Journal of

Research Article Peptide

Received: 30 December 2009 Revised: 16 April 2010 Accepted: 16 April 2010 Published online in Wiley Interscience: 6 July 2010

(www.interscience.com) DOI 10.1002/psc.1250

Mapping interactions of gastric inhibitory
polypeptide with GIPR N-terminus using NMR

and molecular dynamics simulations
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Glucose-dependent insulinotropic polypeptide (gastric inhibitory polypeptide, or GIP), a 42-amino acid incretin hormone,
modulates insulin secretion in a glucose-concentration-dependent manner. Its insulinotropic action is highly dependent on
glucose concentration that surmounts the hypoglycemia side effects associated with current therapy. In order to develop a
GIP-based anti-diabetic therapy, it is essential to establish the 3D structure of the peptide and study its interaction with the
GIP receptor (GIPR) in detail. This will give an insight into the GIP-mediated insulin release process. In this article, we report
the solution structure of GIP(1-42, human)NH, deduced by NMR and the interaction of the peptide with the N-terminus of
GIPR using molecular modelling methods. The structure of GIP(1-42, human)NH; in H,O has been investigated using 2D-NMR
(DQF-COSY, TOCSY, NOESY, "H-'3C HSQC) experiments, and its conformation was built by constrained MD simulations with
the NMR data as constraints. The peptide in H,0 exhibits an «-helical structure between residues Ser8 and Asn39 with some
discontinuity at residues GIn29 to Asp35; the helix is bent at GIn29. This bent gives the peptide an ‘L’ shape that becomes more
pronounced upon binding to the receptor. The interaction of GIP with the N-terminus of GIPR was modelled by allowing GIP to
interact with the N-terminus of GIPR under a series of decreasing constraints in a molecular dynamics simulation, culminating
with energy minimization without application of any constraints on the system. The canonical ensemble obtained from the
simulation was subjected to a detailed energy analysis to identify the peptide-protein interaction patterns at the individual
residue level. These interaction energies shed some light on the binding of GIP with the GIPR N-terminus in a quantitative
manner. Copyright (¢) 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction that cleaves dipeptides when alanine or proline is present at
position 2 in the amino terminus [10]. GIP is metabolised to a
truncated metabolite GIP(3-42), which is a GIP receptor (GIPR)
antagonist in vivo. In order to circumvent this degradation, DPP-IV
inhibitors are being used as a therapy for T2DM; but the effects
of long-term interference on the metabolism of a plethora of
other peptide substrates for DPP-IV are yet unknown. Plausibly, a
more attractive approach than the use of nonspecific inhibition
of DPP-IV is to design and synthesise specific GIP analogues
with modifications at the cleavage site [11]. However, despite
the remarkable potential for GIP analogues in the treatment of
T2DM, their peptidic nature effectively rules out the option of
straightforward oral administration.

Therefore in order to develop a GIP-based T2DM therapy, that is,
say small molecules that mimic the actions of GIP, it is essential to
establish the 3D structure of the native GIP and study its interaction

Glucose-dependent insulinotropic  polypeptide (GIP, also
known as gastric inhibitory polypeptide) has attracted at-
tention as a potential therapy for type 2 diabetes
mellitus  (T2DM) because of its glucose-dependent in-
sulinotropic effect. GIP, a 42-amino acid residue pep-
tide (YAEGT°FISDY'°SIAMD'>KIHQQ?°DFVNW2> LLAQK3°GKKND??
WKHNI*OTQ) [1], is secreted by the enteroendocrine K-cells of the
intestine in response to food ingestion [2]. GIP stimulates insulin
secretion in a glucose-dependent manner through its interaction
with a class 2 G-protein-coupled receptor (GPCR). The binding
initiates signal transduction by activation of adenylate cyclase
and other signal transduction pathways, ultimately leading to in-
creased intracellular Ca?* concentration and enhanced exocytosis
of insulin-containing granules [3]. GIP is considered to be one of
the principal factors accounting for up to 80% of the insulinotropic
response to nutrient ingestion [4]. In addition to aiding glucose
absorption, there are speculations of its vital role in fat absorption
and metabolism [5-8].

Therapeutic use of native GIP in the treatment of T2DM is
precluded due to the short half-life of GIP (approximately 7 min in
healthy individuals and 5 min in patients with T2DM) [9]. This short a Department of Pharmaceutical Chemistry, Bombay College of Pharmacy,
half-life is a result of the presence of an alanine residue at position Kalina, Santacruz (), Mumbai 400 098, India
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with GIPR at the atomic level. These kind of interaction studies are
of great importance in understanding the function of the peptide
and will shed light on the important features of ligands (peptide
and/or non-peptide) necessary for tight binding to GIPR to invoke
the glucose-dependent insulinotropic response. We had previ-
ously deduced the solution structure of porcine GIP(1-30) NH,
(YAEGT®> FISDY'?SIAMD'>KIRQQ*DFVNWZLLAQK3?; GIP trun-
cated at residue number 30, His18 in human GIP is replaced
by Arg18 in porcine GIP), which is equipotent to the full-length
GIP, in H,0 and DMSO-dg using 2D-NMR and MD simulations [12].
There are other reports of the NMR structure of the truncated
(1-30) and the full-length (1-42) GIP in various solvents like H,O
and the mixture (TFE)-d3:H,0 [13,14]. All these studies indicate
the presence of some degree of «-helicity in the structure of
GIP. Recently the crystal structure [15] of GIP bound to the N-
terminus of GIPR has been published. While the study sheds light
on some aspects of peptide—protein binding, a glaring absence
is the electron densities of the terminal nine residues — Lys33 to
GIn42. Moreover the use of methyl S-cyclodextrin for crystalliza-
tion of the protein obscures finer details of the interaction with
the N-terminal portion of GIP. This study is an attempt to fill in the
missing gaps in the interaction of GIP (1-42) with the N-terminus
of GIPR, not as a static picture but as it evolves over time.

In order to map the interactions of GIP with the N-terminus
of GIPR that is not encumbered by any additives or crystal
packing forces, it is essential that the 3D structure of GIP is
established under conditions as close to the native environment
as possible. NMR and X-ray crystallography are the most widely
used methods for 3D structure determination of peptides and
proteins. Each of these methods has inherent advantages and
disadvantages. Application of NMR spectroscopy is limited to
small (<40 kDa), stable, soluble proteins that do not aggregate
at the high concentrations required for NMR studies. The higher
dimensional NMR experiments require doubly labelled '*Cand '°N
samples. Also NMR data interpretation and assignments takes a
huge amount of time. Although X-ray crystal structures are a good
source of 3D structures of macromolecules with bound substrates
or inhibitors revealing the binding site for the macromolecules,
the dynamics of the interactions are not evident. The NMR
experiments are carried out in solutions and conditions such
as temperature, pH and salt concentration can be adjusted so as
to closely mimic a physiological fluid. Furthermore, in addition
to structure determination, NMR is capable of investigating the
dynamic features of the molecular structures, as well as the
structural, thermodynamic and kinetic aspects of the interactions
between proteins/peptides and other solution components. In the
crystal, a static or a single frame structure is seen and only one
parameter set can be extracted. As a result the study of motions,
especially of domain movements, is not possible. Consequently
a crystal structure is inefficient in providing insights into the
dynamic interactions of the receptor-ligand (peptides or small
molecules) which takes place over a period of time. Also the
X-ray crystal structures can be erroneous at times due to improper
interpretations of the electron densities obtained at low resolution.
The small size of GIP (42 amino acids) makes NMR a good
choice for structure determination. Structural inputs obtained
from NMR experiments when used in conjunction with molecular
modelling strategies yield conformations that are consistent
with the experimental data at atomic level resolution. Molecular
dynamics simulation connects structure and function by providing
additional information to the NMR data and gives a deeper insight
into the various aspects of receptor-ligand interactions. The basic

idea in molecular dynamics simulation is to allow the system to
evolve in time so that the system will eventually pass through
all the possible states. This enables us to study the energetics
and dynamics of the interactions between the peptide and the
receptor as they evolve over the entire trajectory.

In this article, we present the 3D solution structure of GIP(1-42,
human)NH, in H,0, as determined by NMR spectroscopy and
molecular dynamics simulation and its interaction with the N-
terminal domain of GIPR over a molecular dynamics simulation
trajectory of 6ns. The interaction has been quantified in a
residue-wise manner to obtain a comprehensive analysis of the
thermodynamic events involved in the binding of GIP to the
N-terminus of the GIPR.

Methods

NMR Sample Preparation

GIP(1-42) NH, (human, hereafter referred to as hGIP) was pur-
chased from Bachem, UK. Isotopically enriched ?H,0 was pur-
chased from Sigma Chemical Co., USA. 2,2-Dimethyl-2-silapentan-
5-sulphonate (DSS) was from Stohler Isotope Chemicals, USA. For
NMR studies, the peptide was dissolved in 95:5 H,0 : D,O mixture
to obtain a concentration of ~2 mm. At this concentration, no
aggregation was observed for the peptide. DSS was used as an
internal reference standard.

NMR Experiments

The NMR experiments were carried out on Bruker Avance 800 MHz
FT-NMR spectrometer operating at a 'H resonance frequency of
800 MHz at 298 K. Data was processed using Topspin software
version 2.1.

Phase-sensitive total correlation spectroscopy (TOCSY) and
double quantum filtered correlation spectroscopy (DQF-COSY)
[16] experiments were carried out for the assignment of
spin systems of the amino acids. Nuclear Overhauser Effect
Spectroscopy (NOESY) [17] was used for connecting the spin
systems of the individual amino acid residues, i.e sequential
assignment. The TOCSY spectrum was acquired at 298 K with
a spinlock mixing time of 80 ms, using the MLEV-17 [18] sequence.
Six NOESY spectra were acquired with 64 scans at 298 K using the
phase-sensitive 2D-NOESY pulse sequence. The NOESY spectra
were recorded with mixing times of 50, 100, 150, 200, 250 and
300 ms to construct the NOE buildup curves. At the beginning of
each experiment, 16 dummy scans were collected to allow the
system to reach thermal equilibrium. The data were apodised with
a sine-bell window function and zero filled to a matrix of size 4K
x 2K data points prior to Fourier transformation. To determine
the temperature coefficients of the NH chemical shifts, TOCSY and
NOESY spectra were also recorded at temperatures of 298,308 and
318 K. Coupling constants (*Jyne) Were extracted from a double
quantum filtered COSY (DQF-COSY) spectrum that was acquired
with 96 scans and digitised with 4K data pointsin the t, dimension.
'H-"3C gradient heteronuclear single quantum correlation (HSQC)
experiments with sensitivity enhancement were recorded with
192 scans to obtain the 3C chemical shifts in both solvents.

For suppression of the water signal the powerful technique of
excitation sculpting [19] was used in all the experiments. Chemical
shifts in all the spectra were referenced internally to DSS.
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TH and '3C chemical shifts, the patterns of intra- and inter-residue
NOEs, the 3Jyhe coupling constants, temperature coefficients of
the amide resonances and the chemical shift index (CSI) of the
H, resonances were used to draw inferences about the secondary
structure of the peptide.

NOE intensities were determined from the NOESY spectra using
the integration routine in the Topspin programme. Interproton
distances were calculated from the cross-peak intensities using

the following equation:
1\ /6
rij = rkl (ﬁ) (M
li

where rj and ry are the distances, and /; and /i the NOE intensities
of proton pairs ij and kI, respectively. Interproton distances
calculated from the NOEs were classified, adjusted to preset values
(three ranges: 1.8-2.8 A, 1.8-3.6 A and 1.8-5.0 A) and corrected
for methyl, methylene and aromatic rings according to the rules
formulated by Wuthrich [20]. Pseudoatom corrections were also
introduced. The corrected interproton distances were used as
distance restraints in an MD simulation to generate the solution
structure.

Temperature coefficients of NH chemical shifts were measured
from the 2D-TOCSY spectra recorded in the temperature range
298-318K for the peptide. The 3Jyh. coupling constants were
converted to the ¢ values through the modified Karplus equation
[21]:

3JNHe = 6.51 cos?(p — 60) — 1.76 cos(p — 60) + 1.60  (2)

and introduced as dihedral restraints. The dihedral, distance and
chirality restraints were incorporated into a Simulated Annealing
(SA) protocol involving a slow heating at 600 K followed by cooling
at 300K in steps of 10K with a total dynamics run of 25 ps at
each stage, with the Discover module of Insightll [22]. The 300 K
trajectory was sampled every 1 ps to give a total of 25 structures.
The CFF91 forcefield [23] potentials and partial charges were used
for all atoms in the simulation. The 25 structures sampled from the
300 K MD trajectory were energy minimised by a combination of
steepest descents and conjugate gradients to yield an ensemble
of structures, from which the global minimum energy structure
was taken for further simulation. This latter simulation was carried
out using Desmond (v2.2) module in the Schrodinger Suite 2009
(DE Shaw Research group) [24]. The global minimum energy
structure was solvated with 12 576 solvent molecules (SPC model)
in a cubic solvent box of dimensions (73.2 A3). The system was
initially minimised using the standard NPT relaxation protocol to
reduce the steric clashes. In the first step, the solute was restrained
and the solvent was minimised. In the second step, the entire
system was minimised without any constraints to a gradient of
0.01 kcal/mole/A, which yielded the solution structure of hGIP.

Modelling the Interaction of hGIP with the N-terminus of GIPR

The interaction of hGIP with the N-terminus of GIPR was studied
using molecular dynamics simulation. The molecular dynamics
simulation studies were carried out using the Desmond (v2.2)
module in the Schrodinger Suite 2009 [24]. The coordinates of the
GIP-GIPR N-terminal complex were extracted from the protein
data bank (PDB code 2QKH). The starting structure for the MD

simulation was prepared with the Protein Preparation Wizard of
Maestro. The crystal waters were deleted and hydrogen atoms
were added to the heavy atom positions of the GIPR N-terminus.
The solution structure of hGIP was anchored to the crystal structure
of the N-terminal domain of GIPR by superimposition of the
backbone atoms of the «a-helical region of hGIP, i.e. residue Phe6
to residue Ala28, onto the crystal structure; after this the crystal
structure of GIP was deleted from the complex to give an initial
structure for the MD simulations. The L-type bent at residue GIn29
causes it to project away from the GIPR N-terminus and does
not experience any steric clashes with the GIPR N-terminus. The
complex of hGIP:N-terminal GIPR was solvated with 18396 SPC
waters (Single Point Charge model). Periodic boundary conditions
with an orthorhombic box were applied. The solvent in the system
was equilibrated with the peptide-protein assembly to reduce
the steric clashes using the standard protocol for the relaxation
of an NPT ensemble. This protocol involves initial minimization
of the solvent with the solute restrained followed by complete
minimization. The minimization was followed by a set of short
simulations of 12-24 ps in sequential NVT and NPT ensembles
using the Berendsen thermostat and barostat.

The relaxed system was then subjected to a prolonged
simulation in six stages. Each stage comprised of a force constraint
over the backbone of the peptide-protein complex that was
lower than the previous stage. In every stage, the temperature
was coupled to a 300-K bath using the Berendsen algorithm
[25]. The pressure was isotropically restrained to 1 bar with the
Berendsen barostat [25]. High-frequency vibrations were removed
by applying the SHAKE algorithm [26] to constrain all bonds to
their equilibrium values. Initial velocities were generated randomly
from a Maxwell distribution at 300K in accordance with the
masses assigned to the atoms. The trajectories were sampled at
intervals of 1.2 ps. To begin with, an 1-ns simulation was run with
the backbone of the hGIP:N-terminal GIPR complex harmonically
constrained with a force constant of 100 kcal/mol/A? but with the
side chains setfree.Inthe second stage, adecreasing force constant
of 50 kcal/mol/A? was applied over the backbone of the lowest
energy conformation of hGIP:N-terminal GIPR complex obtained
from the earlier stage. Gradually, decreasing force constants of
25, 10 and 1 kcal/mol/A? were applied in stages 3, 4, and 5,
respectively, in each MD simulation that was run for 1 ns. The
sixth and final stage was an MD simulation for 1 ns of the lowest
energy conformation of hGIP:N-terminal GIPR complex obtained
from the fifth stage without application of any constraints. The
canonical ensemble obtained from this stage was then analysed
by evaluating the interaction energy (van der Waals, Coulombic
and total energy) in a residue-wise manner between the peptide
and the protein with the Discover module of Insightll v2005L [22].

Results and Discussion
NMR Structure of hGIP

The 1D proton, TOSCY, DQF-COSY and NOESY experiments were
used for the identification of the spin systems of individual
amino acids. The technique of sequence-specific resonance
assignment developed by Withrich [27] was used for establishing
connectivities between the spin systems. Assignments of the
protons of all residues were followed by tracing out the backbone
connectivities using the NH;-aH; peaks in the TOCSY spectrum
and the NH;-aH;_; peaks in the NOESY spectrum. The fingerprint
region of the NOESY spectrum of hGIP in 95% H,O is given
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Figure 1. Fingerprint region of the NOESY spectrum (mixing time 7. = 100 ms) of hGIP in H,O. The backbone ‘walk’ is shown with some selected

connectivities.

in Figure 1. Chemical shifts of methyl resonances were used
to identify alanine, leucine and isoleucine residues. The serine
residues, Ser8 and Ser11, were identified by their distinctive SH
resonances. Non-unique residues were discriminated and other
unidentified spin systems identified by direct comparison of the
TOCSY and NOESY spectra. Alanine, serine, and threonine residues
were used as starting points for the identification of sequence-
specific resonance assignments. The connectivities of Tyrl to
Asp15 —except for Glu3 -Lys16 to GIn22 and GIn29 to Asn34
were clearly identified using the «;H/N;+; and BiH/N;;1H cross
peaks in the fingerprint region of the NOESY spectrum. Leu26 to
GIn29 connectivities were missing. These residues were assigned
using the resonances of Trp25 and Ala28. The different secondary
structure motifs show specific patterns of sequential, medium
range and long-range NOEs, thereby giving an insight into the 3D
structure of the molecule. The presence of d(o, N)jjt1, d(N, N)jjt2,
d(a, N)ijir3 and d(a, N);i14 connectivities in addition to small 3 JNHa
coupling constants support an «-helical character of hGIP in H,0.
The NOE patterns of hGIP in H,O are given in Figure 2.

The spatial folding of the peptide chains also manifests in
the proton and the carbon CSI as a dispersion of the shifts
relative to the random coil structure. Helical regions and stretches
containing turns are usually characterised by a continuous stretch
of negative deviations (‘—1') from the random coil values for the
aH chemical shift [28] and a positive deviation (1') in the case of
13Ca chemical shifts [29]. A B-strand shows exactly an opposite
picture. A continuous stretch of ‘—1' values for the CSI of «H
protons of residues Ser8-Asn39 except Val23 and GIn29 confirms
the structured state of hGIP. The CSI index for hGIP is given in
Figure 3.

Temperature coefficients of NH chemical shifts (— A8/ AT) below
3.0 ppb/K and between 3.0 and 5.0 ppb/K indicate that they are
shielded from the solvent and suggest that these resonances are in
dynamic equilibrium between intramolecularly hydrogen bonded
forms and structures with these protons are easily accessible to the
solvent. These values for hGIP also support the presence of an «-
helix [30]. Temperature coefficient values above 5.0 ppb/K, which
indicate NH protons freely exposed to the solvent, are seen in the

www.interscience.com/journal/psc  Copyright (©) 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 4. The NMR-derived structure of hGIP in H,O.

amino acids where the «-helix is bent. The structural statistics for
the hGIP NMR structure are given in Table 1.

The final refined structure of hGIP shows a loose a-helical struc-
ture between residues Ser8 and Asn39 with some discontinuity at
residues GIn29 to Asp35; the helix is bent at GIn29. This bent gives
the peptide an ‘L’ shaped structure (Figure 4). The final structure of
hGIP deduced by usisin agreement with the literature reports of an
a-helical structure of hGIP between Ser11 and GIn29 [13,14]. The
unbound hGIP, like other members of the class B family of GPCR
viz. glucagon, parathyroid hormone [31], glucagon-like peptide 1
(GLP-1) [32], exendin-4 [33], pituitary adenylate cyclase activating
polypeptide (PACAP) [34], corticotropin-releasing factor (CRF) [35]
and others show a limited ordered structure in aqueous solution.

hGIP : GIPR N-Terminal Interactions

The ensemble obtained from the molecular dynamics simulation
was analysed to extract key interacting residues and the nature
of interactions responsible for binding hGIP to the N-terminus of
GIPR. It is observed that the structure of hGIP changes from a
loose a-helical one in solution to a tighter a-helical structure upon
binding to the N-terminus of the GIPR. The exclusively «-helical
portion of the C-terminus of hGIP spanning residues Asp15 to
Lys32 is involved in the binding. The «-helix acquires a bend at
GIn29 giving an ‘L’ shaped structure to the a-helix. The base of the
L shaped structure does not interact with the N-terminus of GIPR
and is thus free to interact with other regions of GIPR. The ‘L’ shape
of hGIP, seen in the solution structure becomes more pronounced

J. Pept. 5ci. 2010; 16: 383-391
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Table 1. Structural statistics of hGIP in 95:5 H,0: D, 0 mixture

Total NOE constraints 66
Torsional constraints 17
Temperature coefficients 36
NOE violations >0.2 A 3
Ramachandran plot regions (%)

Favoured 85.7
Additionally allowed 9.5
Generously allowed 4.8
Mean atomic RMSD (A)

Backbone atoms 3.252
Heavy atoms 3.868
Average energies (kcal/mol)

Bond stretching 130.3
Angle bending 3239
Torsional 149.0
van der Waals —-11.2
Total 3040.7

upon binding to the GIPR N-terminus. This is seen in the RMSD of
6.63 A for the two structures, i.e unbound hGIP and hGIP bound
to the N-terminus of GIPR. The conformational variation between
the bound and unbound forms is represented in Figure 5.

The Coulombic and van der Waals interaction energies of
individual residues of hGIP that interact with the N-terminus
of GIPR, over the entire MD trajectory, were classified into
three ranges as strong (<—1.0 kcal/mole), moderate (—0.1 to
—1 kcal/mole) and weak (>—0.1 kcal/mole) and were used to draw
inferences about the intensity of the interactions. Frames were
picked at regular intervals from the trajectory to allow sufficient
energy variation in the structures to study the interaction pattern.

The N-terminus of hGIP, i.e. residues Tyr1 to Met14 does not
interact with the N-terminus of GIPR. A varying pattern of inter-
molecular hydrogen bonds is observed over the entire trajectory
with some hydrogen bonding patterns being consistently ob-
served over the entire trajectory. The C-terminal residues Leu26,
Leu27 and GIn29 act as hydrogen bond acceptors to Arg113R
(the superscript R denotes residues in the N-terminus of GIPR);
the hydrogen bonds between these residues are seen regularly
in the trajectory including the global minimum structure of the
ensemble. The mid-terminal residues of hGIP such as Asp15 and

Unbound farm of hGIP

Bound form of AGIP

Lys16 form hydrogen bonds with GIn30R and Glu122R, respec-
tively, with Asp15 and, Lys16 acting as hydrogen bond donors
and GIn30® and Glu122R as hydrogen bond acceptors. Structures
in the closing stages of the trajectory are attended by hydrogen
bonds between Gly31 and Lys32 with Met67R, with the former
two residues participating as hydrogen bond donors to Met67". In
addition to hydrogen bonding, a salt bridge is observed between
the side chain e-*NH3; group of Lys16 in hGIP and the side chain
carbonyl group of Glu122® in some frames of the trajectory. The
strength of the H-bonds as gauged by the Coulombic energy
indicates them to be significant. The hydrogen bonding between
residues Asp15 and GIn19 of hGIP with GIn30R seen in the X-ray
crystal structure persists in the molecular dynamics trajectory.

Besides hydrogen bonding, the other major interactions
observed are hydrophobic and electrostatic interactions (other
than H-bond). These interactions were analysed on the global
minimum energy structure, and the pattern of variation of the
interactions was studied over the entire trajectory. Some important
electrostatic interactions are between the backbone carbonyl of
GIn30R or the side chain carbonyl of Asp15 with the side chain NH
of GIn19 of hGIP; this interaction varies from strong in the initial
frames to moderate in the global minima and associated structures
and again increases in intensity beyond the structures in the valley
of the global minimum. The backbone carbonyl of Thr31R interacts
with the side chain carboxyl OH of Asp15 of hGIP strongly in the
initial part of the trajectory and then in a moderate manner in the
global minimum energy and its associated structures and the rest
of the trajectory.

Predominant hydrophobic interactions involve the hGIP
residues Phe22, Val23, Trp25, Leu26 and Leu27 with the com-
plimentary hydrophobic binding surface of the GIPR N-terminal
residues Ala32%, Leu35R, Tyr36R, Trp39%, Met67%, Tyr68R, Tyr87R,
Leu88®, Trp90R, Leu111R and His115R. Predominant hydrophobic
interactions observed in the X-ray crystal structure are also seen in
the molecular dynamics trajectory.

Thelist of all H-bond, electrostatic and hydrophobicinteractions
along with their intensities are given in Table 2. Figure 6(a) (ribbon
model) and Figure 6(b) (CPK model) show the interactions of
hGIP with the N-terminus of GIPR. Information lacking in the
X-ray crystal structure [15] regarding the structural variation of
the bound and the unbound form of hGIP, the structure of the
terminal nine residues (Lys33 to GIn42) of hGIP, several elements
of the interaction, the dynamics of interactions and the strength

Figure 5. Conformational variation of the bound (cyan) and unbound (orange) forms of hGIP.
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Figure 6. Interaction of hGIP with hGIPR N-terminus seen in the global minimum structure from a MD simulation as depicted by the (a) ribbon and (b) CPK

models.

variation of the interaction over the trajectory has been provided
by our study.

The missing electron densities of residues 33-42 in the crystal
structure could be due to high thermal motions in this segment.
This can also be seen in the RMSD values of this segment measured
over a 5-ns molecular dynamics trajectory. The RMSD value is
2.947 with a standard deviation of 0.394 for the backbone atoms
(Figure 7(a)) andisslightly higherat3.183 with a standard deviation
of 0.290 (Figure 7(b)) for the side chain atoms.

The interaction analysis of hGIP with the N-terminus of GIPR
indicates that the terminal portion of hGIP comprising residues
31-42 does not interact at all with the GIPR N-terminal domain
and is far away from the transmembrane domain to interact with
it. From this, we can attribute the equipotency of the full-length
GIP(1-42)NH; and the truncated peptide GIP(1-30)NH, to the
lack of involvement of the terminal 12 residues in the interaction
with the receptor.

As of date there is no experimentally determined full-length
structure of a class B GPCR; however, there are numerous reports
of the solution structures of many class B GPCR peptide ligands
(unbound state) and the X-ray crystal structure of the extracellular
domains (ECDs) of the receptors in complex with their bound

peptide ligands. Glucagon [36], parathyroid hormone (PTH) [37],
GLP-1, exendin-4, PACAP, CRF and other class B GPCR ligands
have been studied in solution as well as co-crystallised with their
respective receptor ECDs. hGIP and a majority of these peptides all
display a limited ordered structure in aqueous solution but adopt
a proper tight a-helix upon binding to the ECD of the receptor.
This behaviour of hGIP like its fellow member ligands reinforces
the hypothesis put forth by Parthier et al. that activation of class B
GPCRsisinitiated by an @-helix of the ligand peptide upon binding
to the receptor ECD [38].

In conclusion, we have established the complete structure
of hGIP and have deduced that hGIP exhibits a loose «-
helical structure between residues Ser8 and Asn39 with some
discontinuity from GIn29 to Asp35 and a bend at GIn29 in 95:5
H,0 : D,0 mixture. This bend gives hGIP an ‘L’ shaped appearance.
The structure of hGIP alters to a tight a-helix upon binding to
the N-terminus of GIPR and the ‘L’ shaped appearance becomes
more pronounced on binding to the receptor. This study has
also been able to throw light on the structure of the missing
C-terminal end (residues Lys33 to GIn42) in the X-ray study.
Furthermore, MD simulations of the complex between hGIP and
the N-terminus of GIPR show the important steric, electrostatic

J. Pept. 5ci. 2010; 16: 383-391
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Table 2. hGIP-GIPR (N-terminus) interactions observed over the molecular dynamics simulation trajectory
GIPR N-terminus Nature of

hGIP residues residues interaction Intensity of interaction

Leu26, Leu27, GIn29 Arg113R H-bond Strong

Asp15 GIn30R H-bond Strong

Lys16 Glu1228 H-bond Moderate

Gly31, Lys32 Met67R H-bond Moderate

Lys16 Glu122®R Salt bridge Strong

Asp15 GIn30R Electrostatic Strong initially; moderate in the global
minima and associated structures and
again increases in intensity beyond the
global minima region

Asp15 Thr31R Electrostatic Strong interaction before and at the global
minima region; moderate interactions
post global minima region

His18, GIn19, Phe22 Ala32R Hydrophobic Moderate

GIn19, Phe22, Val23, Leu26 Leu3s® Hydrophobic Moderate

Phe22, Trp25, Lys32 Tyr36R Hydrophobic Moderate interaction with Phe22 wanes in
the later part of the trajectory

Phe22, Trp25, Leu26, Lys32 Trp39R Hydrophobic Moderate; strong interaction with Leu26

Lys30 Asp66R Electrostatic Strong interaction before and at the global
minima region; moderate interactions
post global minima region

Leu26, GIn29, Lys30 Met67R Hydrophobic Strong

Trp25 Met67R Hydrophobic Moderate

Val23, Leu26, Leu27, Lys30 Tyr68R Hydrophobic Strong to moderate

Phe22, Val23, Leu26 Tyr87R Hydrophobic Moderate

Val23, Leu26 Leu8sR Hydrophobic Moderate

GIn20, Val23 Trp90R Hydrophobic Moderate

lys30 Arg101R, Leu111R Hydrophobic Moderate

Leu26, Leu27 His115R Hydrophobic Moderate, strong, respectively
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Figure 7. (a) Backbone RMSDs of the 30-42 residue segment of hGIP over
a 5-ns molecular dynamics trajectory. (b) Side chain RMSDs of the 30-42
residue segment of hGIP over a 5-ns molecular dynamics trajectory.

and hydrophobic interactions that evolve with time between the
C-terminal region — Asp15 to Lys30 of hGIP with specific residues
in the N-terminus of GIPR. This study gives deep insights into the
binding pattern and the thermodynamics involved in the binding
of GIP to its receptor. This information can be used to design new
anti-diabetic molecules.
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