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Abstract: Gastric inhibitory polypeptide (GIP, or glucose-dependent insulinotropic polypeptide) is a 42-amino acid incretin
hormone moderating glucose-induced insulin secretion. Antidiabetic therapy based on GIP holds great promise because of
the fact that its insulinotropic action is highly dependent on the level of glucose, overcoming the sideeffects of hypoglycemia
associated with the current therapy of Type 2 diabetes. The truncated peptide, GIP(1-30)NHz, has the same activity as the full
length native peptide. We have studied the structure of GIP(1-30)NH2 and built a model of its G-protein coupled receptor (GPCR).
The structure of GIP(1-30)NHz in DMSO-ds and H2O has been studied using 2D NMR (total correlation spectroscopy (TOCSY),
nuclear overhauser effect spectroscopy (NOESY), double quantum filtered-COSY (DQF-COSY), !3C-heteronuclear single quantum
correlation (HSQC) experiments, and its conformation built by MD simulations with the NMR data as constraints. The peptide in
DMSO-dg exhibits an «-helix between residues Ile12 and Lys30 with a discontinuity at residues GIn19 and GIn20. In H»O, the
a-helix starts at Ile7, breaks off at GIn19, and then continues right through to Lys30. GIP(1-30)NHz has all the structural features
of peptides belonging to family B1 GPCRs, which are characterized by a coil at the N-terminal and a long C-terminal «-helix with
or without a break. A model of the seven transmembrane (TM) helices of the GIP receptor (GIPR) has been built on the principles
of comparative protein modeling, using the crystal structure of bovine rhodopsin as a template. The N-terminal domain of GIPR
has been constructed from the NMR structure of the N-terminal of corticoptropin releasing factor receptor (CRFR), a family B1
GCPR. The intra and extra cellular loops and the C-terminal have been modeled from fragments retrieved from the PDB. On the
basis of the experimental data available for some members of family B1 GPCRs, four pairs of constraints between GIP(1-30)NHg
and its receptor were used in the FTDOCK program, to build the complete model of the GIP(1-30)NHy : GIPR complex. The model
can rationalize the various experimental observations including the potency of the truncated GIP peptide. This work is the first
complete model at the atomic level of GIP(1-30)NHg and of the complex with its GPCR. Copyright © 2007 European Peptide
Society and John Wiley & Sons, Ltd.
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INTRODUCTION effects associated with the current therapy include
hypoglycemia, weight gain and liver toxicity [4]. A key
component of the pathophysiology of Type 2 diabetes

involves a relatively selective defect in the ability of

Diabetes affects an increasing proportion of populations
in both the developed and developing countries and is a
major metabolic disorder [1]. Ninety percent of diabetics
suffer from Type 2 diabetes. Changing lifestyles,
improper eating habits, stress and several unknown
factors contribute to the etiology of Type 2 diabetes [2].
The complications of diabetes include hypertension,
obesity, fatigue and visual impairment, which affect
the socioeconomic status of the individual suffering
from diabetes [3]. Present therapy for the treatment of
Type 2 diabetes includes insulin, sulphonylureas (e.g.
glibenclamide), biguanides (e.g. metformin), acarbose
and thiazolidinediones (e.g. pioglitazone). The side

glucose to provoke secretion of insulin from the islets
of B-cells in the pancreas. This defect accounts for
the failure of the g-cells to compensate for increasing
insulin resistance and for the ultimate development
of overt hyperglycemia. Sulphonylureas and related
compounds stimulate insulin release even in absence
of high glucose concentration and this leads to the
undesired hypoglycemic side effect. The ideal Type
2 diabetes therapy should have a glucose-dependent
insulin release mechanism.

It has been recognized that extracts derived from

_ the gut have a potential to lower blood glucose and
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this incretin effect is predominantly based on the
insulinotropic effect of the incretin hormones: gastric
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inhibitory polypeptide (GIP) and glucagon-like peptide-
1 (GLP-1) [5,6]. GLP-1 derived peptides and syn-
thetic agonists acting on the GLP-1 receptor have
demonstrated antidiabetic effects [7]. Given the fact
that GLP-1 inhibits gastric emptying in humans to a
greater extent than GIP, it is possible that long acting
analogs of GIP would be more attractive therapeuti-
cally [8]. GIP [9,10] is a 42-amino acid residue peptide
(YAEGT®FISDY'°SIAMD ’KIHQQ?°DFVNW25LLAQK=°
GKRKND3WKHNI*’TQ). The insulinotropic effects of GIP
have been demonstrated in islets of Langerhans, iso-
lated perfused pancreas, and in humans; thus indicat-
ing its physiological role as an incretin hormone [11].
While antidiabetic treatment with other insulinotropic
agents is limited by the danger of hypoglycemia, a ther-
apy based on GIP is extremely attractive because of the
glucose dependency of the insulinotropic action of this
hormone. For this reason, GIP is also called glucose-
dependent insulinotropic polypeptide. Currently, vari-
ous attempts to overcome the therapeutic limitations
of incretin peptides are under clinical evaluation [12].
Both GIP and GLP-1 are substrates for the prote-
olytic enzyme - dipeptidyl peptidase IV (DPP IV), which
cleaves GIP at the amide bond between Ala2-Glu3,
forming GIP(3-42), which is an antagonist at the GIP
receptor (GIPR) [13]. Various derivatives have been
made, which are resistant to DPP IV and have a longer
half-life [14-16].

GIP belongs to the peptide hormone family B1 of
G-protein coupled receptors (GPCR) [17]. The other
members of this subfamily include glucagon, GLP-
1, GLP-2, GHRH, VIP, CRF, parathyroid hormone
(PTH), secretin and calcitonin. The peptide in fam-
ily B1 closest to GIP in terms of sequence homology
and biological activity is GLP-1, which is also called
a sister hormone of GIP. All GPCRs are character-
ized by the presence of seven transmembrane (TM)
a-helices, three intracellular loops, three extracellular
loops, an extracellular N-terminal and an intracellular
C-terminal. There is a disulfide bond between the cys-
teine residues in the first and the second extracellular
loops, which is conserved across all families of GPCR.
The family B1 GPCRs are characterized by presence of
a large N-terminal (~150 residues) with six conserved
Cys residues, which form three disulfides by specific
pairing of the cysteines [18]. The peptide binding site
in this family of GPCRs is located at the extracellular
N-terminal and the juxta-TM domain formed by the
three extracellular loops and the extracellular face of
the seven TM helices [19].

Our goal is to study the ligand-receptor interactions
at the atomic level in the GIP:GIPR system. Insight
into the three-dimensional structure of proteins and
peptides and their interactions is of great importance
in understanding their function, which can be utilized
in drug design. The 3D structure of the C-terminal
truncated sequence of GIP i.e. GIP(1-30)NH; which
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is equipotent as the full length peptide [20], has
been determined by 2D-NMR experiments in solvents
DMSO-ds and H;O. In the absence of the porcine GIPR
sequence, a model of the human GIPR was built based
on principles of comparative protein modeling. The
structure of GIP(1-30)NH; derived by NMR, was then
docked into the model of GIPR using as constraints
some experimental data available for family B1 GPCRs.
The GIP(1-30)NH, : GIPR complex has been thoroughly
analyzed to decipher the interactions at the atomic level.

METHODS
Molecular Modeling

All molecular modeling studies were carried out with the
modeling programs Insightll (v 2005.L) [21] and Sybyl
(v 7.1) [22] installed on a Pentium-IV PC with the Linux
OS (Red Hat Enterprise WS 3.0). The peptide—protein
docking was carried out with FTDOCK [23] (v 2.0)
running on a Silicon Graphics Fuel workstation with
a MIPS R16 000 processor and IRIX 6.5 OS.

NMR Sample Preparation

GIP(1-30)NH, (porcine GIP truncated at residue num-
ber 30, His1l8 in human GIP is replaced by Arg in
porcine) was purchased from Bachem, UK. Isotopically
enriched 2H,O and DMSO-ds were from Sigma Chem-
icals Co., USA. 2,2-Dimethyl-2-silapentan-5-sulfonate
(DSS) were from Stohler Isotope Chemicals, USA. For
NMR studies, the peptide was dissolved in DMSO-ds
under an atmosphere of nitrogen to obtain a final con-
centration of ~2 mM. The same amount was dissolved
in 95:5 Hy,O : D,O mixture. At this concentration,
no aggregation was observed for the peptide in either
solvent. This has also been reported for the same pep-
tide and the full length GIP sequence in the literature
[24,25]. The pH of the aqueous solution was 3.0. Sev-
eral other peptides have been studied by NMR at this
low pH, including the same peptide in a different sol-
vent [24,26-30]. DSS was used as an internal standard
for the two solvents.

NMR Experiments

The NMR experiments were carried out on a Varian
Unity Plus 600 MHz and a Bruker Avance 500
(500 MHz) spectrometers. The 1D proton spectra
were acquired with a spectral width of 9500 Hz, 64
scans, and digitized with 32 K data points. Water
suppression by gradient tailored excitation (WATER-
GATE) technique was used on the Varian spectrometer
for suppressing the water signal [31]. On the Briiker
instrument, the powerful technique of Excitation-
Sculpting was used [32]. The NMR data was processed
using Felix software (v 97) [21].
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The phase sensitive total correlation spectroscopy
(TOCSY) [33] and nuclear overhauser effect spec-
troscopy (NOESY) [34,35] were used for identifying and
connecting the spin systems of the individual amino
acid residues. The TOCSY spectrum was acquired at
298 K with a spinlock mixing time of 85 ms, using
the MLEV-17 sequence [33]. Six NOESY spectra were
acquired at 298 K with mixing times of 50, 100, 150,
200, 250 and 300 ms to construct the NOE buildup
curves. At the beginning of each experiment, 32 dummy
scans were collected to allow the system to reach ther-
mal equilibrium. A total of 2 K data points for 512t
values of 32 scans each were acquired. The TOCSY
and NOESY spectra were also recorded at temperatures
of 298, 308 and 318 K to determine the temperature
coefficients of the NH chemical shifts.

Coupling constants (3Jyu,) were extracted from a
double quantum filtered-COSY (DQF-COSY) [36] spec-
trum, which was acquired with 96 scans and digitized
with 4 K data points in the t; dimension. 'H-!3C
gradient — heteronuclear single quantum correlation
(HSQC) [37,38] — experiments with sensitivity enhance-
ment were recorded with 96 transients per t; increment
to obtain the 3C chemical shifts in both solvents.

Structure Calculation

The pattern of intra and inter residue NOEs, 'H and
13C chemical shifts, the 3Jyy, coupling constants,
temperature coefficients of the amide resonances and
the chemical shift index (CSI) [39] of the H, and the
C, resonances were used to draw inferences about
the secondary structure of the peptide. Interproton
distances calculated from the NOEs were classified,
adjusted to preset values (three ranges: 1.8-2.8,
1.8-3.6 and 1.8-5.0A) and corrected for methyl,
methylene and aromatic rings according to the rules
formulated by Withrich [40]. The 3Jyy, coupling
constants were converted to the ¢ values through
the modified Karplus equation [41], and introduced
as dihedral restraints. The dihedral and distance
restraints were incorporated in a simulated annealing
(SA) protocol that involved slow heating to 600 K
followed by cooling to 300 K in steps of 100 K with
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a total dynamics run of 25 ps at each stage. The SA
procedure was carried out with the Discover module in
InsightlI (Accelrys Inc., USA). The CFF91 force field [42]
with its associated atom potentials and partial charges
were used for the simulation. On reaching 300 K, each
structure was energy minimized by a combination of
steepest descents and conjugate gradients to yield
structures with a gradient of 0.001 kcal/ mol/A or
lower. The most stable structure amongst these was
taken for refinement.

Structure Refinement

The structures generated from the restrained molecular
dynamics simulations need to be refined as the
distances used as restraints are calculated from NOEs
estimated by the isolated spin pair approximation
model. Iterative relaxation matrix refinement (IRMA)
[43] is a structure refinement tool, which takes
into account the entire spin relaxation network and
molecular flexibility. A relaxation matrix composed
of diagonal and off-diagonal relaxation rates is built
based on the distances, the rotational correlation time
(o), and the spectrometer frequency. The calculated
and experimental NOEs, which reflect the interproton
distances are compared, and the structure is iteratively
changed until the two converge as closely as possible.
The rotational correlation time was estimated from the
NOE build up curve of several peaks in the fingerprint
region. The refinement is measured by an R factor.

Modeling the GIPR

A model of the GIPR was built using the homology [21]
module of Insightll. The potentials and partial charges
for all atoms were assigned according to the CFF91
force field [42].

The homology modeling employed here follows a
segmented approach [44] where the N-terminal, the
C-terminal, the TM helices (7 TMs), and the loop
regions (three intracellular and three extracellular
loops) were modeled on separate individual templates.
The first step in homology modeling was to build a
truncated model (GIPR.T; Step 2 in Scheme 1) of the

Step 1. Derive the structures of GIP(1-30)NH, in DMSO-dsand H,0 by 2D NMR

Step 2.
Step 3.
Step 4.
Step 5.

annealing (SA)

Step 6.

Construct a homology model of the GIP receptor without the N-terminal segment (GIPR_T)
Build a homology model of the N-terminal (residues 22-138) of the GIP receptor (GIPR_N)
Build the GIP(1-30)NH,:GIPR_N complex through FTDOCK and refine by MULTIDOCK

Associate the GIP(1-30)NH,:GIPR_N complex with GIPR_T through constraints and refine by simulated

Refine the GIP(1-30)NH,:GIPR model by SA followed by analysis of all intermolecular interactions

Scheme 1 Sequences of steps in building a model GIP(1-30)NHy : GIPR by NMR and molecular modeling.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

dJ. Pept. Sci. 2007; 13: 287-300
DOI: 10.1002/psc



290 MALDE, SRIVASTAVA AND COUTINHO

GIPR. The amino acid sequence of GIPR was obtained
from the NCBI protein database (GI: 4 503999). The
receptor sequence is segmented as follows: residues
1-21 (signal peptide), 22-138 (N-terminal), 139-160
(first TM domain TM1), 161-169 (first intracellular
loop IC1), 170-189 (TM2), 190-217 (first extracellular
loop EC1), 218-241 (TM3), 242-254 (IC2), 255-277
(TM4), 278-294 (EC2), 295-318 (TM5), 319-341 (IC3),
342-359 (TM6), 360-373 (EC3), 374-396 (TM7) and
397-466 (C-terminal), based on the literature data [45].

The TM regions (TM1-TM7) and a part of the C-
terminal were modeled using the crystal structure of
bovine rhodopsin (PDB: 1L9H) [46]. TM1-TM7 and
the C-terminal of GIPR were individually aligned to
the respective segments of bovine rhodopsin using
ClustalW [47] and the PAM250 [48] scoring matrix. For
loop regions, PSI-BLAST [49] was used to search loops
that connect two adjacent TM helices; however, no hits
were found with an E-value greater than 0.01, probably
because the required sequences were too short. The
loop regions IC1-IC3, EC1-EC3 and a part of the C-
terminal were modeled using the ‘loop search’ utility
in the Homology program. The N-terminal of GIPR
was modeled as a separate entity (GIPRN; Step 3
in Scheme 1) using the NMR structure (PDB: 1U34)
[50] of the N-terminal of corticoptropin-releasing factor
receptor (CRFR), which is a family B1 GPCR. Sequence
alignment of the two N-terminal segments was carried
out with ClustalW using the PAM250 matrix.

The coordinates of the residues in the TM helices
(TM1-TM7) and the C-terminal were assigned from
the corresponding TMs and the C-terminal of bovine
rhodopsin. The coordinates of the ICs, ECs and the
C-terminal were extracted either from the crystal
structure or from loops identified in the PDB database.
The coordinates of the side chains and backbone atoms
were copied to the target sequence only if identical
amino acids were found at corresponding positions
in the sequence; for ‘similar’ but not ‘identical’ amino
acids, only the common side chain atoms were copied,
while for the rest, amino acid conformations from
the Insightll library were used. The side chains of
all residues in the model were explored for their
optimal conformations, and those with minimum steric
clashes (bumps) were assigned to the model. The splice
points (the amide groups) were refined by minimization
with the CFF91 force field and implemented through
Discover (Insightll). The disulfide bond between Cys216
in EC1 and Cys286 in EC2, which is conserved
across all GPCR families, was manually created. All
the six loops (in the ECs and ICs) and the C-terminal
segments were refined by an initial minimization with
steepest descents followed by conjugate gradients to
a gradient convergence of 0.001 kecal/mol/A. An SA
procedure (similar to one discussed above) was then
carried out wherein all degrees of freedom for the
loops and the C-terminal regions were allowed to

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

relax, but the heavy atoms of the other residues
(TM1-TM7) were held rigid. The lowest energy structure
from the 300 K trajectory was then subjected to a
final round of minimization with all heavy atoms
tethered by a force constant of 100 kcal/mol/A [2].
The minimization was done till the gradient converged
to 0.001 kcal/mol/A.

For the N-terminal of GIPR (GIPR_N), the coordinates
were extracted from the NMR structure of CRFR.
There are three conserved disulfides in the N-terminal,
which is present in all members of family B1 GPCR.
The disulfide bond was formed between the pairs:
Cys46/Cys70, Cys61/Cys103 and Cys84/Cysl18 in
the N-terminal of GIPR. The final model was subjected
to an energy minimization step, with all heavy atoms
tethered by a force constant of 50 kcal/ mol/A2, using
steepest descents followed by conjugate gradients.

The bond lengths, bond angles, torsions (w, ¢ and V)
and the chirality of the Ca atoms in the constructed
models were analyzed with the Prostat module of
homology. The Ramachandran map of the two models
(GIPR.N and GIPR_T) was plotted and analyzed.

Docking of GIP onto GIPR

The NMR and modeling studies yielded the solution
structure of GIP(1-30)NH,, a model of the N-terminal
of GIPR (GIPR.N, residues 22-138), and a model of
GIPR (GIPR.T, residues 139-466) with the seven TMs,
three ECs, three ICs and the C-terminal. Experimental
studies for GIP, GLP-1 and other related members of
family B1 GPCRs, indicate that the peptide hormone
binds to its receptor in two steps: in the first step
the C-terminal of the peptide binds to the extracellular
N-terminal of the receptor (the affinity step), then in
the second step, the N-terminal of the peptide binds
to the juxta-TM domain (extracellular loops and the
extracellular regions of TM helices) leading to intrinsic
activity of receptor activation [19].

The FTDOCK algorithm was used to dock the
structure of GIP(1-30)NH, (obtained by NMR in
H,0) into the homology model of the N-terminal
of the GIPR (GIPRN; Step 4 in Scheme 1). The
structure of GIP(1-30)NH, in water is characterized
by a helix spanning residues 7-30, and a random
arrangement around residues 1-6 at the N-terminal.
FTDOCK was run with electrostatics on, a grid size
of 0.7A and a search over the complete binding
space of both molecules. A negative FTDOCK score
indicates overlap/interpenetration of the ligand and the
receptor — an unfavorable association; a score of zero
indicates that the ligand and receptor do not interact at
all, while large positive scores denote complex formation
with good surface complementarity. The FTDOCK
calculations gave rise to 9240 possible complexes.
The ‘filter’ utility in FTDOCK was used to reduce the
complexes to a small number, through constraints
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defined at the residue level between the two molecules.
The intermolecular constraints between the C-terminal
of the peptide and the N-terminal of GPCR, were taken
from the experimental data for family B1 GPCRs. The
interface between the two proteins, in the final single
complex model obtained after ‘filter’, was refined at
the atomic level using the MULTIDOCK [51] program.
The refinement by MULTIDOCK is based on a two step
process: (i) a probability based conformational matrix of
the protein side chains is refined iteratively by a ‘mean-
field’ method, in which a given side chain interacts with
the fixed backbone and the probability weighted average
of the surrounding side chains, and (ii) the protein
backbone atoms and the highest probability side chain
conformations from Step (i) undergo a rigid-body energy
minimization to relax the protein interface. Steps (i) and
(ii) are repeated until the interaction energy between the
two proteins converges.

The next stage involves associating the GIP(1-30)
NH, : GIPR.N complex with the model of GIPR_T (Step
5 in Scheme 1). The distance constraints between the
N-terminal of the peptide and the juxta-TM domain of
family B1 GPCRs, were assigned between GIPR.T and
GIP(1-30)NH; in the GIP(1-30)NH, : GIPRN complex.
The resulting complex was subjected to an SA protocol
where it was slowly heated to 900 K, then cooled to
300 K in steps of 100 K with a dynamics run of 25 ps
at each stage. The C-terminal of GIP(1-30)NH,, the
complete GIPR.N sequence, the TMs (1-7) of GIPR,
the ICs and the C-terminal of GIPR were held rigid,
while the N-terminal of GIP(1-30)NH; and EC loops
(1-3) of GIPR were kept free in the simulation. The
aim was to allow the solution structure of GIP to
relax to a reasonable binding configuration in the
complex. The distance restraints between the residues
of the N-terminal of GIP(1-30)NH, and the juxta-TM
domain of GIPR were applied with a force constant of
100 kcal/mol/A [2]. On reaching 300 K, each structure
was energy minimized by a combination of steepest
descents and conjugate gradients to yield structures
with a gradient of 0.001 kcal/mol /A or lower. The TM1
of GIPR.T was then connected to GIPRN, and this
region was optimized using SA as described above.
The final GIP(1-30)NH, : GIPR complex was carefully
analyzed for intermolecular interactions at the residue
level.

RESULTS AND DISCUSSIONS
NMR Study

The technique of sequence-specific resonance assign-
ment developed by Wiithrich [52] was used for charac-
terizing the proton spectra of the peptide in the two sol-
vents. 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

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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the NH;-«oH;_, peaks in the NOESY spectrum. The fin-
gerprint region of the NOESY spectrum of GIP(1-30)NH,
in DMSO-ds and 95% H,O is given in Figures 1 and 2,
respectively. Having assigned the proton resonances,
the 13C chemical shifts were assigned from the 'H-13C
HSQC spectrum, which helped resolve any ambiguities
in the assignments.

The different secondary structure motifs show spe-
cific patterns of sequential, medium range and long
range NOEs, thereby giving an insight into the three-
dimensional structure of the molecule. Low temper-
ature coefficients of the NH chemical shifts indicate
that the amide NH is either intramolecularly hydrogen
bonded or solvent shielded. Both these peculiarities are
indications of some secondary structural feature. The
spatial folding of the peptide chains is also manifest
in the proton and the carbon chemical shifts (CSI) [39]
as a dispersion of the shifts relative to the random
coil structure. Helical regions and stretches containing
turns are usually characterized by a continuous stretch
of negative deviations (‘- 1°) from the random coil values
for the H, chemical shift, and a positive deviation (‘1’) in
case of '3C, chemical shifts. A f-strand shows exactly
the opposite picture.

Interproton distances measured from the lin-
ear portion of the NOE build up curves (correla-
tion time, 7.=100 ms) and dihedral angles cal-
culated by the modified Karplus equation from

(ppm)

D2_H1

T T T T T T T T
84 83 82 81 80 79 78 77
D1_H1 (ppm)

Figure 1 The fingerprint region of the NOESY spectrum
(mixing time 7z, = 100 ms) of GIP(1-30)NH2 in DMSO-ds.
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(ppm)

D2_H1

85 84 83 82 81 80 79 78 7.7
D1_H1 (ppm)

Figure 2 The fingerprint region of the NOESY spectrum
(mixing time 7, = 100 ms) of GIP(1-30)NHz in HsO.

the 3Jym, coupling constants, were introduced as
restraints in the MD simulations. The number and
type of restraints used in the MD simulations
are shown in Table 1. The restraints were satis-
fied in all the simulations with negligible violations.
Further refinement of these simulated structures
with IRMA gave conformations relatively free from
error.

The final refined structure of GIP(1-30)NH, in
DMSO-ds and H;O is shown in Figures 3 and 4
respectively.

Table 1 Summary of experimental restraints and statistical
analysis of the family of structures of GIP(1-30)NHjy generated
by restrained molecular dynamics simulations

Distance restraints

All DMSO-ds 130
Hs0O 56
Intraresidue DMSO-dg 103
Hs0O 37
Interresidue DMSO-dg 27
H2O 19
Sequential DMSO-dg 16
HsO 12
NOE violations >0.2 A DMSO-dg 18
Hs0O 8

Ramachandran plot regions (%)

DMSO-dg Favored 85
Additionally allowed 9
HyO Favored 90
Additionally allowed 6

RMSD of backbone atoms of the ensemble against
global minimum structure

Maximum DMSO-dg 1.2
HsO 1.9
Minimum DMSO-ds 0.2
Hs0O 0.5
Average pair wise DMSO-ds 0.8
HsO 1.1
IRMA R factor
DMSO-ds 0.68
Hs0O 0.55
1 odmso
O water

csl
o

4 Jd

1234567 8 9101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29 30

Residue

Figure 3 Ho Chemical Shift Index (CSI) analysis of GIP(1-30)NHg in DMSO-dg and H2O.
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Figure 4 Best fit superposition of the 20 structures of
GIP(1-30)NHs in DMSO-dg, between residues 12 and 28.
Only bonds between the backbone atoms have been shown.
N-termini are shown at the bottom.

GIP(1-30)NH2 in DMSO-dg

The presence of d(N,N);;;;, d(o,N);;3 and d(N,N); 2,
connectivity patterns, as well as small 3Jyy, cou-
pling constants (~4 Hz), clearly indicate an «-helical
character of GIP(1-30)NH; in this solvent (Figure S1,
Table S1). A structured state is also apparent from
the small temperature coefficients (-A§/AT) of —2.5,
—3.0, —3.5 and —2.0 ppb/K for residues Alal3, Ilel7,
Asp21 and Leu27, respectively. Temperature coeffi-
cients of distinguishable amide protons of residues
between Ilel2 and Lys30 are in the region of —5.0
ppb/K. The CSI (Figure 3) for the H, protons reads as
a continuous stretch of ‘-1’ values from Ile12 to Lys30,
with the exception for residues between GInl9 and
GIn20. Although CSI shows a continuous stretch of ‘-1’
values between residues 8 and 11, there were no nOe’s
observed to support a helix in this region. The 3Jyg,-
coupling constant of these residues falls in the range
of 3.0-5.0 Hz. All these data show that GIP(1-30)NH,
in DMSO-ds adopts an «-helix between residues Ile12
and Lys30, with a break at residues between Gln19 and
GIn20. The initial 11 residues from Tyr1l to Serl1 have
a random coil structure. The ensemble of 20 struc-
tures is given in Figure 4 and the final refined structure
is shown in Figure 5. There are much larger number
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of NOEs which were used as restraints in DMSO-dg
compared to H2O.

GIP(1-30)NH; in H,O

As discussed above, from the pattern of NOEs, the
temperature coefficients, the 3Jyy, coupling constants
and the CSI of H, protons (Figure S2, Table S2), it
can be deduced that GIP(1-30)NH,; in HsO exhibits
a discontinuous «-helix for the stretch from Ile7 to
Lys30 with a kink in the helix at GIn19. The initial
six residues from Tyrl to Phe6 have a random coil
structure (Figure 6).

IRAM R factors can be described as the normalized
mean deviation between structure factors derived from
the model and the experimental data, during the course
of the refinement. Thus, the R factor is an indicator of
the fit of the structures to the NOE restraints. An R
factor close to 0.5 for a medium sized peptide like
GIP indicates the structures satisfy the input NOE
restraints [26-30]. The R factor of 0.68 in DMSO-dg
and 0.55 in H,O are obtained (Table 1).

The CSI analysis (Figure 3) indicates that the
chemical shift differences (from the random coil values)
for the peptide in the two solvent systems have the
same pattern, although the magnitudes of the values
are slightly different. Figure 7 shows the superposition
of the structures of GIP(1-30)NH, in DMSO-dg and
H5O. The helical regions of the structures in the two
solvents (residues 12-28) lie in the same space. The
orientation of the helix beyond residue 20 up to the
C-terminus is different in the two solvents.

The structure of human GIP(1-30)NH, in 50% TFE-
ds has been reported in the literature [24]. The structure
is a continuous «-helix from residues Phe6 to Ala28.
TFE is known to strongly promote the formation and
stabilization of helical regions in peptides with an
intrinsic helical propensity [53]. This explains why in
TFE the helical region is continuous without a break,
in contrast to the structure in DMSO and water. The
structure of the complete human GIP sequence (1-42)
in H,O has also been reported [25] with an «-helical
conformation for the midsegment residues Serll to
Glu29, and a random coil conformation for both the N-
(residues 1-10) and the C- (residues 30-42) termini.
The structures of porcine GIP(1-30)NH; in DMSO-ds
and H,O have a close resemblance to the structure of
human GIP(1-30)NH, in 50% TFE and to the structure
of human GIP(1-42) in water. Many peptide hormones
belonging to family B GPCR show similar structural
features. Structural studies of peptide hormones
similar to GIP, namely GLP-1, exendin-4 and glucagons,
in different media, indicate either a continuous «-
helical character for the complete peptide sequence or
a discontinuous «-helix with a break [54-56]. Thus,
for e.g. GLP-1 in TFE adopts an «-helical arrangement
extending from residue 7 to 28. The «-helix is however
asymmetrically split into two parts at residue 16 [54].
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Figure 6 The NMR derived structure of GIP(1-30)NHz in HyO.

Figure 7 Superposition of NMR structures of GIP(1-30)NHz in DMSO-ds (magenta) and HaO (cyan). The ribbon traces the
backbone atoms and structures are shown with the N-terminal to the left and the C-terminal to the right.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2007; 13: 287-300
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Most studies carried out on the biological relevance of
the N-terminal region of GIP and related peptides have
failed to shed any light on the structural characteristics
of this region [57-59]. The present study has also not
identified any specific structural feature for the initial
residues at the N-terminus. However, CD, NMR and
X-ray structural studies on family B1 GPCR hormone
peptides like GLP-1, exendin-4 and glucagon, show a
helical structure as the preferred conformational state
for the N-terminal region [54-56].

The shorter GIP sequence covering residues 1-30
with the C-terminal as amide has the same potency as
the full length peptide GIP(1-42). The NMR studies on
GIP(1-30)NH, in solvents DMSO-ds and H,O and in
50% TFE reveal that the initial few residues (6-10)
adopt a random structure, which is followed by a
continuous or discontinuous helix that runs through
the remaining length of the peptide. GIP(1-42) in H,O
also exhibits a similar structure, with the initial ten
residues in a random coil, followed by a helix for the
10-30 segment and terminates with a random coil
structure for residues 31-42. The solution structures of
the complete and the truncated sequences of GIP shed
light on why the full length and truncated peptides have
the same potency. The activity of GIP is governed by the
a-helical character in the midsegment 30 residues of
the peptide and a random coil state for the initial 6-10
residues, which is seen for both the full length and
truncated sequences of GIP. The last 12 residues in
GIP(1-42) which are absent in the truncated peptide,
are in a random coil orientation, and not involved in
receptor binding.

GIPR Model

The TM regions of bovine rhodopsin (PDB code: 1L9H)
exhibits good sequence homology with the TMs of the
GIPR. The percentage similarity, which is defined as
identical plus conservative substitution, between 1L9H
and GIPR for each of the TM regions are TM1 32%;
TM2 40%; TM3 33%; TM4 26%; TM5 25%; TM6 30%;
and TM7 44% (Figure 8). The overall arrangement of
the TMs of GIPR resembles that of bovine rhodopsin.
The seven TMs together form a circular bundle of seven
helices in the membrane. The loop regions, the ECs and
ICs, are random structures with no regular secondary
structure definitions. The conserved disulfide bond
between EC1 and EC2 confers conformational rigidity
to these regions of the receptor, which is confirmed
by simulated annealing of the loops. This disulfide
linkage is important for ligand binding in many of the
GPCRs. The presence of the disulfide bond creates two
pseudoloops out of EC2, the first joins TM3 to TM4
and the second connects TM3 to TM5, which ultimately
affects the relative orientation of TM4 and TMb, with
respect to TM1, TM2 and TM3. The C-terminal of
GIPR is dominated by two «-helices, the first between

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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TM1

1L9H 39-60: MLAAYMFLLIMLGFPINFLTLY

GIPR 139-160: VMYTVGYSLSLATLLLALLILS

TM2

1L9H 73-92: NYILLNLAVADLFMVFGGFT

GIPR 170-189: NYIHINLFTSFMLRAAAILS

TM3

1L9H 112-135: LEGFFATLGGEIALWSLVVLAIER

GIPR 218-241: TAQIVTQYCVGANYTWLLVEGVYL
TM4

1LO9H 152-174:
GIPR 255-277:

HAIMGVAFTWVMALACAAPPLVG
HFRYYLLLGWGAPALFVIPWVIV

TM5
1LO9H 204-227:
GIPR 295-318:

VIYMFVVHFIIPLIVIFFCYGQLV
IWWIIRTPILMTILINFLIFIRIL

TM6
1LO9H 261-278: FLICWLPYAGVAFYIFTH
GIPR 342-359: STLTLVPLLGVHEVVFAP

TM7
1L9H 288-310:
GIPR 374-396:

MTIPAFFAKTSAVYNPVIYIMMN
LGFEIFLSSFQGFLVSVLYCFIN

N-terminal

1U34 15-50 : GSGMKETAAAKFERQHMDSPDLGTTLLEQYCHRTTI
GIPR 22-51 : ------ RAETGSKGQTAGELYQRWERYRRECQETLA
1U34 51-86 : GNFSGPYTYCNTTLDQIGTCWPQSAPGALVERPCPE
GIPR 52-86 : AAEPPSGLACNGSFDMY-VCWDYAAPNATARASCPW
1U34 87-122: YFNGIKYNTTRNAYRECLENGTWASRVNYSHCEPIL
GIPR 87-122: YLPWHHHVAAGFVLRQCGSDGQWGLWRDHTQCENPE
1U34 123-133: DD----KQRKYDLHY

GIPR 123-135: KNEAFLDQRLILE--

Figure 8 Sequence alignment of the TM regions with 1L9H
and the N-terminal domain of GIPR with 1U34 structure. The
conserved Cys residues in the N-terminal domain are shown
in boldface.

residues 403 and 406 and the second between residues
423 and 430; the remaining part of the C-terminal is
folded as a globular structure.

The N-terminal of GIPR (GIPR.N), derived from
the NMR structure of the N-terminus of CRFR,
is dominated by an antiparallel g-sheet comprising
residues 79-82 (81 strand) and 99-102 (82 strand).
The polypeptide fold is stabilized by three disulfide
bonds between residues Cys46/Cys70, Cys61/Cys103
and Cys84/Cys118 and by a salt bridge in the center
involving Asp66 and ArglO1l. The conserved residues
in the N-terminal of family B GPCR are six cysteine
residues (Cys46, Cys61, Cys70, Cys84, Cysl03 and
Cysl18 involved in formation of three disulfides),
Asp66, Trp71, Pro85 and Trp109; all these are found in
the N-terminal of both GIPR and CRFR.

GIP(1-30)NH> : GIPR Interactions

The structure of GIP(1-30)NH, in complex with its
receptor was constructed in two steps. First, a model
of the GIP(1-30)NH, GIPR.N complex was built

dJ. Pept. Sci. 2007; 13: 287-300
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N-terminal

TM Helices

EC Loops

IC Loops

C-terminal

Figure 9 A model of the GIP(1-30)NHy : GIPR complex generated using FTDOCK and Simulated Annealing techniques. The TM
regions, the N-terminal, the IC and EC loops and the C-terminal of GIPR are highlighted. The structure of GIP(1-30)NHy in the

complex is shown as a space filling model.

with FTDOCK, with the N-terminal of the receptor
interacting with the C-terminal of GIP(1-30)NH; (Step
4 in Scheme 1). In the next step, the above model
of the complex was associated with GIPRT (GIPR
minus GIPR.N) through MD simulations, where the
N-terminal of GIP(1-30)NH, interacts with the juxta-
membrane domain of GIPR_T (Step 5 in Scheme 1). This
complexation is the first part in the binding (affinity) of
the ligand to its receptor.

The docking protocol in FTDOCK employs a geomet-
ric surface recognition method, which rapidly scans the
translational space of two rigidly rotating molecules.
The geometric surface recognition method takes advan-
tage of the fast Fourier transform (FFT) and Fourier
correlation theories for rapid scan. Shape comple-
mentarity is not the only factor involved in molecu-
lar binding. Electrostatic interactions, specifically the
charge—charge interactions in the binding interface,

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

also play an important role. The electrostatic comple-
mentarity is calculated by Fourier correlation using
a simple Coulombic model with a distance-dependent
pseudosigmoidal dielectric function. The electrostatic
correlation score is used as a binary filter. The false
positive geometries that give high shape correlation
scores can be excluded if their electrostatic correlation
is unfavorable.

Several photoaffinity labeling, site-directed mutagen-
esis and Ala-scan studies have been carried out across
family B GPCRs, which reveal residue level interactions
between the ligand and the receptor. Such studies have
been reported for secretin [60], PTH [61] (parathyroid
hormone), calcitonin [62], CRF [63] CRFR and glucagon
[64]. Multiple sequence alignment of these peptides and
their receptors with GIP and GIPR, respectively, show
several conserved residues for which interactions with
the receptor have been reported. In the secretin system,
Leu26 of secretin interacts with Leu58 of its receptor

J. Pept. Sci. 2007; 13: 287-300
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Table 2 Summary of interactions between GIP(1-30)NHy and GIPR as revealed by analysis of the final GIP : GIPR model
GIP(1-30)NHo GIPR Interaction
N-terminal amino Side chain CO of Glu377 H-bonding
Backbone CO of Gly375
NH of Ala2 Side chain CO of Glu377
side chain CO of Glu3 NH of Gly144
OH of Thr5 CO of Leul37
Backbone NH of GIn138
NH of Vall39
OH of Ser8 NH of Leul34
NH of Glu135
Carboxylate of Asp9 Backbone NH of Arg136
NH of Leu137
Arg18 guanido CO of Arg38
CO of GIn37
Glu3 carboxylate Arg190 guanidino Salt bridge
Aspl5 carboxylate Arg136 guanidino
Tyrl side chain Leu374 side chain Hydrophobic

Phe6 side chain
Met14 side chain
Ile17 side chain
Leu26 side chain
Lys30 side chain

Tyr141 side chain
Leu35 side chain
Leu35 side chain
Leub50 side chain
Leu50 side chain

and Arg18 of the ligand interacts with Arg36 of its recep-
tor [60]. The corresponding residues in GIP(1-30)NH;
: GIPR system are Leu26(GIP(1-30)NH;):Leub50(GIPR)
and His18(GIP(1-30)NH;):Arg38(GIPR). These repre-
sent the interaction between the C-terminal of the
peptide and the N-terminal of the receptor leading
to initial binding (affinity). These pairs of interactions
were used as constraints to filter the large num-
ber of GIP(1-30)NH, :
by FTDOCK, from which one unique complex was
extracted.

Several important interactions contribute to the
stability of the GIP(1-30)NH,; : GIPRN complex —a
hydrogen bond between the guanidino group of
Argl18(GIP(1-30)NH;) with the backbone carbonyls of
Arg38(GIPRN) and GIn37(GIPRN) and hydrophobic
interactions between the side chains Met14(GIP(1-30)
NH,):Leu35(GIPRN), Ilel7(GIP(1-30)NH,):Leu35(GIP
R_N),Leu26(GIP(1-30)NH;):Leu50(GIPRN), and Lys30
(GIP(1-30)NHy):Leu50(GIPR.N). Thus, majority of the
interactions between the C-terminal of GIP(1-30)NH,
and the N-terminal of GIPR (GIPR-N) are hydrophobic
in nature and essentially involve residues within the
a-helix segment of GIP(1-30)NH,.

The GIP sequences lacking the first six or seven
residues in the N-terminal i.e. GIP(6-30)NH, and
GIP(7-30)NH, have been reported as antagonists of
GIPR [65]. These two truncated peptides also adopt an
a-helical structure and interact like GIP(1-30)NH, with
the N-terminal of GIPR (GIPR_N). However, the residues
responsible for the intrinsic activity (the N-terminal

GIPR.N complexes generated

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

residues of the peptide) which interact with the juxta-
TM domain of GIPR are absent causing them to act as
anatagonists at the receptor.

The antagonistic nature of GIP sequences lacking the
initial N-terminal residues is also highlighted by other
studies. Thus, the Ala-scan for first seven residues of
GIP shows the importance of the third residue (Glu3)
in its activity [53]. The Glu3Pro GIP mutant is a potent
GIPR antagonist, again pinpointing Glu3 in GIP as vital
in modulating its biological activity [66]. Finally, the
truncated GIP(3-42) sequence formed by cleavage at
the Ala2-Glu3 amide bond by DPP IV is an antagonist of
GIPR. All these sequences lack the initial amino acids,
which are vital for intrinsic activity by interacting with
the juxta-TM domain of GIPR_T.

That GIn3 interacts with Lys187 in its receptor is
revealed by a site-directed mutagenesis study involving
the GIn3Asp glucagon mutant and the Lys187Arg
receptor mutant [67]. The corresponding interaction in
the GIP system is Glu3(GIP(1-30)NH,):Arg190(GIPR).
Further, Ala8 of GLP-1 interacts with Glu387 in
its GLP-1 receptor as discovered by a site-directed
mutagenesis study [64]. The corresponding interaction
in the GIP system is Ala2(GIP(1-30)NH,):Glu377(GIPR).
These two constraints involving Glu3 and Ala2 were
placed between the GIP(1-30)NH, : GIPRN complex
and the GIPR_T model and subjected to a MD simulation
to find the best configuration for the final complete
GIP(1-30)NH; : GIPR model (Figure 9).

The RMSD of the heavy atoms of GIP(1-30)NH,
between the solution and receptor bound states is 2.25;
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this indicates that the peptide has undergone a signifi-
cant conformational change upon binding to its recep-
tor. Analysis of the final model reveals several important
interactions between GIP(1-30)NH; and its receptor
(Table 2), in addition to those discussed above between
the GIPR.N and the C-terminal of GIP(1-30)NH,. The
majority of the interactions between the N-terminal
of GIP(1-30)NH,; and the juxta-membrane domain of
GIPR are ionic and polar in nature. The GIP(1-30)NH, :
GIPR model gives deep insights into the ligand-receptor
interactions at the atomic level which was hitherto
unavailable.

CONCLUSIONS

One of the promising therapies for diabetes is based
on GIP, a 42 amino acid incretin hormone secreted in
response to high glucose levels. Therapy with GIP has
several advantages over the related incretin hormone
GLP-1, because of the fact that GLP-1 besides its
incretin effects is a relatively stronger inhibitor of gastric
emptying in humans than GIP. The major disadvantage
with GIP is its short half-life, being a substrate for
DPP IV that cleaves it at the Ala2-Glu3 amide bond
forming the truncated GIP(3-42) sequence, which is an
antagonist. GIP is a member of the family B1 of GPCR.
The truncated peptide GIP(1-30)NH, retains the activity
of the full length peptide. We have studied the binding
of GIP(1-30)NH, with its receptor GIPR at the atomic
level using NMR and molecular modeling techniques.
The solution structure of GIP(1-30)NH, has been built
from by 2D NMR studies in DMSO-ds and HyO. In
DMSO-dg, GIP(1-30)NH, assumes an «-helix between
residues Ile12 and Lys30, with a discontinuity at GIn19
and GIn20. In H,O, the «-helix commences from Ile7,
breaks at GIn19 and continues up to the C-terminal end
Lys30. GIP(1-30)NH, has all the essential structural
features of family B1 GPCR peptide hormones — GLP-1,
exendin-4 and glucagon; which are all characterized by
an N-terminal random coil structure followed by a long
a-helix with or without a discontinuity. The complete
model of the GIPR has been built using a segmented
approach, where the TM helices, the N-terminal, the
intra and extracellular loops and the C-terminal were
modeled based on different templates. A model of the
GIP(1-30)NH; : GIPR complex has been built using
four pairs of constraints (common across the family
Bl GPCRs) with the program FTDOCK followed by
a refinement with a Simulated Annealing procedure.
The model explains the equipotency of GIP(1-30)NH,
with the full length sequence. The main events in the
binding process are: first an interaction between the
C-terminal of the peptide (residues 7-30) and the N-
terminal of GIPR; which is followed by interaction of the
N-terminal of the peptide (residues 1-6) with the juxta-
TM domain of the receptor. The model also explains

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

why GIP(6-30)NH; and GIP(7-30)NH, are antagonists
of GIP. The interactions between GIP(1-30)NH, and its
receptor gives insights into the molecular recognition
process and this information can be fruitfully exploited
for design of more potent peptides and structure-based
drug design of nonpeptide mimetics. This is a first
complete model of GIP(1-30)NH; and its interaction
with its G-protein coupled receptor.
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able in Wiley InterScience at: http://www.interscience.wiley.
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