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Abstract

GIP (Glucose-dependent Insulinotropic Polypeptide) is an important regulator of insulin secretion. The effects of truncated forms of the

peptide, GIP,,_,,, GIP,

—s0amice And GIP,__ . on binding of '*’I-GIP,_,, to GIP receptors in transfected CHO-KI cells, and on cyclic AMP

responses to GIP, ,,, have been studied with a view to defining further the receptor binding region of GIP, and to establish whether such

truncated peptides exhibit agonist or antagonist activity. All three peptides were found to be receptor antagonists, however GIP
exhibited receptor binding affinity equivalent to that of GIP,_,, in competitive binding studies (IC,, =3.08+0.57 nM). GIP,_

6-30amide

30amide

inhibited GIP, _,,-induced cAMP production by 58% at a concentration of 100 nM, whereas GIP,,_,, and GIP,_, . inhibited only in the
pM range. GIP, . ..., therefore contains the high affinity binding region of GIP and is a potent inhibitor of GIP, ,, action in vitro.

© 1997 Elsevier Science BV.
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1. Introduction

GIP (Glucose-dependent insulinotropic Polypeptide;
Gastric Inhibitory Polypeptide) and GLP-1 (Glucagon-like
Peptide-1 ,, and GLP-1, ,,) are considered to be the two
most important hormonal components of the enteroinsular
axis classified as incretins [1-3], but it is presently unclear
as to their relative contribution to the overall incretin
response to a meal. Infusion of GIP antisera in rats reduced
insulin responses to oral [4] or intraduodenal [5] glucose,
and to intraduodenal acid accompanied by an intravenous
glucose infusion [6]. The degree of suppression (20%-—
50%) was dependent upon the antibody infusion protocol
utilized. Subsequently, it was reported that administration
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of the GLP-1 receptor antagonist exendin (9-39) to rats
resulted in an estimated 60% inhibition of insulin re-
sponses to intraduodenal glucose [7] and 48% inhibition of
responses to a meal [8]. Since immunoneutralization
suffers from the draw-back of limited accessibility of
antibody to the target cells, it is clearly important to
develop a GIP antagonist to enable similar in vivo in-
vestigations on the role of this peptide.

Structure-activity studies had revealed earlier that the
C-terminally truncated form, GIP,_,,, demonstrated re-
duced receptor binding affinity, compared to the intact
peptide (GIP, ,,), but exhibited equivalent maximal in-
sulinotropic activity [9]. We reasoned that limited trunca-
tion of GIP, ,, at the N-terminus should retain the region
which is important for receptor binding and could result in
peptides with either agonist or antagonist activity. The
current studies were directed at examining the effects of
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GIP,; 0. GIP, 4.miee and GIP, , on binding of '*’I-
GIP,_,,tc GIP receptors in transfected CHO-KI celis and
on cyclic AMP responses to GIP, ,,. The objectives being
to define further the minimal region of the GIP molecule
responsible for high affinity binding, and to determine
whether the truncated peptides retained the ability to
activate adenylyl cyclase or, alternatively, acted as receptor
antagonists.

2. Materials and methods
2.1. Cell transfection and tissue culture

Chinese hamster kidney (CHO-KI) cells stably express-
ing the rat pancreatic islet GIP receptor (wtGIP—RI) were
prepared as described previously [9]. Cells were cultured
in DMEM/F12, supplemented with 10% newborn calf
serum, 50 units/ml penicillin G, and 50 pg/ml strep-
tomycin (culture media and antibiotics from Gibco). Cells
were grown in 75 cm” flasks until 80-90% confluent. They
were split and seeded onto 24 well plates at a density of
50 000 cells/well. Experiments were carried out 48h later.

2.2. Receptor binding analyses

Binding studies using '*’I-labeled synthetic porcine (sp)
GIP (Bachem, Torrance, CA), purified by high perform-
ance liquid chromatography (HPLC), were performed
essentially as described earlier [9]. Cells (1-5 X 10° /well)
were washed twice at 4°C in binding buffer (BB), consist-
ing of DMEM/F12, 20mm HEPES, 0.1% bovine serum
albumin (BSA), 0.5 mg/ml bacitracin, pH 7.4. They were
incubated for 12—16h at 4°C with '**I-spGIP (50 000 cpm)
in the presence, or absence, of unlabeled synthetic human
(sh) or spGIP, ,, (Bachem, CA or Hukabel, Montreal,
Canada), GIP,, ,, (kindly provided by T. O’Dorisio, S.
Cataland and O. Succek, University of Ohio, Columbus),
GIP,_,,(Hukabel), or GIP; ;q,..4c (Synthesized by D.H.
Coy). The fragments were based on the porcine GIP
sequence. All peptides were shown to be homogeneous on
HPLC and of the correct molecular weight by MALDI-
TOF mass spectrometry. Following incubation, cells were
washed twice with ice cold buffer, solubilized with 0.1IM
NaOH (1ml), and transferred to culture tubes for counting
of cell associated radioactivity. Nonspecific binding was
defined as that measured in the presence of an excess of
the appropriate cold competing peptide, and specific
binding expressed as a % of maximum binding (%B/Bo).

2.3. Cyclic AMP studies

wtGIP-R1 cells were cultured for 48h, washed in BB,
and preincubated for th prior to a 30 min stimulation
period with test agents in the presence of 0.5mM IBMX
[9]. In inhibition experiments, cells were incubated with

GIP fragments for 15 min prior to a 30 min stimulation
with 1nM shGIP, _,. shGIP, ,, and spGIP, ,, give almost
identical responses with these cells [9], and only the data
for shGIP,_,, are presented. Cells were extracted with 70%
ethanol and cAMP levels measured by radioimmunoassay
(Biomedical Technologies, Stoughton, MA) [10]. Data are
expressed as femtomoles (fmol) per 1000 cells.

2.4. Data analysis

Data are presented as means = S.E.M. with the number
of experiments in brackets. Receptor binding and cAMP
data were analyzed using the nonlinear regression analysis
program PRISM (Graphpad, San Diego, CA). Since it was
not always possible to apply sufficiently high peptide
concentrations to produce complete displacement of '*’I-
GIP,_,,. or reach a plateau for stimulation of adenylyl
cyclase, maximal displacement and stimulation with a
concentration of 10 wM, respectively, are presented. When
possible IC, or EC, values are included. Analysis of
variance (ANOVA) was performed as indicated, followed
by Dunnett’s Multiple Comparison Test. P <0.05 was
considered significant.

3. Results

Competitive binding experiments on wtGIP-RI cells
with '"*’I-GIP revealed no significant difference between
the receptor binding affinities for shGIP, ,, and
GIP, ;. miger With mean IC, values of 2.39+1.15 nM and
3.08%£0.57 nM (n = 3), respectively (Fig. 1). The receptor
binding affinity of spGIP, ,, was identical to that of the
human peptide (data not shown). GIP was the only onle2 5of

the three peptides that did not fully displace bound "~1-
GIP to non-specific binding levels obtained with 1 pM
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Fig. 1. Displacement of '*’I-GIP binding to CHO-K1 cells expressing the
rat islet GIP receptor (wtGIP-R1 cells) by truncated forms of GIP. Data
are representative of three individual experiments, each carried out in
triplicate. Mean IC,, values were: hGIP, ,,: 2.39*1.15 nM, GIP, ., ...
3.08+0.57 aM, GIP,_,,: 177.15%25.09 nM, and GIP,,_,,: 562.36+37.47
nM (n=3).
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Fig. 2. Stimulation of cAMP production in wtGIP-R1 cells by truncated
forms of GIP. GIP, ,,stimulated cAMP production to a maximal level of
13831 fmol/1000 cells with an EC,of 31026 pM. GIP,,_,, did not
increase cAMP levels at concentrations as high as 10 pM, whereas
GIP, ,jand GIP_,,, ... caused small increases (n = 3).

shGIP. The maximal displacement obtained with GIP,,_,,
was 93.90+1.80% (n=3) at 10 pM (Fig. 1).

Human GIP,_,,, stimulated cAMP production in wtGIP-
R1 cells in a concentration-dependent manner to a maxi-
mum of 138*+31 fmol/1000 cells (n =3) at a concen-
tration of 1 wM, with an ECg0f 31026 pM (Fig. 2;
values similar to those determined previously {9]. While
GIP,,_,, produced no change in cAMP levels at con-
centrations as high as 10 pM, both GIP,_;q,miq. and
GIP,_,, consistently caused small increases in mean cAMP
levels, of 1.58*+0.54 and 3.49+2.96 fmol/ 1000 cells (n =
3) respectively, at a concentration of 10 wM. However,
these increases were less than 1.14 and 2.53% respectively
of those obtained with GIP,_,, at a concentration of 1 WM.

As the fragments exhibited extremely weak, or absent,
agonist activity, their ability to antagonize 1 nM
shGIP, _,,-stimulated cAMP production was examined. In
agreement with the competitive binding studies, the order
of potency of the fragments as inhibitors of GIP-stimulated
cAMP production was: GIP, ;... > GIP, ;> GIP ;_5,
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Fig. 3. Inhibition of 1nM GIP, ,,stimulated cAMP production in wtGIP—
R1 cells. Cells were preincubated with GIP fragments for 15 min. prior to
stimulation with 1 nM GIP,_,,for 30 min. Significant inhibition of cAMP
production occurred at concentrations of 100 nM GIP,_,,amide, 1 uM
GIP, . and 10 pM GIP,,_,,. * =significance at P <0.05, and *H =
significance at P <0.01.

(Fig. 3). GIP,,_,, caused significant inhibition only at a
concentration of 10 pM (50.8£2.3%, n = 3). In contrast,
GIP, ,, inhibited shGIP, ,, induced responses by
34.2+3.3% and 73.0%20.7% at 1.0 and 10 pM respectively
(n=3). GIP, ,5,iqe Was the most potent antagonist,
significantly inhibiting cAMP production by 58.0+£2.5%,
87.0+0.4%, and 94.0x2.2% (n=13), at 0.1, 1.0 and 10
M respectively (Fig. 3).

4. Discussion

The entry of chyme into the small intestine results in the
release of hormones (incretins) which act in concert with
circulating nutrients to stimulate insulin secretion. GIP was
the first peptide for which a physiological role as an
incretin was established [1,2]. However, studies by Ebert
and co-workers showed that extraction of GIP from rat
intestinal extracts by immunoaffinity chromatography re-
sulted in removal of only ~50% of the insulinotropic
activity [11], indicating that other important incretins
existed. A number of studies led to the conclusion that
GLP-1,_,,amide and GLP-1,_,, are also important in-
cretins [3], but there is considerable uncertainty as to both
the quantitative and temporal contributions of GIP and
GLP-1 to the overall insulin response to a meal. GIP is
localized mainly in the proximal small intestine [1,2],
whereas GLP-1 is predominantly localized distally [3], and
GIP may be more important for mediating early responses
to a meal, with GLP-1 acting later. In order to clarify the
roles of GIP and GLP-1 in the enteroinsular axis it is
important to have appropriate inhibitors of both hormones.

In structure-activity studies on GIP it was shown that
limited truncation at the C- terminus had relatively minor
effects on its insulinotropic activity. Thus, GIP, ., [12]
and GIP,_,, [13] were found to exhibit similar activity to
GIP,_,, in the perfused rat pancreas. GIP,_,, was shown
subsequently by Maletti et al. [14] to exhibit 10-fold
weaker receptor binding affinity than GIP,_,, but to have
similar adenylyl cyclase stimulating activity. A further
analog, GIP,_,;,,..0.» Was also shown to stimulate insulin
secretion [15] and inhibit bombesin-stimulated amylase
secretion [16]. Although it bound with lower affinity than
GIP, ,, to the GIP receptor in transfected CHO-K1 cells,
GIP, ,, stimulated cAMP accumulation with equal
potency [9]. This segment of the GIP molecule therefore
contains the core region for biological activity.

Studies on N-terminally truncated forms of GIP showed
that GIP,,_,, possessed significant insulinotropic activity
[17,18]. We examined the effect of shorter GIP fragments
in the perfused rat pancreas, based on the premise that
amino acids 15-30 appeared to be crucial for activity, and
showed that GIP, ,, and GIP,_,, exhibited low, but
significant, insulinotropic activity [19]. Overall these
studies suggested that the region of GIP important for
insulinotropic activity and stimulation of adenylyl cyclase
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lies between residues 17 and 30, but that the N-terminus of
the molecule is also important for receptor binding. The
fragment GIP,, ., contains the amino acid residues corre-
sponding to a predicted central ‘helix-turn-helix’ region of
the peptide (PC Gene), and both GIP, ,, and GIP, ,g, .4
have amino-terminal extensions of the first alpha helix
boundary, predicted to begin at Ser®. Importantly, the
current results show that the core region responsible for
high affinity binding lies within residues 6-30, since
GIP,_;p,miq. displays a receptor affinity equivalent to that
of the intact peptide (IC,,, =239 *1.15 nM and
3.08£0.57 nM respectively). Further truncation of the
N-terminus, by one and four amino acids, resulted in
peptides with 74-fold (GIP,_,5) and 235-fold (GIP,,_;,)
lower affinity, as determined from competitive binding
assays. Despite the ability of all three peptides to bind to
the GIP receptor they demonstrated either extremely weak
or absent stimulant activity on adenylyl cyclase, suggesting
that they could act as antagonists. This possibility was
confirmed, with both GIP, ,, and GIP,_,, inhibiting GIP
(1 nM)-stimulated cAMP production in the uM range, and
GIP, ;4,4 inhibiting by 58+2.5% at a concentration of
100 nM. The current results regarding the antagonist
activity of GIP, ,, are in agreement with the recent report,
in abstract form, that the C-terminally amidated form of
this peptide inhibited GIP,_,,stimulated cyclic AMP pro-
duction in cells transfected with GIP-receptor cDNA and
B-TC3 cells, and displaced '*’I-GIP,_,, binding to B-TC3
cells [20]. However, GIP, ,,,..,. €xhibits both signifi-
cantly higher receptor binding affinity and more potent
activity as an inhibitor of GIP,_,, stimulated adenylyl
cyclase activity. It remains to be seen whether
GIP,_0.miqes O modified forms, will be useful antagonists
in vivo.
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