating no significant
conformational change upon association with the receptor
domain.

The NMR analysis of the ligand-receptor complex is
certainly hindered by overlap of the1H signals (both are
natural abundance, synthetic products), and therefore, many
intermolecular interactions may not be resolved and assigned.
To identify additional intermolecular interactions that may
contribute to the stability of the [Nle15]-HG[11-17]-âCD-
CCK2-R(352-379) complex, extensive NOE-restrained
MD simulations, employing the unambiguously assigned
NOEs, were carried out. The ligand was placed in the
aqueous phase of the simulation cell in a variety of dif-
ferent starting orientations and 10 Å from the NOE-de-
rived intermolecular contacts identified in the [Nle15]-HG-
[11-17]-âCD-CCK2-R(352-379) complex. During the
MD simulations, theâ turn of the ligand was oriented
nearly perpendicular to the C-terminal end of the EC3 above
TM7, with the C-terminal Phe17 directed toward the puta-
tive TM bundle (Figure 6). The side chains of Trp14,
Nle15, and Phe17 were embedded in the decane phase in the
vicinity of the hydrophobic strand leading from the central
helix to TM7. The side chains of Tyr12 and Asp16 and the
N-terminal â-cyclodextrin moiety were exposed to the
aqueous phase of the simulation cell, while the side chain
of Ala11 was associated with the water-decane interface.
The side chain of Nle15 was located in a hydrophobic cusp
formed by P371 and F374. Other notable van der Waals
interactions (<3.6 Å) were identified between Ala11 and

FIGURE 4: Structure of [Nle15]-HG[11-17]-âCD following 300
ps of an NOE-restrained MD simulation in a water/decane solvent
box (300 K). The solvents have been removed for clarity. The line
indicates the boundary between the phases.

Table 1: Mean ((Standard Deviation)φ andψ Dihedral Angles of
[Nle15]-HG[11-17]-âCD Averaged over the Last 100 ps of an
NOE-Restrained MD Simulation in a Water/Decane Simulation Cell
(300 K)

φ (deg) ψ (deg) φ (deg) ψ (deg)

Ala11 64 ( 16 47( 34 Nle15 -77 ( 8 20( 11
Tyr12 -134( 6 75( 11 Asp16 -114( 16 -18 ( 16
Gly13 -105( 13 -80 ( 11 Phe17 177( 11 107( 28
Trp14 -46 ( 8 -48 ( 8

FIGURE 5: Amide 1H chemical shift perturbations of the third
extracellular loop of CCK2, CCK2-R(352-379), upon titration of
[Nle15]-HG[11-17]-âCD. The black bars are for a 1:1 CCK2-R-
(352-379):[Nle15]-HG[11-17]-âCD ratio. For comparison, the
chemical shift perturbations of the receptor domain upon addition
of CCK-8 (using a ligand:receptor ratio of 0.6:1) are shown as gray
bars.
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G369, between Tyr12 and R365, A366, L367, and G369, and
between Trp14 and G369 and P371. An electrostatic interac-
tion was present between the carboxylate of Asp16 and the
guanidine of R365.

[Nle15]-HG[11-17]-âCD-CCK2-R Complex. The topo-
logical orientation of [Nle15]-HG[11-17]-âCD in the mo-
lecular model of the ligand-receptor complex and the major
binding interactions (e3.6 Å) are depicted in Figure 7 and
summarized in Table 2. Intermolecular interactions were
identified in the upper third of TM1-3 and -7 and the EC1,
EC2, and NT domains. The N- and C-termini of [Nle15]-
HG[11-17]-âCD were located between TM1 and -7 and
between TM2 and -3, respectively. As with CCK-8, the
majority of the intermolecular interactions involved residues
in the C-terminal tetrapeptide of [Nle15]-HG[11-17]-âCD
(29). The side chain of Phe17 was located in a well-defined
hydrophobic pocket defined by residues in TM1 (L54, I58,
and Y61), TM2 (I126 and V130), EC1 (I121 and F122), and
EC2 (V206). The carboxamide formed stabilizing interactions
with polar residues in EC2 (R201 and H207) and TM7
(H376). Electrostatic interactions were observed between the
side chains of Asp16 and R201 and R365. The side chains
of Nle15 and Trp14 formed van der Waals interactions with
TM1 (E53, R57, and L60) and TM7 (P371, I372, and S373).
The amino-terminal residues and theâCD moiety were
solvent-exposed and did not form appreciable interactions
with the receptor.

DISCUSSION

The conformational preferences of [Nle15]-HG[11-17]-
âCD in DPC micelles contrast with the absence of structural
order in aqueous solution (19), suggesting the turn structure
is stabilized upon association with DPC micelles. The
association of [Nle15]-HG[11-17]-âCD with DPC micelles
is further supported by radical-induced relaxation of the1H
NMR resonances. Perturbations in the phase transition
temperature (Tc) of DMPC vesicles have been detected by
differential scanning calorimetry upon addition ofâ-alanine-
pentagastrin, CCK-9, DM-CCK-9, and DM-HG-17 (7, 20,
43-45). However, HG-17 had a negligible effect on theTc,
and results of CD studies of the aforementioned ligands in
the presence of DMPC vesicles, as in aqueous solution, do
not support ordered conformations (7, 10). These apparently
conflicting results may be attributed to differences in the lipid
packing within DMPC vesicles and DPC micelles. The higher
degree of order in the lipid packing of DMPC vesicles has
been attributed to the expulsion of CCK-9 upon vesicle
fusion, and has been proposed as a mechanism for neu-
rotransmitter release in the synaptic junction (7).

FIGURE 6: Complex of [Nle15]-HG[11-17]-âCD with CCK2-R-
(352-379) resulting from the NOE-restrained MD simulations. The
ribbons of the ligand and receptor domain are colored dark green
and gray, respectively. The ribbons of those residues forming
intermolecular NOEs are colored light green.

FIGURE 7: Extracellular face of the [Nle15]-HG[11-17]-âCD-
CCK2-R complex following 200 ps of NOE-restrained MD simula-
tion (300 K) in a water/decane/water membrane mimetic simulation
cell. The backbone atoms of the ligand and receptor are displayed
as blue and black ribbons, respectively. The heavy atoms of the
ligand are displayed as sticks, and the heavy atoms of R201, H207,
and R365 in the receptor are displayed in CPK.

Table 2: Summary of Intermolecular Interactions in the
[Nle15]-HG[11-17]-âCD-CCK2-R Molecular Complex

residue TM1/NT TM2,3/EC1 TM4,5/EC2 TM6,7/EC3

NH2 I121 R201, V206,
H207

H376

Phe17 L54, R57,
I58, Y61

N115, I121 R201, V206 I372

Asp16 R201 R365, A370, P371
I372

Nle15 R57, L60 G369, A370, P371
I372, S373

Trp14 E53, R57 P371
Gly13 P371
Tyr12 S368, G369, A370

P371, I372
Ala11 L367, S368, G369

A370
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The ordered conformations of [Nle15]-HG[11-17]-âCD
and HG-17 in DPC micelles and the relatively high binding
affinity of DM-[Nle15]-HG-17 provide evidence of a mem-
brane-associated receptor recognition mechanism in the
gastrin-CCK2-R complex. Since the receptor initially rec-
ognizes the membrane-associated conformation of the ligand,
the structural preferences observed in a membrane mimetic
solvent system should resemble those of the bioactive
conformation (5). A comparison of the structural features
of an analogue of pituitary adenylate cyclase activating
peptide in DPC micelles and while bound to its GPCR
revealed only minor differences in conformation, providing
further evidence of the membrane-bound pathway and the
use of DPC as a membrane mimetic (46).

The conformational features in the C-terminus of [Nle15]-
HG[11-17]-âCD were similar to those previously reported
for CCK-8 and CCK-15 in the same solvent system.
Superposition of the backbone atoms of the C-terminal
hexapeptide taken from the average coordinates of [Nle15]-
HG[11-17]-âCD and CCK-8 during the last 100 ps of
NOE-restrained MD simulations produced an rmsd of 1.8
Å (12, 13). The extremely hydrophilic and bulky N-terminal
moiety of [Nle15]-HG[11-17]-âCD did not appear to
influence the structure of the peptide. The observation of a
â turn in analogues of gastrin and CCK suggests a C-terminal
turn structure is a necessary prerequisite for high-affinity
binding of the ligand to the CCK1-R and CCK2-R (12, 13,
28, 29).

The NOE-derived contacts in the [Nle15]-HG[11-17]-
âCD-CCK2-R(352-379) complex resulted in a ligand
binding mode that was also capable of simultaneously
satisfying the NOE-derived contacts in the CCK-8-CCK2-
R(352-379) complex (29). The similarity in the chemical
shift perturbation profiles and the proximity of the intermo-
lecular NOEs suggest the two ligands bind to CCK2-R(352-
379) in a similar manner. Given the large, bulkyâCD moiety,
this observation clearly indicates the N-terminus of the ligand
is removed from the tight steric constraints of the receptor
as we had surmised previously with CCK-8 (29).

The proposed ligand binding mode for [Nle15]-HG[11-
17]-âCD in the NOE-restrained model of the [Nle15]-HG-
[11-17]-âCD-CCK2-R complex places the C-terminus in
the upper third of the TM bundle in the proximity of TM2
and -3. The ligand binding mode is stabilized by Coulombic
interactions between Asp16 and R201 and R365. The
topological orientation and binding interactions in the NOE-
restrained molecular model of the [Nle15]-HG[11-17]-
âCD-CCK2-R complex were nearly identical to those in
the CCK-8-CCK2-R complex (29). A number of key
residues in the ligand-binding pocket of the [Nle15]-HG[11-
17]-âCD-CCK2-R complex were previously identified by
receptor chimera and site-directed mutagenesis. Replacement
of restriction endonuclease-defined segments in the CCK2-R
with the corresponding residues in the CCK1-R revealed a
segment of six amino acids (Q204CVHRW209) in the EC2
domain of the CCK2-R that could account for the selective
loss of HG-17 binding affinity (47). Subsequent site-directed
mutagenesis studies with the CCK-8-CCK2-R complex
implicated the C-terminal Asp32 residue of CCK-8 and H207
in high-affinity ligand binding (16). In the NOE-restrained
molecular models of the [Nle15]-HG[11-17]-âCD and
CCK-8-CCK2-R complexes, stabilizing interactions were

observed between R201 and H207, suggesting the reduced
affinity for the H207 mutant may be attributed to indirect
effects rather than direct interactions between the C-terminal
Asp and H207. However, the proximity of R201 and H207
in the NOE-restrained molecular model of the CCK2-R
complex does not rule out a direct interaction between Asp16

and H207. The proposed ligand binding mode is further
supported by a single-point mutation in the extracellular
portion of TM7, H376L, which resulted in a 17-fold
reduction in the binding affinity of HG-17 (48). Intermo-
lecular interactions between H376 and the carboxamide of
[Nle15]-HG[11-17]-âCD were observed in the NOE-
restrained molecular model of the ligand-receptor complex,
confirming the importance of this residue.

The NOE-restrained molecular models of the [Nle15]-HG-
[11-17]-âCD and CCK-8-CCK2-R complexes produced
a distinct ligand binding mode, as compared to the NOE-
retrained molecular model of the CCK-8-CCK1-R complex
(Figure 8) (28, 29). The putative peptide ligand-binding site
in the CCK2-R is composed of a shallow hydrophobic pocket
near the confluence of TM2 and -3, while the CCK1-R is
composed of a much deeper hydrophobic pocket near the

FIGURE 8: Comparison of the CCK-8 binding modes in molecular
models of the CCK1-R (top) and CCK2-R (bottom) complexes
following 700 ps of NOE-restrained MD simulation (300 K) in a
water/decane/water solvent box, as viewed from the extracellular
face of the receptor. The backbone of the receptors and the heavy
atoms of CCK-8 are displayed as a ribbon and in CPK colors,
respectively.
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confluence of TM3-5. The proposed differences in the
location and extent of TM bundle penetration are supported
by the subtype selectivity of cholecystokinin and gastrin
analogues. High-affinity ligand binding in the CCK1-R
requires the carboxyamidated C-terminal heptapeptide of
CCK sulfated at Tyr27, whereas for the CCK2-R, only the
carboxyamidated C-terminal tetrapeptide is necessary. The
high binding affinity of [Nle15]-HG[14-17]-âCD, the
tetrapeptide analogue of [Nle15]-HG[11-17]-âCD, provides
further evidence of a shallow ligand-binding pocket in the
CCK2-R (19). The postulated turn structure in tetragastrin
and the steric bulk associated with theâ-cyclodextrin moiety
would prevent significant TM bundle penetration, without
resulting in a significant alteration in the conformations of
the extracellular domains and a concomitant reduction in
ligand binding affinity.

In summary, the structural order of [Nle15]-HG[11-17]-
âCD in the presence of a membrane mimetic solvent system
and the radical-induced relaxation of the1H NMR resonances
support a membrane-associated receptor recognition mech-
anism. The ligand binding mode and intermolecular interac-
tions deduced in the NOE-restrained MD molecular models
of the [Nle15]-HG[11-17]-âCD and CCK-8-CCK2-R
complexes are in good agreement and provide new insight
into the role of electrostatic interactions in the ligand-binding
pocket.
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