Molecular Pharmacology Fast Forward. Published on January 8, 2010 as DOI: 10.1124/mol.109.060111
Molecular Pharmars@dmmn{sa&t%mrmedteﬂa{mli&hmmhdamumc&,r@]j(ifamdmhﬂs@e‘ﬁ&mmol .109.060111

MOL #60111

Identification of determinants of glucose-dependent insulinotropic polypeptide

receptor that interact with N-terminal biologically active region of the natural ligand

Tahir Yaqub, Irina G. Tikhonova, Jens Littig, Remi Magnan, Marie Laval, Chantal

Escrieut, Cyril Boulégue, Chandralal Hewage and Daniel Fourmy

INSERM, Institut national de la santé et de la recherche médicale, Unit U858, Toulouse,
France; Université¢ Paul Sabatier (Toulouse III), Toulouse, France (TY, IGT, JL, RM, ML,
CE, DF)

Max-Planck-Institut fiir Biochemie, D-82152 Martinsried, Germany (CB)

Conway Institute, University college Dublin, Dublin, Ireland (CH)

dopyright 2010 by the American Society for Pharmacology and Experimental Therapeutics.

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 8, 2010 as DOI: 10.1124/mol.109.060111
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #60111

Running title: agonist activation site of GIPR
Daniel Fourmy, U858 INSERM I2MR, equipe 13, 1 avenue Jean Poulhés, BP 84225,

31432 Toulouse Cedex 4, France. Email: Daniel. Fourmy@inserm.fr

Number of text pages: 31
Number of tables: 1
Number of figures: 10
Number of references: 38
Number of words: 8919
Abstract: 249
Introduction: 670

Discussion: 1477

Non-standard abbreviations used: GIP, glucose-dependent insulinotropic polypeptide;
GIPR: glucose-dependent insulinotropic polypeptide receptor; GPCR, G-protein coupled

receptors

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 8, 2010 as DOI: 10.1124/mol.109.060111
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #60111

Abstract: Glucose-dependent insulinotropic polypeptide receptor (GIPR), a member of
family B of G-protein coupled receptors, is a potential therapeutic target for which discovery
of non peptide ligands is highly desirable. Structure-activity relationship studies indicated that
the N-terminal part of GIP is crucial for biological activity. Here, we aimed at identification
of residues in the GIPR involved in functional interaction with N-terminal moiety of GIP.
Homology model of the transmembrane core of GIPR was built whereas 3-D model of the
complex formed between GIP and N-terminal extracellular domain of GIPR was taken from
crystal structure. The later complex was docked to the transmembrane domains of GIPR
allowing in silico identification of putative residues of the agonist binding/activation site. All
mutants were expressed at the surface of HEK 293 cells as indicated by flow cytometry and
confocal microscopy analysis of fluorescent GIP binding. Mutation of residues Argl83,
Argl90, Arg300 and Phe357 caused shifts of 76-, 71-, 42- and 16-fold in the potency to
induce cAMP formation, respectively. Further characterization of these mutants, including
tests with alanine substituted GIP analogues, are in agreement with interaction of Glu3 in GIP
with Argl83 in GIPR. Furthermore, they strongly supported a binding mode of GIP to GIPR
in which the N-terminal moiety of GIP was sited within transmembrane helices 2, 3, 5, and 6
with biologically crucial Tyr] interacting with GIn224 (TMH3), Arg300 (TMHS) and Phe357
(TMHS6). These data represent an important step towards understanding activation of GIPR by

GIP which should facilitate the rational design of therapeutic agents.
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Glucose-dependent insulinotropic polypeptide (Gastric inhibitory polypeptide, GIP) is a
42 residue hormone released by the entero-endocrine K cells lining the proximal duodenum
(Jornvall et al., 1981; Moody et al., 1984). GIP stimulates insulin secretion from pancreatic 3-
cells after ingestion of nutrients. The peptide has a very short half life in the blood as it is
vulnerable to degradation by ubiquitous enzyme dipeptidyl peptidase IV (Mentlein et al.,
1993). GIP along with its sister incretin hormone Glucagon-like peptide 1 (GLP1) has been
shown to account for 50 to 70 percent of post-prandial insulin secretion. The incretin effect is
strictly glucose-dependent and is essential for the maintenance of glucose homeostasis. GIP
further enhances its glucose-lowering effects by the inhibition of hepatic glucose production
and the stimulation of proinsulin gene transcription and translation. Due to its hypoglycemic
and hypolipidemic effects (Baggio and Drucker, 2007; Brown, 1974), GIP and its receptor
(GIPR) are of high pharmacological interest, especially in identification and design of new
molecules for the treatment of diabetes mellitus and obesity (Kieffer, 2003). The expression
of GIPR in different organs and systems such as stomach, small intestine, adrenal cortex,
pituitary, heart, testis, endothelial cells, bone, trachea, spleen, thymus, lung, kidney, thyroid
and several regions of the CNS, increases the pharmacological importance of this receptor
(Baggio and Drucker, 2007).

GIPR belongs to subfamily B1 of the G protein-coupled receptor (GPCR) superfamily,
which also includes receptors for other hormones (Glucagon, GL; Glucagon-like peptide 1,
GLP1; Glucagon-like peptide 2, GLP2; Secretin, SCT; Growth-hormone releasing hormone,
GHRH; Vasoactive intestinal peptide, VIP; Pituitary adenylate cyclase-activating peptide,
PACAP; Corticotrophin-releasing factor, CRF; Parathyroid hormone, PTH; Calcitonin, CT)
(Gremlich et al., 1995; Volz et al., 1995). All receptors belonging to this family are composed

of a large extracellular N-terminus that contains six highly conserved cysteine residues
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forming three disulfide bridges, a serpentine domain with seven transmembrane helices, and a
short intracellular C-terminus.

Receptor activation and subsequent intracellular signaling via Gas protein closely follows
the binding of GIP to GIPR (Baggio and Drucker, 2007; Volz et al., 1995). The recent
structural characterization of the interaction between GIP and the extracellular domain
(ectodomain, ECD) of its receptor demonstrates that GIPR interacts with the C-terminal two-
third of GIP (1-30) peptide (Hinke et al., 2004; Parthier et al., 2007). GIP (1-30) activates
GIPR, as demonstrated by intracellular production of cAMP, with equal potency as the wild
type peptide GIP(1-42) (Gault et al., 2007; Hinke et al., 2003; Hinke et al., 2001). In contrast,
fragment (7-30) of GIP showed a near maximal affinity with the receptor but had no
detectable activity at micromolar concentration. However, fragment GIP(1-14) displayed a
very low affinity but fully activated the GIPR at micromolar concentrations (Gault et al.,
2007; Hinke et al., 2003; Hinke et al., 2001). All together, these data suggest that activation of
GIPR by its natural ligand GIP involves high affinity binding of portion (7-30) of GIP to the
N-terminal ECD of GIPR and activating interaction of N-terminal region (1-7) of GIP with
the GIPR. However, there has been virtually no progress on the delineation of a ligand
binding site for the N-terminal region of GIP (i.e. fragment 1-7) to its receptor so far. As a
result, the precise mechanism whereby GIP activates its receptor remains unknown.
Understanding ligand binding and receptor activation in GIPR has vital importance in the
design of specific high affinity ligands with a desired pharmacological activity. With this in
mind, and based on our experience with cholecystokinin and gastrin receptors (Dufresne et
al., 2006), we have initiated this study aimed at the delineation of the binding site of human
GIP receptor. Furthermore, given the fact that in family B of G-protein coupled receptors little
is known about the region of the binding site formed by transmembrane helices, we focused

our attention towards this domain of the GIP receptor. Using a strategy combining molecular
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modeling and site-directed mutagenesis, we identified residues located in transmembrane

helices 2, 3, 5 and 6, which are important for GIP recognition by its receptor.
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MATERIALS AND METHODS

Molecular Modeling of GIP receptor: The sequences of GIP receptors of different
species were aligned against other members of subfamily B1 GPCRs to identify conserved
hydrophobic regions estimated to be transmembrane helices. The initial model obtained from
the multiple sequence alignment was further aligned against the sequence of bovine rhodopsin
and A2a adenosine receptors, as the latter was chosen to be the structure template for the
serpentine domain (Jaakola et al., 2008). All alignment investigations were done using
ClustalX (Chenna et al., 2003). The final sequence alignment is in general agreement with
the positioning of transmembrane helices provided by GPCR Data Base (Horn et al., 2003)
(Figure 1).

The transmembrane helices of GIPR were constructed using side chain substitutions on
the A2a adenosine receptor template (PDB ID: 3EML) (Jaakola et al., 2008). External and
internal loops were added according to best fit and best homology using a protein template
library in Insightll (InsightIl). Special attention was paid to the structure generation of
extracellular loop 2 (ECL2). Using a disulfide bridge constraint between Cys216 in
transmembrane helix (TMH) 3 and Cys286 in ECL2, a structure was selected where ECL2 is
located outside the transmembrane helix bundle leaving space to accommodate the GIP
ligand. Similar to the A2a adenosine receptor template ECL2 in our model also participates in
interactions with ECL1. After refinement of side chain interactions, the model was optimized
by steepest descent energy minimization within MOE [Chemical Computing Group, Inc.
(2008) Montreal, Quebec, Canada H3A 2R7].

For identification of receptor and ligand residues as potential interaction partners,
sequences of subfamily B1 receptors of different species as well as sequences of
corresponding ligands were aligned separately. Taking into account PTH, CRF, CT and their

receptors, remaining ligands and receptors of subfamily B1 were focused in this identification
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step, due to their closer sequence similarity (especially on ligand side). AnCoRe software
package was used for identification of conserved residues as well as correlated mutations
(Betancourt and Thirumalai, 1999; Murphy et al., 2000).

In manual docking investigations, the complex structure of GIP bound to the N-terminal
ECD of GIPR (entry 2qkh, (Parthier, 2007 #7)) available in the PDB (Berman et al., 2000)
has been used. Taking into account published experimental data on SCT and GL as well as
potential interaction sites between peptides and receptors identified in multiple sequence
alignment investigations, the complex of GIP-ECD was docked to GIPR. Resulting models,
containing each GIP, GIPR ectodomain and GIPR transmembrane core, were optimized in
side chain interaction and energy. Molecular dynamics simulations using Amber99 force field
were applied in MOE for 1ns to check general reasonability of the formed complex structures.

Site-directed mutagenesis of GIPR and transient expression in HEK 293 cells: The
plasmid containing the cDNA encoding human GIPR was kindly given by Professor Bernard
Thorens (Lausanne, Switzerland). The sequence encoding the short variant of the GIPR was
PCR amplified using a sense primer containing cloning site HindIIl as well as sequence
encoding Hemagglutinin epitope tag, YPYDVPDYA, and an antisense primer containing
cloning site Xhol. PCR product was subcloned in pcDNA3 and sequenced. All mutants were
constructed by oligonucleotide-directed PCR based mutagenesis using human GIPR cDNAs
cloned in the pcDNA3 vector as a template. The presence of desired mutation and the absence
of undesired mutation were confirmed by automated sequencing of the complete GIPR coding
sequence. HEK 293 cells (2.5 x 106) were plated onto 10 cm culture dishes and grown in
Dulbecco’s Modified Eagle's Medium (DMEM) containing 10% fetal calf serum in a 5% CO,
atmosphere at 37°C. After overnight incubation, cells were transfected with 12 pg/culture

dish of pcDNA3 vector containing the cDNA for the wild-type or mutated GIP receptor, using
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FUGENE 6 reagent in DMEM. The medium was aspirated 24 h later and was replaced with
fresh medium with serum.

Cyclic Adenosine Mono Phosphate (cAMP) production by HEK 293 cells expressing
GIP receptors (Horn et al.): Approximately 24 h after the addition of fresh DMEM and
following overnight incubation, the transfected cells were rinsed with Dulbecco’s Phosphate
Buffered Saline (D-PBS). Cells were detached by scraping in the presence of 10 mL of D-
PBS and incubated at 37 °C for 15 minutes with 0.25 mM 3-Isobutyl-1-methylxanthine
(IBMX). Approximately 5 x 10* cells in a volume of 180 pL were stimulated by 20 pL of
peptide (GIP (1-30) or Ala-substitued GIP(1-42)), in an increasing concentration from 10 pM
to 10 uM, in duplicate tubes. To measure basal cAMP production, 180 pL of cells were added
to 20 pL of D-PBS. All samples were incubated for 15 minutes at 37 °C. Reactions were
stopped on ice and by addition of 800 pL of 95/5 of Methanol/Formic Acid. Tubes were
capped, vortexed and left at -20°C overnight. The next morning all the samples and RIA
cAMP kit (Immunotech, Marseille, France) were allowed to come to room temperature and
the reagents were reconstituted. Samples or Calibrators were added to anti-cAMP antibody-
coated tubes in the presence of 500 pL of '*I-labelled cAMP tracer and incubated at 4°C for
18 h. Bound radioactivity was directly measured in a gamma counter (Auto-Gamma, Packard,
Downers Grove, IL). Data were analyzed and graphs drawn up by using the non linear curve
fitting software GraphPad Prism (San Diego, USA).

Synthesis and purification of GIP(1-30) amide: The Machine-assisted stepwise solid
phase peptide synthesis (SPPS) was carried out on an Applied Biosystems model Pioneer™
Peptide Synthesis System using the standard procedures of Fmoc/tBu chemistry on a Tentagel
S Ram resin from Rapp polymer and the crude peptide was obtained after a 2 h treatment with
Trifluoroacetic acid/Triisopropylsilane/H,O (95:2.5:2.5) followed by precipitation in a cold

solution of methylbutylether/hexane (2/1). The compound was isolated by preparative HPLC
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using a C8 column (5 mm, 250 x 21 mm) and mass-spectrometry [ESI-MS: m/z = 1767.0
[M+2H]*, 1178.2 [M+3H]*", 884.0 [M+4H]""; 3532.02 calculated for Ci6H240N40047S].
Analytical HPLC confirmed peptide purity.

Preparation of GIP-Alexa-F 647: Coupling of GIP(1-30) to Alexa-F 647 was carried out
by mixing at 20°C 20 nmol of GIP in solution in 0.1 M Sodium Borate, pH: 8.5 with 100
nmol of Alexa Fluor® carboxylic acid succinimidyl ester (Invitrogen, Carlsbad, Ca, USA) in
solution in dimethyl formamid. After 6 h of reaction, the solution was submitted to HPLC
separation on a nucleosil C18 column using a linear gradient of acetonitrile from 25% to 50%
of acetonitrile in HO/ 0.05% Trifluoroacetic acid (Fig. 4).

Determination of expression levels of GIP receptors; HEK-293 cells (2 x 10°) were
cultured and transfected as described above. The cells were rinsed once with complete
medium, detached in 1 mL of complete medium and transferred to special plastic tubes for
flow cytometery analysis. The cells were rinsed by centrifugation at 1000 X rpm for 3
minutes at 4°C in the presence of 2-3 mL of 0.5% Bovine serum albumin-Phosphate buffer
solution and then re-suspended in 100puL of incubation buffer. After an initial incubation for
10 minutes at room temperature, GIP-Alexa-F 647 was added with a final concentration of 10°
7 M to the cells and incubated for 1 hour at room temperature in the dark. The cells were
rinsed twice by centrifugation and re-suspended in 0.5 ml of incubation buffer and were
analyzed by the flow cytometery (Becton Dickinson FACScalibur). The data was analyzed
using Cell Quest Pro software both with reference to positive control i.e.; cells expressing
wild type GIPR and negative control i.e.; non-transfected cells. For confocal microscopy
visualization of GIPR expression, cells were grown on sterile 4-wells Lab-Teck coverglass
chambers (Thermo Fisher Scientific, Roskilde, Denmark) coated with polylysine and
incubated at 4°C for 2h with 1 uM GIP-Alexa-F 647 in D-PBS before observation using LSM

510 Zeiss confocal microscope (excitation at 633 nm by argon laser and emission > 650 nm).

10
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Background-subtracted images were assembled using Adobe Photoshop 7.0 (Adobe Systems,

Mountain View, CA).

11
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RESULTS

Identification of putative binding site of GIP receptor by molecular modeling and in
silico GIP docking: Based on multiple sequence alignments of both receptors and ligands, we
constructed models of the GIPR-GIP complex using Adenosine A2a receptor as a template for
the receptor’s transmembrane helix bundle and taking X-ray structural data on the interaction
of GIP and GIPR ECD into account (Parthier et al., 2007). Thereby, two binding modes
showed reasonable interactions (Fig. 2).

In docking model A (Fig. 2a) GIP interacts with GIPR similar to a binding mode proposed
for glucagon in glucagon receptor (Runge et al., 2003): the N-terminus of GIP is oriented in
the direction of TMH1 of GIPR leaving residues Ala2 and Glu3 in-between TMH2 and
TMH?7, while GIP’s helical structure lays on the receptor establishing contacts with ECL2 and
ECL3. In this first model, Argl83 and Argl90 in TMH2 (Fig. 3) interact with Glu3 of GIP
and Arg300 in TMHS interacts with Asp15 of GIP. These interactions have been identified as
important in this first binding mode and thus selected for mutation.

In docking model B (Fig. 2b) GIP interacts in GIPR similar to what has been described for
the binding of secretin to secretin receptor (Dong et al., 2008): the N-terminus orients towards
ECL3, allowing residues between it and the GIP’s helical portion to find interactions within a
binding grove made-up of TMH2, 3, 5, 6 and 7. Similar to binding mode A, binding mode B
depends on interaction between Argl83 in TMH2 and Glu3 of GIP (Fig. 3). In contrast, Tyrl
and Ala2 of GIP established additional interactions within a typical GPCR ligand binding
pocket. Residues GIn220, Thr223, GIn224 in TMH3, Arg300 in TMHS and Phe357 in TMH6
have been predicted for experimental investigation to validate binding mode B. In addition
and independently of the two described putative binding modes, we were interested in
identifying residues with importance in receptor activation. Due to their close proximity to

Argl83 (TMH2) and their possibility to establish a hydrogen bond network inside the

12
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receptor, residues Asn230 (TMH3), Tyr231 (TMH3), His353 (TMH6) and GIn384 (TMH7)
have been proposed for experimental investigation. The appearance of residues Asn230,
Tyr231 and His353 in class B GPCRs seems to be related to Argl83 in TMH2. In contrast,
GIn384 in TMH?7 is one of the most conserved residues within all class B GPCRs and its
corresponding residue in PTH/PTHrP receptors has been shown to be critical for ligand
binding and receptor activation (Gardella et al., 1996).

We also proposed residue Tyr392 in TMH7 for investigation. This residue is not in close
proximity to any putative residue of GIPR binding site. However, our sequence alignment
investigations indicated that this residue corresponds to tyrosine in NPxxY motif, which has
been demonstrated to be involved in activation of members of class A GPCRs (Gether, 2000).

Biological characterization of GIP-Alexa-F 647 and expression of GIPR mutants:
Synthetic fragment 1-30 of GIP was coupled to Alexa Fluor® succinimidyl ester and the
coupling medium was submitted to reverse phase HPLC. According to mass spectrometry
analysis of trypsin digested fragments and N-terminal amino acid determination (data not
shown), compound contained in the major peak eluted at 16.5 min. corresponded to GIP
coupled to Alexa Fluor® through Lys30 (Fig. 4a). GIP-Alexa-F 647 thus purified stimulated
cAMP formation in HEK-293 cells expressing the GIPR with potency and efficacy similar to
GIP(1-30) (Fig. 4b). GIP-Alexa-F 647 was further used for measurement of GIPR mutant
expression at the cell surface which might be affected by site-directed mutagenesis
substitution of residues in the GIPR. In the first series of experiments, batches of cells
expressing the different mutants were incubated with GIP-Alexa-F 647 at a saturating
concentration (1 pM) and analyzed by flow cytometry. Values from fluorescence-activated
cell sorting profiles indicated that all mutants were expressed at HEK-293 cell membrane at
levels similar that of the wild-type GIPR (table). In a second series of experiments, cells

plated on microscope lab-teck coverglass chambers were incubated on ice with GIP-Alexa-F
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647 (1 pM) and observed by confocal microscopy. Photographs shown on figure 5
demonstrated that all mutants were expressed at the HEK-293 cell surface and at comparable
levels to that of the wild-type GIPR.

Pharmacological and site-directed mutagenesis identification of amino acids involved
in GIP-induced cAMP production: We further aimed to pharmacologically test our
proposed models for binding of GIP to GIPR. Main residues identified in these different 3D
models, namely Argl83, Argl90, GIn220, Thr223, GIn224, Asn230, Tyr231, Arg300,
His353, Phe357, GIn384 and Tyr392 were each exchanged for an alanine and, additionally,
GIn384 for an asparagine and Tyr231 for a phenylalanine. Performing activity assays on
HEK-293 cells expressing these mutants allowed identifying positions important in ligand-
induced receptor activation by shifts in potency of measured cAMP-production (Fig.6 and
table).

The biggest influence of alanine substitution on GIP potency was discovered for
Argl83Ala (Fyy 76.4, p<0.001) and Argl90Ala (Fp,y 71.2, p<0.001), both located in TMH?2.
Important decreases in potency were also found for Arg300Ala in TMHS (Fpuue 42.0) and
Phe357Ala in TMHG6 (Fyyy 15.7). Furthermore, significant decreases (p<0.001) were observed
for GIn220Ala, Thr223Ala, GIn224Ala and Asn230Ala, all in TMH3 (table). In contrast,
minor influence has been noticed for Tyr231 (TMH3), His353 (TMH6), GIn384 (TMH7) and
Tyr392 (TMH?7). Efficacy (maximum cAMP production) by which all mutants responded to
GIP was close to that of the wild-type receptor (table 1).

Pharmacological discrimination between the theoretical models A and B of GIPR-
GIP complex: To discriminate between the two theoretical docking models for GIPR-GIP
complexes, we aimed at identification of interacting charged amino acid in both the GIPR and
GIP as we previously carried out with cholecystokinin receptors (Gigoux et al., 1999;

Silvente-Poirot et al., 1999). A pharmacological support for the interactions was first based on
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the assumption that mutation of putative interacting amino acids in GIP and in GIPR should
cause equivalent shifts in potency in cAMP production. To further assess the interaction, we
reasoned that mutating simultaneously the interacting amino acids in GIP and GIPR should
not further shift the potency in cAMP production relative to single mutation on either GIP or
GIPR. On the contrary, simultaneous exchange of residues that does not interact should
induce an additional decrease in the potency relative to single mutation on either GIP or
GIPR.

In the two models A and B of GIPR-GIP complex, Argl183 in TMH2 (Fig. 3a) interact
with Glu3 of GIP. On the other hand, Argl83 and Argl90 are only two helix turns distant
from each other, which is comparable to the distance of Glu3 and Asp9 in GIP thus
suggesting that Argl90 interacts with Asp9. Therefore, we first determined the influence of
Glu3Ala and Asp9Ala substitution in GIP. As illustrated in Fig. 7, potency of GIP to stimulate
Argl83Ala GIPR was identical to potency of Ala3GIP to stimulate the wild-type GIPR. In
addition, no further significant decrease in potency was seen when Ala3GIP was used to
stimulate Argl83Ala GIPR. This strongly supports that Argl83 directly and uniquely
interacts with Glu3 of GIP to induce cAMP formation. In contrast, Ala9-GIP at concentration
up to 10 puM did not stimulated cAMP production through R183A-GIPR suggesting no direct
interaction between Argl83 and Asp9 of GIP.

As for Argl190, experiments shown in Fig. 8 indicate that Glu3Ala substitution in GIP and
Argl90Ala substitution in GIPR result in equal decrease in potency. However, simultaneous
mutations in ligand and receptor produced an additional dramatic shift in potency relative to
the single alanine substitutions (ECsp > 10 uM versus 0.1 uM), as well as a dramatic decrease
in cAMP production level. On the other hand, potency of GIP to stimulate Argl90Ala-GIPR
was very close to the potency of Ala9GIP to stimulate wild-type GIPR but Ala9GIP did not

stimulate Argl90Ala-GIPR. All together, these data allow us to conclude that direct
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interactions taking place between Argl90 in GIPR and Glu3 in GIP as well as between
Argl190 in GIPR and Asp9 of GIP are very unlikely.

One major difference between the two theoretical binding modes A and B concerns
Arg300 in the GIPR which interacts with Aspl5 of GIP in model A while it interacts with
Tyrl of GIP in model B. Furthermore, another important difference concerns Tyr-Ala
sequence of GIP, which lays on GIPR surface in model A while it interacts more deeply in the
binding pocket with Phe357, Arg300, GIn220, Thr223 and GIn224 in model B of docking.

It is also worth specifying that in model A, Glu3 is in close proximity to Arg300 and
Phe357. However, charge interactions between Arg300 and Glu3 of GIP were not recognized,
due to Phe357 benzene ring interfering between both charged residues.

We therefore first analyzed experimentally possible interactions between Arg300 and
Glu3 of GIP as well as with other negatively charged residues in GIP, namely Asp9 and
Aspl5. Results from these experiments are shown on Fig. 9. Alanine substitution of Glu3,
Asp9 or Aspl5 caused 28, 35 and 20-fold decreases in the potency of GIP to stimulate the
wild-type GIP receptor, respectively (experiments shown in Fig. 7, 8, 9). Substitution
Arg300Ala in the GIPR decreased by 42—fold the potency by which the receptor responded to
GIP (table 2, Fig. 6). Double mutations in both GIP at position 3, 9 or 15 and in GIPR at
position Arg300 caused further dramatic shifts in cAMP production potency relative to single
substitution either on the peptide or on the receptor, supporting that none of the three acidic
amino acids of GIP (Glu3, Asp9 and Aspl5) interacts with Arg300. As a result, docking mode
A is not supported by experimental data concerning Arg300Ala. In contrast, decrease in
potency found for Arg300Ala and Phe357Ala mutants (Fy 42.0 and 15.7, respectively)
together with those observed with GIn220Ala, Thr223Ala, GIn224Ala and Asn230Ala
mutants all in TMH3 (Fy 4.7, 3.4, 5.6 and 6.5, respectively, table 2), clearly support the

model of GIP.GIPR complex corresponding to docking mode B.
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Finally, since in the PTH2 receptor, residue equivalent to Argl83 in GIPR was shown to
be functionally linked to reside equivalent to GIn384 in GIPR (Gardella et al., 1996), we
double- mutated GIPR at the two positions 183 and 384. Double mutation
Argl83Ala.GIn384Ala decreased the efficacy (75%) and the potency (14-fold ) by which the
GIPR responded to GIP to stimulate cAMP production (Fig. 10). Interestingly, shift of
potency caused by the double mutation was smaller than that caused by the single mutation
Argl83Ala (16.6 fold versus 76.4-fold, fig. 10). Expression experiments indicated that the
double mutant was significantly less expressed at the cell surface than the wild-type GIP (12
% of wild-type GIPR expression, not shown) suggesting that the apparent decreased in cAMP
production was solely caused by the drop in expression of the double-mutant.

Description of the binding pocket in GIP receptor involved in interaction with N-
terminal moiety of GIP for identified binding mode B: In binding mode B (Fig. 11), which
is strongly supported by pharmacological data, GIP rests, with its C-terminus bound to the
ECD, in a binding grove between ECL2 and ECL3. This way, residues of GIP’s N-terminal
portion (residues 1 to 5) find interactions within the transmembrane helix bundle.

In detail, Tyrl of GIP establishes a hydrogen bond to GIn224 (TMH3) and m-cation
interaction to the guanidino group of Arg300 (TMHS). In addition, Tyrl rests in a
hydrophobic pocket consisting of 11e295 (TMHS5), Val360 (TMH6) and Phe357 (TMHO6).
These interactions are in agreement with the shifts in potency for cAMP production resulting
from alanine substitution these residues in GIPR: GIn224 (5.6-fold), Arg300 (42-fold) and
Phe357 (15.7-fold). The methyl side chain of Ala2 in GIP finds a corresponding environment
in TMH3 close to GIn220 and Thr223. Glu3 of GIP interacts with Argl83 (TMH2). The
interaction is based on charge polarized hydrogen bonds. We also recognized the possibility
of hydrogen bonding between Glu3 backbone NH with the side chain carbonyl of GIn220

(TMH3) during MD simulation (interaction not shown). Residue Gly4 of GIP is not involved
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in direct receptor ligand interactions but its small size allows a close orientation to TMH1 in
the narrow space between TMH2 and TMH7.

We further suggest the necessity of the formation of a turn-like structure in GIP’s N-
terminus while interacting in GIPR: Ala2 backbone carbonyl oxygen is involved in hydrogen
bonding to the backbone NH of Thr5 of GIP, which in return caps the N-terminus of GIP
central helix moiety via its side chain In addition, the flexible character of Gly4 supports the
formation of a turn-like, which fits into the narrow space between TMHs 1, 2, and 7.

Concerning residues Asp9 and Aspl5 of GIP which, in the current study, have not been
found to pair with amino acids of TMH in the GIPR, model B of GIPR-GIP complex shows
the following interactions: Asp9 interacts with Asn283 and Arg289 in ECL2, two residues
being each 3 amino acids apart the central and conserved cystein residue (Cys286); Aspl5 is
involved in interactions with the N-terminus of the ECD and intramolecularly with GInl19 in
GIP, a result which corresponds to what has been found in the X-ray structure (Parthier et al.,

2007).
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DISCUSSION

Owing to the high importance of members of group B of the GPCR family in physiology,
the understanding of the mechanism by which they are activated by their natural ligands, as
well as the discovery of non peptide ligands for those receptors represent timely challenges.
Identification of ligand binding sites represents a key step which should greatly help to take
up these challenges. In the current study, our aim was to gain insight into the binding site of
human GIPR, with a special focus on residues that were expected to interact with the N-
terminal portion of GIP. According to structure-activity relationship data and the recent
crystal structure of the complex formed between GIPR ECD and GIP, these residues are the
most fundamental for receptor activation, while not being involved in high affinity and
selectivity binding with GIPR ECD (Parthier et al., 2007). Based on our past and successful
experience with cholecystokinin and gastrin receptors, we used in synergy molecular
modeling to propose candidates in both receptor and ligand and applied site-directed
mutagenesis to pharmacologically evaluate theoretical predictions (Gigoux et al., 1999;
Silvente-Poirot et al., 1999). For pharmacological characterization of the interactions, we
analysed the impact of receptor mutations on cAMP production rather than on binding of
radio-iodinated GIP because we aimed at identifying amino acids involved in ligand-
dependent receptor activation and because there exist discrepancies between contribution to
affinity and to activity of amino acids analyzed (Gault et al., 2007; Hinke et al., 2001).
Moreover, radio-iodination of GIP requires modification of Tyr1, a critical residue which is
likely to be directly involved in GIPR activation.

GIP was initially docked in our GIPR models orienting its N-terminus in different
potential binding modes based on information on GPCR binding sites as well as on photo-
labeling investigations of secretin and glucagon in their corresponding receptors (Dong et al.,

2008; Runge et al., 2003). Taking into account experimental data on other class B GPCRs as
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well as the recently identified interaction of GIP in the GIPR ECD, an orientation of the N-
terminal portion of GIP between TMH2 and TMH3 as well as TMH6 and TMH7 has been
selected as most suitable. Pharmacological analysis of GIPR mutants are moreover in favor of
the binding site for GIP’s N-terminus in which Glu3 in GIP is in functional interaction with
Argl83 and biologically crucial Tyrl interacts with GIn224 (TMH3), Arg300 (TMHS5) and
Phe357 (TMHG6). From our knowledge, such precise structural information on this area of the
GIPR binding site was not available yet. Theoretical data from a modeling study has been
reported earlier (Malde et al., 2007), but corresponding study lacks experimental validation
and is not in agreement with our results from experiments.

Interaction of Argl83 in GIPR with Glu3 in GIP appears crucial for agonist-induced
receptor activation. Of interest, this receptor residue is conserved within all members of
subfamily B1 and there is now a general agreement for its interaction with the amino acid
located in position 3 in the cognate ligands. For example, in the rat secretin receptor,
substitution of Argl66 equivalent to Argl83 in the GIPR also dramatically decreased potency
of secretin to stimulate cAMP production, and this residue was shown to interact with Asp3 of
secretin. In the VPAC1 and VPAC2 receptors, the mutation of the corresponding basic amino
acids was reported to affect potency of VIP to stimulate the receptors (Solano et al., 2001;
Vertongen et al., 2001). As for rat secretin receptor, pharmacological analysis of the mutants
using substituted peptide analogues provided evidence that Asp3 in VIP was likely interacting
with basic amino acid equivalent to Argl83 in the GIPR. In the PTHland PTH2 receptors
Arg233 and Argl90 equivalent to Argl83 in the GIPR were also shown to be critical for high
affinity binding of PTH and high potency activation of the receptors (Gardella et al., 1996;
Turner et al., 1998).

On the contrary to Argl83, Argl90 in GIPR was not found to interact directly with an

acidic residue of the ligand, although it is also critical for potency by which GIP induces
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cAMP. Equivalent residues to Argl90 were reported to be important in other members of
group B1 GPCRs and were proposed to act as a selectivity filter in ligand recognition for GL-,
SCT-, and VIP-R (Di Paolo et al., 1998; Perret et al., 2002; Waelbroeck et al., 2002). Indeed,
a negative charge is conserved in position 3 of ligand peptides GIP, SCT, VIP, PACAP,
GHRH, GLP1, and GLP2 but not in GL The corresponding receptors of these peptides but not
GL-R share two positive charges in the corresponding positions to Argl90 and Argl83 in
GIPR. In contrast, in GL-R only Lys187, the positive charge corresponding to GIPR’s
Argl83, in TMH?2 is conserved,, whereas the corresponding amino acid to GIPR’s Argl190 is
the uncharged residue isoleucine. Therefore, there exists a correlation between absence of 2™
positive charge in TMH2 of GL-R (in comparison to other class B GPCRs) and presence of
the uncharged GIn3 in GL supporting that the basic residue corresponding to Argl90 in the
GIPR may play a role of selective filter in group B1 GPCRs.

In the PTH2 receptor, Arg233 equivalent to Argl83 in GIPR was shown to be
functionally linked to a conserved reside of helix VII, namely GIn451 (Gardella et al., 1996).
In the PTH2 receptor, exchange of GIln451 for a Lys reduced the binding affinity of PTH and
when this mutation was combined with that of Arg233 in helix II, binding affinity of the
double mutant for PTH was almost restored but no more cAMP production could be detected
(Gardella et al., 1996). Although in the case of GIPR, a different situation seems to occur, our
modeling and experimental results with GIPR also strongly support spatial proximity and
functional link between conserved Arg of helix II and Gln of helix VII. In the current study,
we show that the alanine exchange of the conserved Gln of helix VII, namely GIn384,
decreased potency with which GIP stimulates its receptor by 2.6-fold (table). Introducing a
double mutation of Argl83 and GIn384 in GIPR caused a smaller shift in potency than single

mutation of Argl83 but dramatically decreased apparent efficacy with which the GIPR
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responded to GIP, a result which may be due to the drop of expression of double-mutant as a
functional receptor at the cell surface.

Another important new finding provided by the current study concerns residues in
functional interaction with Tyrl of GIP which were found located in three different TMH of
the GIPR. These are Arg300 (TMHSY), Phe357 (TMH6) and GIn224 (TMH3) which appear, in
the model, to bind GIP Tyrl through m-cation interaction, hydrophobic contacts and a
hydrogen bond, respectively. Although sequence alignment investigations of subfamily Bl
GPCRs indicates a high degree of conservation of these three amino acids in class B of
GPCRs, analysis of the cognate ligands shows the presence of a Tyrosine at position 1 only in
GIP and GRF whereas other ligands have an histidine at this position. It is likely that, due to
differences in physico-chemical properties, Tyrl of GIP involves a unique network of
interactions in GIPR. This may explain why mutation of Arg277 in rat SCT receptor
corresponding to Arg300 in GIPR does not affect SCT-induced cAMP production (Di Paolo
etal., 1999).

Our data on GIP-GIPR interaction shows another particularity: the formation of a turn-like
structure made-up by residues Ala2-Glu3-Gly4-Thr5. We think that a turn-like conformation
of GIP’s N-terminus is supported by the small but significant effects on ligand induced
receptor activation in GIn220- and Thr223-mutants. GIn220- and Thr223 in TMH3 provide a
favorable environment for a turn-like structure of GIP. This observation is in agreement with
the idea that the N-termini of class B1 receptor peptide ligands have to adopt a specific
conformation to finally activate their receptor (Neumann et al., 2008). This hypothesis,
together with the finding that Argl83 in GIPR interacts with Glu3 in GIP, allows us to
propose a possible explanation, why the substitution of Glu3 to proline in GIP results in an
antagonistic ligand for GIPR (Gault et al., 2002). Indeed, we suggest that this substitution

favors the formation of a turn-like structure established by residues Ala2-Pro3-Gly4-Thr5

22

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 8, 2010 as DOI: 10.1124/mol.109.060111
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #60111

which subsequently finds good interactions within the GIPR binding pocket while
maintaining the receptor in an inactive state (Fig. 12).

So far, and unlike for members of group A of GPCR, mechanism by which members of
group B are activated by their cognate ligands remains poorly documented. Structurally, these
receptors lack conserved motifs and residues such as E/DRY, NPXXY motifs which have
been involved in the activation process of group A GPCRs. However, a general mechanism of
peptide ligand interaction with class B GPCRs has emerged, termed the ‘two-domain’ model
in which the C-terminal moiety of the ligand binds with a high affinity and selectivity to
receptor ECD within a period of time less than 140 ms followed by slower binding of ligand
N-terminal to TMH of the receptor to activate it and triggers G protein coupling (Castro et al.,
2005). The precise underlying mechanisms corresponding to this second step remains to be
elucidated. However, it is plausible to consider that part of the binding site formed by the
TMH core could be targeted by appropriate non peptide ligands as has been possible for most
class A GPCRs, and therefore will be amenable to medicinal chemistry. Future works will be
dedicated to the refinement of the modeled structure of this region of the GIP binding site in

GIPR and to the understanding of the activation mechanism in GIPR.
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LEGENDS TO FIGURES:

Fig. 1: Sequence alignment of transmembrane helices for GIP receptor,
adenosineA2a-R and bovine rhodopsin. Ballesteros and Weinstein’s GPCR residue
indexing is shown (Ballesteros and Weinstein, 1995).

Fig. 2: Schematic representation of theoretical docking modes of GIP to the GIP
receptor. Molecular docking investigations resulted in two different potential binding modes
of GIP in GIPR. The binding modes resemble the differently described receptor ligand
interactions for homologous class B GPCRs GL-R and SCT-R. Although the complex of GIP
and GIPR ECD shows different orientations regarding the transmembrane helix bundle, both
models showed reasonable contact sites.

Fig. 3: Primary structure of GIP and serpentine representation of GIP receptor. In
the upper part of the figure, aminoacid sequence of GIP is given. In the serpentine
representation of the human GIPR, residues which have been mutated (circled letters),
extracellular domain (ECD), extracellular loops (ECL1, ECL2, ECL3) and transmembrane
helices (TMHI-VII) are depicted.

Fig. 4: Preparation and biological activity of GIP-Alexa-F 647. A: High performance
liquid chromatography purification of GIP-Alexa-F 647. The separation was performed as
described in the “Methods” section. Absorption pic 9 (280 nm) eluted at 16.0 min.
corresponded to GIP coupled to Alexa-F 647 through Lys30. B: Biological activity of GIP-
Alexa-F 647. GIP- or GIP-Alexa-F 647-induced cAMP production was measured in HEK-
293 cells expressing the human GIP receptor. Results are expressed as percent of maximum
cAMP production in the presence of GIP. EC50 were 2.9 nM and 5.7 nM for GIP and for
GIP-Alexa-F 647, respectively (n=2).

Fig. 5: Expression of GIP receptors in HEK 293 cells. For quantification of expression

and visualization of wild-type and mutated GIPR, transfected cells were incubated with 0.1-1
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uM GIP-Alexa-F 647 and analyzed by flow cytometry or observed by confocal microscopy
as described in the methods section. Representative microscopy pictures are shown for only 6
GIPR variants but expression of all GIPR mutants at the cell surface of HEK-293 cells was
visualized.

Fig. 6: Importance of residues Argl183, Argl190, Phe357 and Arg300 in the GIP
receptor for GIP-induced cAMP production. Wild-type GIP receptor or mutants R183A,
R190A, F357A or R300A were expressed in HEK 293 cells and stimulated for 15 min by GIP
for cAMP production measurement.

Mutation factors (Fwt) were calculated as ECsy (mutated GIPR)/ECsy (WT-GIPR). Emax
values are expressed as percent of wild-type receptor maximal cAMP production in response
to 1 uM GIP. Cell surface expression of the mutants of the GIPR was assessed by flow
cytometry using GIP-Alexa-F 647 as ligand and was expressed as percent of the value
achieved with wild-type GIPR. Results represent the means £ SEM of at least four
independent experiments performed in duplicate on separately transfected HEK-293 cells.
Calculated ECs are reported in table 1.

Fig. 7: Pharmacological evidence for a direct interaction between of Arg183 of GIPR
and Glu3 of GIP but not Asp9. Wild-type GIP receptor or mutant R183A-GIPR were
expressed in HEK-293 and stimulated for 15 min either by GIP, Ala3-GIP or Ala9-GIP for
cAMP production measurement. In these series of experiments, calculated potencies (ECso,
nM) were: WT-GIPR.GIP: 3.7 nM, WT-GIPR.Ala3-GIP: 103 nM, R183A-GIPR.GIP: 109
nM; R183A-GIPR.Ala3-GIP: 128 nM; WT-GIPR.Ala9-GIP: 131 nM; R183A-GIPR.Ala9-
GIP> 10* nM. Values for cAMP production are expressed as percent of maximum cAMP
production obtained with the wild-type GIPR stimulated by GIP. Results represent the means
of at least three independent experiments performed in duplicate on separately transfected

HEK-293 cells.
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Fig. 8: Pharmacological evidence that Argl190 in GIP receptor does not interact with
Glu3 or Asp9 of GIP. Wild-type GIP receptor or mutants RI90A-GIPR were expressed in
HEK-293 and stimulated for 15 min either by GIP, Ala3-GIP or Ala9-GIP for cAMP
production measurement. Calculated potencies (ECsy, nM) were: WT-GIPR.GIP: 2.4 nM,
WT-GIPR.Ala3-GIP: 103 nM, WT-GIPR.Ala9-GIP: 120 nM, R190A-GIPR.GIP: 104 nM;
R190A-GIPR.Ala3-GIP: > 10* nM; R190A-GIPR.Ala9-GIP: >10* nM. Values for cAMP
production are expressed as percent of maximum cAMP production obtained with the wild-
type GIPR stimulated by GIP. Results represent the means of at least three independent
experiments performed in duplicate on separately transfected HEK-293 cells.

Fig. 9: Pharmacological evidence that Arg300 in GIP receptor does not interact with
Glu3, Asp9 or AsplS of GIP. HEK-293 cells expressing the wild-type GIP receptor or
mutants R300A-GIPR were expressed in HEK-293 and stimulated for 15 min either by GIP,
Ala3-GIP, Ala9-GIP or Alal5-GIP for cAMP production measurement. Calculated potencies
(ECsp, nM) were: WT-GIPR.GIP: 3.0 nM; WT-GIPR.Alal5-GIP: 63 nM; R300A-GIPR.GIP:
87 nM; R300A-GIPR.Ala3-GIP: > 10* nM; R300A-GIPR.Ala9-GIP: > 10* nM; R300A-
GIPR.Alal5-GIP: > 10* nM. Values for cAMP production are expressed as percent of
maximum cAMP production obtained with the wild-type GIPR stimulated by GIP. Results
represent the means of at least three independent experiments performed in duplicate on
separately transfected HEK-293 cells.

Fig. 10: Effects of single mutation GIn384Ala and double mutation
Argl83Ala.GIn384Ala on GIP-induced cAMP production. HEK-293 cells expressing the
wild-type GIP receptor or mutants were expressed in HEK-293 and stimulated for 15 min by
GIP for cAMP production measurement. Calculated potencies (ECsy, nM) were: WT-GIPR:
1.96 = 0.32 nM; GIn384Ala-GIPR: 5.2 + 1.4 nM; Argl83Ala.GIn384Ala-GIPR: 32.5 + 12.3

nM. Values for cAMP production are expressed as percent of maximum cAMP production
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obtained with the wild-type GIPR stimulated by GIP. Results represent the means of at least
three independent experiments performed in duplicate on separately transfected HEK-293
cells. It is worthy to note that expression level of double mutant was only 12 % of that of
WT-GIPR.

Fig. 11: Model of the interactions of GIP N-terminus in the binding pocket of GIPR.
The ligand receptor interaction follows binding mode B, which has been identified as most
suitable to explain our experimental data. Important GIPR residues in ligand binding are
shown in atom colors with cyan carbons. Residues of GIP’s N-terminus involved in these
interactions are shown in atom colors with green carbons. Hydrogen bond contacts, which
remained stable during MD simulation, are shown as magenta lines. Tyr1 of GIP establishes a
hydrogen bond to GIn224 (TMH3) and m-cation interaction to the guanidino group of Arg300
(TMHS). It also rests in a hydrophobic pocket containing Phe357 (TMH6) as main
contributor. GIP’s Glu3 interacts with Argl83 (TMH2). Hydrogen bonding between Glu3’s
backbone NH with the side chain carbonyl of GIn220 (TMH3) is possible (not shown). The
small side chain of GIP’s Gly4 allows a close orientation to TMHI in the narrow space
between TMH2 and TMH?7.

Figure 12: Comparison between models of N-terminus docking of GIP and its
antagonistic derivative Glu3Pro-GIP in the GIPR binding site. Ligand and receptor
orientation and representation follow the style in Figure 11. Pro3 inGlu3Pro-GIP supports the
formation of the turn-like structure we suggest to be crucial in GIP.GIPR interaction.
However, the Glu3Pro-GIP lacks the positive charge in position 3, which is important in
receptor activation by interaction with Argl83 in TMH2. The comparison between the native
GIP (left) and its antagonistic derivative Glu3Pro-GIP (right) clearly indicates that, due to
substitution of Glu3 to proline, Argl83 does not interact with the ligand. Instead, Argl83

interacts with GIn384 in TMH7, thus, constraining the receptor in an inactive state.
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Table: Effect of mutation of human GIPR on its expression and ability to induce cAMP

formation
GIP-R Location Receptor c¢cAMP production
Expression”
ECsy+ SEM (nM) | Fmut® Emax®
WT 100 1.96 + 0.32 - 100

Mutant R183A TMH II 76.1 £ 4.6 149.7 £30.8" 76.4 84.2+95
Mutant R190A TMH II 84.9+ 6.7 1393 +16.8™" 71.2 81.7+7.1
Mutant Q220A TMHIII | 110.2+1.1 9.2+43" 4.7 99.0 + 7.0
Mutant T223A TMIII | 116.9+17.0 6.7+2.6 " 3.4 100.3 +£5.1
Mutant Q224A T™M 11 772+ 7.6 11.0 £ 5.0 5.6 117.0 = 6.7
Mutant N230A TM III 91.9+0.7 12712 6.5 98.1 + 6.8
Mutant Y231A TMIII | 1025+1.7 42+09 2.1 114.5 £15.2
Mutant Y231F TM III 96.2 +8.1 7.9+ 4.8 4.0 101.2+ 7.8
Mutant R300A T™ V 75.1+ 6.5 82.3+15.9™ 42.0 85.8 +3.8
Mutant H353A TM VI 96.5+ 8.7 25+1.7 1.3 130.9 + 8.9
Mutant F357A TM VI 77.0 + 6.1 30.8+£9.3™" 15.7 114.1 £11.7
Mutant Q384A TMVIL | 1153+3.4 52+14" 2.6 111.5 £23.0
Mutant Q384N TM VIL | 109.4+9.7 32+1.6 1.6 115.8 £ 15.8
Mutant Y392A TM VII 89.9+3.9 9.5+4.0"" 4.8 106.8 + 13.2

R1831.Q384A-GIPR | TMII-VII| 12.0+0.2 325+12.3" 16.6 28.0 + 10.2

# Receptor expression was measured by flow cytometry using GIP-Alexa F 647 as label of

GIPR. Results are expressed as percent of expression value of the WT-GIPR and are the

means SEM of 3-4 individual experiments.
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§ corresponds to mutation factor which were calculated as Fmut = ECsy (mutated GIPR) /

ECso (WT-GIPR), with ECsy being potency of GIP (based on 4-9 determinations).

® corresponds to efficacy of GIP to stimulate cAMP production. Emax values are
expressed in percent of GIP-stimulated cAMP production with the WT-GIPR.

* p<0.05, ** p<0.01, *** p<0.001 evaluated by student t-test as compared to wild-type

receptor value.
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