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Abstract

The incretin hormones: glucose-dependent insulinotropic polypeptide (GIP) and
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glucagon-like peptide-1 (GLP-1) are important regulators of many aspects of metabo-

lism including insulin secretion. Their receptors (GIPR and GLP-1R) are closely related
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members of the secretin class of G-protein-coupled receptors. As both receptors
are expressed on pancreatic B-cells there is at least the hypothetical possibility that
they may form heteromers. In the present study, we investigated GIPR/GLP-1R het-
eromerization and the impact of GIPR on GLP-1R-mediated signaling and vice versa
in HEK-293 cells. Real-time fluorescence resonance energy transfer (FRET) and bio-
luminescence resonance energy transfer (BRET) saturation experiments confirm that

GLP-1R and GIPR form heteromers. Stimulation with 1 uM GLP-1 caused an increase

in both FRET and BRET ratio, whereas stimulation with 1 uM GIP caused a decrease.
The only other ligand tested to cause a significant change in BRET signal was the
GLP-1 metabolite, GLP-1 (9-36). GIPR expression had no significant effect on mini-G,
recruitment to GLP-1R but significantly inhibited GLP-1 stimulated mini-Gq and arres-
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tin recruitment. In contrast, the presence of GLP-1R improved GIP stimulated mini-G,
and mini-Gq recruitment to GIPR. These data support the hypothesis that GIPR and

GLP-1R form heteromers with differential consequences on cell signaling.
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1 | INTRODUCTION

The incretin hormones; glucagon-like peptide-1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) are secreted
from the intestines upon nutrient ingestion and potentiate insulin
secretion by acting on their respective receptors expressed on pan-
creatic [3—ce||s.1 In patients with type-2 diabetes mellitus (T2DM)
the incretin effect is severely impaired and this may contribute
to the pathology of the disease.? While pharmacological doses of
GLP-1 are capable of potentiating insulin secretion in patients with
T2DM, GIP is almost completely inactive in this regard.3 As a re-
sult, several long-acting GLP-1 receptor (GLP-1R) agonists are used
clinically to treat T2DM.* GLP-1R agonists also inhibit appetite and
reduce food intake which often results in significant weight loss,
an added benefit when treating T2DM.% In contrast, both GIP re-
ceptor (GIPR) agonists and antagonists have been investigated as
potential treatments for both T2DM and obesity, however, nei-
ther are used clinically.®” A recently employed strategy has been
the development of unimolecular peptides that activate both the
GLP-1 and GIP receptor.® The results of clinical trials for the dual
GLP-1/GIP receptor agonist tirzepatide have been very successful
in terms of lowering glycated hemoglobin levels and weight loss.”10
However, the degree to which GIP receptor activation contributes
to these results is still unclear.!! Confusingly, simultaneous block-
ade of the GIP receptor and activation of the GLP-1 receptor has
also shown promise in nonhuman primate trails.*? It is unclear at
present why both GIPR agonists and antagonists should produce
similar results in terms of glucose control and weight loss. One
possibility is that long-term exposure to GIPR agonists results in
receptor desensitization and downregulation, effectively acting

as an antagonist.13

Alternatively, treatment with GIPR antago-
nists has been demonstrated to increase cell surface expression of
GIPR, potentially restoring sensitivity to GIP.* Furthermore, some
dual GLP-1/GIP receptor agonists have been shown to act quite
differently from the GLP-1 receptor agonists currently in clinical
use, showing preference for some signaling pathways over oth-
ers.’> This phenomenon is termed biased signaling or functional
selectivity.*

The GLP-1 and GIP receptors are closely related members of the
secretin family of G-protein-coupled receptors (GPCRs) and share
a high degree of sequence homology.?”*® Nonetheless, both recep-
tors are highly selective for the endogenous ligands. GLP-1R and
GIPR couple primarily to Ga,, resulting in the activation of adenylate
cyclase and an increase in intracellular cyclic adenosine monophos-
phate (cAMP).Y? Both receptors have also been reported to continue
to generate cAMP following endocytosis.20'21 In an effort to un-
derstand why GLP-1 (albeit at pharmacological levels) but not GIP,
remains insulinotropic in T2DM, differences in their signaling mech-
anisms and the behavior of their receptors have been investigated.??
Unlike GIPR, GLP-1R also couples to G(xq relatively well and a mech-
anism for how this can preserve signaling under hyperglycemic con-
ditions has been proposed.23 Activation of GLP-1R results in the
recruitment of arrestins, however agonist-induced internalization of

GLP-1R appears to be an arrestin-independent process.?*?> In con-
trast, arrestin recruitment to GIPR remains controversial and when
expressed in adipocytes, GIPR undergoes constitutive internaliza-
tion and recycling to the plasma membrane.*®142628 GPCRs have
been shown to function as monomers, dimers, higher-order oligo-
mers, and heteromers.?”3® As GLP-1R and GIPR are both expressed
on pancreatic f-cells, there exists the possibility that they may
function as heteromers. In this study, we investigate the impact of
GIPR on GLP-1R-mediated signaling and vice versa using resonance
energy transfer techniques in order to further understand the phar-
macology of these clinically important receptors.

2 | MATERIALS AND METHODS

2.1 | Materials

All peptide ligands were purchased from Bachem, with the ex-
ception of (Pro3)GIP and P18, which were custom synthesized by
Pepceuticals Ltd. Cell culture reagents were purchased from Gibco-
Invitrogen (Paisley) and Sigma-Aldrich. General chemicals were pur-

chased from Sigma-Aldrich.

2.2 | Construction of cDNA

cDNA encoding the following constructs have previously been
described; wild-type and C-terminally super yellow fluorescent
protein 2 (SYFP2) labeled human GLP-1R and GIPR, arrestin3-
Nano Luciferase (Nluc) arrestin3-YFP B2AR-YFP, BrAR-mTurg.
mCherry-CAAX.2628:2931 T generate GLP-1R and GIPR labeled
at the C-terminus with Nluc the open reading frame of the re-
ceptor was amplified using primers which added a Hindlll re-
striction site directly upstream of the start codon and replaced
the stop codon with an Xbal restriction site. The resulting PCR
product was ligated into Arr3-Nluc that had previously been di-
gested with Hindlll and Xbal, replacing the Arr3 open reading
frame with that of the receptor. GLP-1R-Nluc was subsequently
cloned into pcDNAS5-FRT (Invitrogen) in order to generate a sta-
ble isogenic cell line. A similar strategy was used to generate
GLP-1R and GIPR-mTurquoise, except that in this case the re-
sulting PCR product was cloned into GRK2-mTurquoise®? that
had previously been digested with Hindlll and Xbal. NES-Venus-
mGa,  and NES—Venus—mG(xq33 were a kind gift from Mohammed
Ayoub (United Arab Emirates University). Both GLP-1R and
GIPR contain a N-terminal signal peptide that is cleaved dur-
ing receptor processing and trafficking to the plasma mem-
brane.®*3% Therefore, to label GLP-1R and GIPR with SYFP2 at
their N-termini the fluorescent protein was introduced imme-
diately downstream of the predicted signal peptide. This was
achieved by amplifying the open reading from SYFP2 with prim-
ers that introduced the influenza hemagglutinin signal peptide
(MKTIHALSYIFCLVFAA) to the N-terminus of the fluorescence
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protein and which also flanked the PCR product with a Kpn-1
and Not-1 site. The resulting PCR product was cloned into the
previously described myc-GLP-1R construct?® that had previ-
ously been digested with Kpn-1 and Not-1. myc-GLP-1R contains
a Kpn-1 site immediately upstream of the signal peptide and a
Not-1 and myc-tag (EQKLISEEDL) immediately downstream of
the predicted signal peptide of GLP-1R.

All constructs were verified through Sanger sequencing.

2.3 | Cell culture and transfection of cells

HEK-293 and Flip-In HEK-293 cells (Invitrogen) were cultured
in Dulbecco's modified Eagle's media supplemented with 10%
fetal calf serum, 100U/ml penicillin, and 100 pg/ml streptomy-
cin. Cells were maintained at 37°C in a humidified environment
containing 5% CO,. HEK-293 cells were transiently transfected
using Effectene (Qiagen), following the manufacturer's protocol.
In order to generate stable cell lines, Flp-In HEK-293 cells were
transfected with the pcDNAS5.FRT vector and pOG44 using
Effectene. Stable isogenic clones were selected by the addition of

hygromycin (200 pg/ml).

2.4 | Bioluminescence resonance energy
transfer assays

For bioluminescence resonance energy transfer (BRET) saturation
assays Flp-In HEK-293 cells stably expressing GLP-1R-Nluc were
transiently transfected with increasing amounts of GIPR-SYFP2
DNA (0-2 pg). For dose-response curves, HEK-293 cells were tran-
siently transfected with equal amounts of Nluc-labeled receptor,
YFP-labeled G protein/arrestin, and unlabeled receptor. Forty-eight
hours post-transfection cells were detached and washed with Hank's
Balance Salt Solution (HBSS). Cells were re-suspended in HBSS and
plated onto white 96-well plates (PerkinElmer) in suspension at
a density of 180000cells/well. Cells were incubated with agonist
for 15min and BRET measurements were taken using a Victor X4
(PerkinElmer) plate reader immediately after the addition of coelen-
terazine h (final conc. 1 uM). Nluc emission was measured through a
460/40nm filter and the resulting SYFP2 emission was read through
a 535/25nm filter. Expression levels of Nluc and SYFP2-labeled
constructs were monitored by measuring luminescence and fluo-
rescence, respectively. Luminescence was measured using a Victor
X4 and factory settings for luminescence. For fluorescence meas-
urements, cells from the same transfection were plated onto black
96-well plates and after a 1-h incubation period in darkness, total
fluorescence was measured with excitation filters at 490/6 nm and
an emission filters at 535/25nm. For BRET saturation assays, raw
data were corrected by subtracting the BRET ratio determined from
cells expressing Nluc only. Data were then plotted as BRET ratio
versus fluorescence/luminescence and curves were fitted using

“one site-specific binding” function (GraphPad 8.0). In the case of
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dose-response curves the BRET ratio was expressed as fold-change

from non-stimulated and curves were fitted using a ‘sigmoidal dose-

response curve’ function.

2.5 | Fluorescence resonance energy transfer
measurements

HEK293T cells were transiently transfected with 0.8 pg GLP1R-
SYFP2 and 1 pg GIPR-mTurquoise or 1 pg GLP1R-mTurquoise and
0.8 ug GIPR-SYFP2 using Effectene (Qiagen). The amount of DNA
used for the mTurquoise-containing plasmid was higher to compen-
sate for the lower brightness of the mTurquoise. On the day after
transfection, cells were plated on round (25mm diameter) glass
coverslips that had been coated with poly-L-lysine. One day later,
fluorescence resonance energy transfer (FRET) measurements were
performed as previously described.? Images were acquired every
250ms. Cells were either stimulated with 1 pM GLP1 or 1 pM GIP.

2.6 | Confocal microscopy

HEK-293 cells transiently expressing SYFP2- and mTurquoise-
labeled receptors and mCherry-CAAX were plated on to a poly-
D-lysin-coated coverslip and mounted on to an “Attofluor” holder
(Molecular Probes). The cellular location of the labeled receptors
was monitored by live cell confocal microscopy performed on a Zeiss
LSM 800 meta system (Carl Zeiss). Zeiss Zen Blue 2 software (2.1)
was used for data acqusition and analysis. Images were taken with
an oil-immersion 63x lens using the factory settings for mCherry,
YFP, and CFP.

2.7 | Microcontact printing

Protein micropatterning was performed as described previously.3¢%”
In short, a large-area PFPE elastomeric stamp (carrying 1 pm grid fea-
tures; obtained from EV-Group) was incubated with a BSA solution
(1 mg/ml) for 30min, followed by a washing step with PBS and dH,O.
The stamp was dried under a stream of nitrogen and placed with ho-
mogenous pressure onto a clean epoxysilane-coated glass bottom of
a 96-well plate and incubated overnight at 4°C. On the next day, the
stamp was stripped from the glass, and the patterned substrate was

bonded to the 96-well plastic casting using an adhesive tape (3 M).

2.8 | Subcellular micropatterning experiments

For live cell experiments, respective wells were incubated with 100 pl
streptavidin solution (50 ug/ml; Sigma Aldrich) for 30min at room
temperature, followed by rigorous washing with PBS. Subsequently,
biotinylated anti-GFP antibody (10 pg/ml; antibodies-online) was in-
cubated for a further 30 min. Prior to cell seeding, wells were washed
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again with PBS. Cells were allowed to attach to the antibody-
patterned surface for at least 3-4 h. Total internal reflection fluo-
rescence (TIRF) microscopy was carried out on an epi-fluorescence
microscope (Nikon Eclipse Ti2), where the samples were illuminated
in TIR configuration (Nikon Ti-LAPP) using a 60x oil immersion ob-
jective (NA = 1.49, APON 60XO TIRF). A multi-laser engine (Toptica
Photonics) was used for selective fluorescence excitation of CFP
and YFP at 405 and 516 nm, respectively. After appropriate filter-
ing using standard filter sets, the fluorescence was imaged onto a
sCMOS camera (Zyla 4.2, Andor). The samples were mounted on
an x-y-stage (CMR-STG-MHIX2-motorized table, Marzh&user), and
scanning of the larger areas was supported by a laser-guided auto-
mated Perfect Focus System (Nikon PFS). Quantitation of fluores-

cence contrast was carried out as previously.38

2.9 | Dataanalyses

Dose-response data were fitted to a sigmoidal curve and BRET
saturation experiments were fitted to one site-specific binding
curve using GraphPad 8.0 (GraphPad). The values are expressed as
the mean+standard error of the mean; n =number of independ-
ent experiments. Statistical analysis of significance was calculated
with GraphPad 8.0 using a two-tailed, unpaired Student's t-test or
ANOVA where appropriate.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY? and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.4°

3 | RESULTS

3.1 | Heteromerization of GLP-1R and GIPR

Heteromerization of GLP-1R and GIPR was assessed using BRET
saturation experiments. Increasing amounts of SYFP2-labeled GIPR
were transiently expressed in Flp-In HEK-293 cells stably expressing
Nluc-labeled GLP-1R. The plot of the ratio of GIPR-SYFP2 fluores-
cence and GLP-1R-Nluc luminescence against BRET ratio produced
an exponential curve which reached an asymptote, consistent with
a specific BRET signal (Figure 1A). The presence of 1 pM GLP-1 re-
sulted in a significant (p <.05) increase in BRET,_ . Treatment with
1 pM GIP decreased BRET,

max hOwever, it was not significantly dif-

ferent from that of untreated cells. Heteromerization of GLP-1R
and GIPR was further investigated using real-time FRET microscopy
(Figure 1B). HEK-293 cells were transiently transfected with GIPR
tagged with SYFP2 and mTurquoise-labeled GLP-1R. Perfusion with
1 pM GLP-1 resulted in anincrease in the FRET signal, whereas treat-
ment with 1 uM GIP decreased the FRET signal. GLP-1-dependent
GIPR/GLP-1R heteromerization could be further proved by subcel-
lular micropatterning experiments (Figure S1). Upon the addition
of GLP-1, GIPR-mTurquoise was redistributed in YFP-GLP-1R mi-
cropatterned areas, indicating heteromerization processes.

BRET saturation experiments also show a specific BRET signal
between GLP-1R-Nluc and GLP-1R-SYFP2, suggesting that GLP-1R
also forms homomers (Figure S2A). In contrast, the results from
GIPR-Nluc/GIPR-SYFP2 BRET saturation experiments were ambig-
uous (Figure S2B). These findings were supported by real-time FRET
microscopy experiments (Figure S2C), which show that perfusion
with 1 pM GLP-1 caused a decrease in FRET signal between SYFP2
and mTurquoise-labeled GLP-1R. Subcellular micropatterning exper-
iments show that the addition of 1 pM GLP-1 resulted in GLP-1R-
mTurquoise being redistributed in SYFP2-GLP-1R micropatterned
areas, supporting both BRET and FRET experiments (Figure S3). As

(A) GLP-1R-Nluc + GIPR-SYFP2 (B) GLP-1R-mTurqoise + GIPR-SYFP2
045 - Non-Stimulated 0084 1pMGLP1/GIP
-= 1M GLP-1
2 0.10- .- T
2 - " -+ 1uMGIP &
¢ w
T &
[14 A w
& 0.05 L

0.00

T

1 1
0.0 0.1 0.2 0.3 0.4
[SYFP2J/[NLuc]

LJ v v .
0 60 120 180 240 300
time (s)

FIGURE 1 GLP-1R and GIPR heteromerization. (A) BRET saturation experiments between GLP-1R-Nluc and GIPR-SYFP2 in the absence
of ligand (black) or presence of 1 pM GLP-1 (red) or 1 uM GIP (blue). Data are pooled results from at least three independent experiments
performed in triplicate. (B). Agonist-induced changes in FRET between GLP-1R-mTurquoise and GIPR-SYFP2. Perfusion with 1 pM GLP-1
(black) resulted in an increase in the FRET signal, whereas treatment with 1 uM GIP (red) decreased the FRET signal. Similar results were
obtained in cells transfected with GLP-1R-SYFP2 and GIPR-mTurquoise. Traces are the mean + SEM displayed as error bars of at least three

independent experiments.
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with the BRET experiments, FRET and subcellular micropatterning
experiments investigating GIPR homerization were inconclusive
(Figure S4). The specificity of these interactions was tested using the
B2-adrenoceptor as a negative control. BRET saturation experiments
using GLP-1R-Nluc and p2-AR produced a straight line indicating a
non-specific interaction (Figure S5). This finding was supported by
micropatterning experiments using GLP-1R-SYFP2 and f2AR-mTurq
(Figure Sé6).

3.2 | Agonist-induced changes in BRET between
GLP-1R and GIPR

The effect of different GLP-1R and GIPR ligands on the BRET sig-
nal between their receptors was investigated in HEK-293 cells ex-
pressing a fixed ratio of GLP-1R-Nluc and GIPR-SYFP2 (Figure 2).
Treatment with 1 uM GLP-1 resulted in a significant (p <.001) in-
crease in BRET ratio compared to non-stimulated cells, whereas
treatment with 1 pM GIP resulted in a significant (p <.05) decrease
in BRET ratio. The only other ligand tested that caused a significant
change in BRET ratio was the GLP-1 metabolite, GLP-1 (9-36), which
significantly increased the BRET ratio (p <.001).

3.3 | Impact of GIPR/GLP-1R heterodimerization
on cell signaling

In order to investigate the effect of the presence of GIPR on GLP-1R-
mediated signaling and vice-versa, HEK-293 cells were transiently
transfected with Nluc-labeled receptor and Venus-labeled mini-
G protein or YFP-labeled arrestin3 in the presence or absence of
and either unlabeled GLP-1R or GIPR. GIP stimulated Venus-mG

recruitment to GIPR with significantly greater potency than GLP-1
stimulated Venus-mG_ recruitment to GLP-1R (Table 1; Figure 3A).
However, GLP-1 recruited Venus-mG, to GLP-1R with a significantly
higher E,,,« than GIP could recruit Venus-mG; to GIPR (Figure 3B).
Neither GLP-1 nor GIP displayed any detectable activity at the other
receptor (Table 1; Figure 3A,B). The presence of either unlabeled
GLP-1R or GIPR had no significant effect on GLP-1 stimulated re-
cruitment of Venus-mG, to GLP-1R-Nluc (Table 1; Figure 3C,D). GIP
was unable to recruit Venus-mG, to GLP-1R-Nluc in the presence
of unlabeled GLP-1R, however a GIP stimulated BRET signal be-
tween Venus-mG, to GLP-1R-Nluc was detectable in the presence
of unlabeled GIPR. A similar observation was seen when GIPR was
labeled with Nluc except that the presence of unlabeled GLP-1R sig-
nificantly increased GIP-mediated Venus-mG, recruitment to GIPR
(Figure 3E,F).

Compared to GLP-1R, GIPR was a relatively poor recruiter of
Venus-qu and as expected neither GLP-1 nor GIP displayed any
detectable activity at the other's receptor (Table 1; Figure 4A,B). The
presence of unlabeled GLP-1R had no significant effect on GLP-1
stimulated recruitment of Venus—qu to GLP-1R-Nluc, however
the presence of unlabeled GIPR significantly inhibited Venus—qu
recruitment to GLP-1R-Nluc (Figure 4C,D). No detectable GIP stim-
ulated recruitment of Venus-qu to GLP-1R-Nluc was observed in
the presence of either unlabeled GLP-1R or GIPR. In the recipro-
cal experiments using GIPR-Nluc in the presence of unlabeled re-
ceptors, GIP again stimulated Venus—qu to GIPR relatively poorly.
As with the Venus-mG, assays, the presence of unlabeled GLP-1R
improved the GIP stimulated BRET signal between Venus-qu and
GIPR-Nluc (Figure 4E,F).

To explain why the presence of unlabeled GLP-1R should improve
the GIP stimulated BRET signal between GIPR-Nluc and Venus-mG

and Venus—qu we investigated whether GLP-1R could improve
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FIGURE 2 Agonistinduced changes in BRET between GLP-1R and GIPR. (A) HEK-293 cells expressing a fixed ratio of GIPR-SYFP2 and

GLP-1R-Nluc were stimulated with 1 uM of one of the panel ligands shown. Stimulation GLP-1 or GLP-1 (9-36) resulted in a significant

(p <.001) increase in BRET ratio, whereas stimulation with GIP resulted in a significant (p <.05) decrease in BRET ratio. The mean+SEM is
shown from at least three independent experiments. (B) Peptide ligands used in this study. X = aminoisobutyric acid. GLP-1, Ex-4(9 = 39),

and GLP-1 (9-36) are C-terminally amidated.
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TABLE 1 Recruitment of Venus-labeled

Venus-mG, Venus-mG, Arr3-YEP mG, or mG_ subunits or YFP-labeled
Receptor Agonist pECs, pECs, pECs, arrestin3 to Nluc-labeled receptors in the
GLP-1R-Nluc GLP-1 7.8 £0.06,,, 7.8+0.11,, 7.1 £0.14,, presence or absence of unlabeled receptor
GLP-1R-Nluc GIP ND ND ND
GIPR-Nluc GIP 8.5+0.06,, " 8.0 +0.23, ND
GIPR-Nluc GLP-1 ND ND ND
GLP-1R-Nluc+GLP-1R GLP-1 7.5 +0.12, 7.7 £0.10,, 7.0+0.11,
GLP-1R-Nluc+GLP-1R GIP ND ND ND
GLP-1R-Nluc+GIPR GLP-1 7.7 £0.10, 79 £0.19, 7.3+0.24,,
GLP-1R-Nluc+GIPR GIP 8.6 +0.45, ND ND
GIPR-Nluc+GIPR GIP 7.9 £0.16, 7.6 £0.18 5 ND
GIPR-Nluc+GIPR GLP-1 ND ND ND
GIPR-Nluc+GLP-1R GIP 8.2+0.12, 7.8 +£0.154, ND
GIPR-Nluc+GLP-1R GLP-1 8.1+0.25, 7.3+0.16, ND

Note: The mean+SEM is shown from at least three independent experiments (the number of
experiments is shown in parentheses). ND refers to assays that exhibited no detectable activity at

1 uM of agonist. pEC,, refers to -log EC,,/M.
**p <.001 significantly different from GLP-1 at GLP-1R.
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FIGURE 3 Venus-mG, recruitment to GLP-1R and GIPR. Venus-mG, recruitment to Nluc-labeled receptor assessed by BRET. (A)
Venus-mG, recruitment to either GLP-1R-Nluc or GIPR-Nluc, stimulated by either GLP-1 or GIP. (B) Maximum Venus-mG, recruitment to
GLP-1R-Nluc or GIPR-Nluc. (C) Venus-mG, recruitment to GLP-1R-Nluc in the presence of unlabeled GLP-1R or GIPR stimulated by either
GLP-1 or GIP (D). Maximum Venus-mG, recruitment to GLP-1R-Nluc in the presence or absence of unlabeled GLP-1R or GIPR. (E) Venus-
mG, recruitment to GIPR-Nluc in the presence of unlabeled GLP-1R or GIPR stimulated by either GLP-1 or GIP (F). Maximum Venus-mG
recruitment to GIPR-Nluc in the presence or absence of unlabeled GLP-1R or GIPR. BRET ratios were expressed as fold-change over non-
stimulated. The mean +SEM displayed as error bars, from at least three independent experiments.

GIPR cell surface expression using confocal microscopy. HEK-293
cells were transiently transfected with plasma membrane-targeted
mCherry-CAAX and SYFP2 and mTurquoise labeled GLP-1R and
GIPR. The localization of GLP-1R-SYFP2 was highly correlated
with mCherry-CAAX at the plasma membrane, whereas in contrast
GIPR-SYFP2 was poorly expressed at the plasma membrane. The

presence of GIPR-mTurquoise did not affect the colocalization of
GLP-1R-SYFP2 with mCherry-CAAX and the presence of GLP-1R-
mTurquoise did not improve the cell surface expression of GIPR-
SYFP2 (Figure 5A,B).

A similar pattern of recruitment to Venus-qu was observed
for Arr3-YFP. GLP-1 stimulated dose-dependent recruitment of
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FIGURE 4 Venus-qu recruitment to GLP-1R and GIPR. Venus-qu recruitment to Nluc-labeled receptor assessed by BRET. (A)
Venus-qu recruitment to either GLP-1R-Nluc or GIPR-Nluc stimulated by either GLP-1 or GIP. (B) Maximum Venus-qu recruitment to
GLP-1R-Nluc or GIPR-Nluc. (C) Venus-qu recruitment to GLP-1R-Nluc in the presence of unlabeled GLP-1R or GIPR stimulated by either
GLP-1 or GIP (D). Maximum Venus—qu recruitment to GLP-1R-Nluc in the presence or absence of unlabeled GLP-1R or GIPR. (E) Venus-
qu recruitment to GIPR-Nluc in the presence of unlabeled GLP-1R or GIPR stimulated by either GLP-1 or GIP (F). Maximum Venus—qu
recruitment to GIPR-Nluc in the presence or absence of unlabeled GLP-1R or GIPR. BRET ratios were expressed as fold-change over non-
stimulated. The mean+SEM displayed as error bars, from at least three independent experiments.

Arr-3-YFP to GLP-1R-Nluc, whereas no GIP stimulated recruitment
Arr-3-YFP to GIP-Nluc could be detected (Table 1; Figure 6A,B). The
presence of unlabeled GLP-1R had no significant effect on GLP-1
stimulated recruitment of Arr-YFP to GLP-1R-Nluc, whereas the
presence of unlabeled GIPR significantly inhibited Arr-YFP recruit-
ment to GLP-1R-Nluc (Figure 6C,D). GIP could not elicit any Arr-YFP
recruitment to GLP-1R-Nluc in the presence of either unlabeled
GLP-1R or GIPR. In this assay, however, the presence of unlabeled
GLP-1R did not result in any detectable GIP stimulated recruitment
of Arr-3-YFP to GIPR-Nluc (data not shown).

4 | DISCUSSION

G-protein-coupled receptors (GPCRs) are the largest family of
membrane-spanning receptors in the human genome and are in-
volved in a wide range of physiological and pathological process.
Approximately one-third of approved drugs act on this family** and
yet, with a large number of GPCRs whose endogenous ligands are
still to be identified (the orphan receptors), there is huge potential
in targeting these receptors to develop novel therapeutics. GPCRs
have been shown to form both homo- and heteromers, with poten-
tial functional consequences (e.g., effector efficacy cross-talk and
trans-inhibition and activation).*? This may not only be physiologi-
cally relevant but might also provide further opportunities for de-
veloping novel pharmacological agents. Since GLP-1R and GIPR are
both expressed on pancreatic p cells, the possibility exists that they

may form functionally relevant heteromers in vivo and that targeting
this process may be therapeutically useful.*®

Using real-time FRET and BRET saturation experiments we
confirm that GLP-1R and GIPR form heteromers when expressed
in HEK-293 cells (Figure 1), which is in agreement with previously
published work.3*#4-4¢ Treatment with 1 pM GLP-1 resulted in an
increase in both the FRET signal and BRET,,,,, Whereas treatment
with 1 1M GIP caused a decrease in FRET signal and BRET,,,y, which
is also in agreement with previous work.***> While this may be in-
terpreted as an increase or decrease in the number of heteromers
formed, the changes in RET may instead be reporting conforma-
tional changes within the heteromer. A more sophisticated experi-
mental approach, such as single-molecule FRET, will be required to
determine which is the case. Using a fixed ratio of GLP-1R-Nluc and
GIPR-SYFP2, we tested a panel of known GLP-1R and GIPR ligands
(shown in Figure 2B). As predicted by the real-time FRET and BRET
saturation experiments, treatment with 1 pM GLP-1 caused a signif-
icant increase in BRET ratio, whereas 1 pM GIP caused a significant
decrease (Figure 2A). The only other ligand tested that caused a sig-
nificant increase in BRET ratio was the metabolic breakdown prod-
uct of GLP-1, GLP-1 (9-36). This is in agreement with Schelshorn
et al., and suggests that the observed increase in BRET ratio does
not require GLP-1R activation.** In contrast, the GLP-1R antagonist
exendin-4 (9-39) had no significant effect on BRET ratio. (Pro3)
GIP, previously reported to be a GIPR antagonist but subsequently
shown to be a low potency GIPR agonist, also had no effect on BRET
ratio.*”*® Oxyntomodulin, like GLP-1 a posttranslational product of
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FIGURE 5 Visualization of the cellular location of SYFP2- and mTurquoise-labeled receptors transiently expressed in HEK-293 cells

by confocal microscopy. (A) Representative live cell images of HEK-293 cells transiently co-transfected with plasma membrane-targeted
mCherry-CAAX (red) and SYFP2-labeled receptor (green) and mTurquoise-labeled receptor (turquoise). GLP-1R-SYFP2 appears to be
expressed primarily at the plasma membrane, whereas GIPR-SYFP2 appears to be located not only at the plasma membrane but also in
intracellular compartments. Co-expression of GIPR-mTurquoise had no effect on cell surface expression of GLP-1R-SYFP2 and GLP-1R-
mTurquoise did not improve the expression of GIPR-SYFP2 and the plasma membrane. The images are representative of at least three
independent experiments. Scale bar = 5 um. (B). Colocalization of the SYFP2-labeled receptors with plasma membrane-targeted mCherry.
GLP-1R-SYFP2 colocalizes with membrane-targeted mCherry to a significantly (****p <.001) greater extent than GIPR-SYFP2. Co-expression
of GIPR-mTurquoise had no significant effect on the colocalization of GLP-1R-SYFP2 with mCherry-CAAX. The presence of GLP-1R-
mTurquoise did not improve the colocalization of GIPR-SYFP2 with mCherry-CAAX. Data are the mean+SEM from values measured in

n=19

proglucagon and an endogenous dual GLP-1R/glucagon receptor ag-
onist, similarly had no effect on BRET ratio. In the case of both (Pro3)
GIP and oxyntomodulin, the lack of observable change in BRET ratio
may be due to their low potency at GIPR and GLP-1R, respectively.
P18 is a dual GLP-1R/GIPR agonist that has been shown to be a
G-protein-biased agonist at GLP-1R.8?? In contrast to other dual
GLP-1R/GIPR agonists that have recently been shown to cause a de-
crease in BRET ratio between GLP-1R and GIPR,*® we observed no
effect on BRET ratio with P18. Simultaneous activation with GLP-1
and GIP also had no effect on BRET ratio, most likely because the
conformational change resulting from simultaneous activation of the
two receptors results in no net change in BRET ratio.

BRET-based mini G protein and arrestin recruitment assays were
used to investigate the impact of GIPR on GLP-1R signaling and vice
versa. Both GLP-1 and GIPR dose dependently recruited Venus-mG
to their respective Nluc-labeled receptors, although GIP was signifi-
cantly more potent than GLP-1 in this regard and GLP-1 recruited
Venus-mG, to GLP-1R with a significantly higher E,,,,. Neither pep-
tide displayed any detectable activity at the other's receptor in this
assay (Figure 3A,B; Table 1). Co-expression of unlabeled GLP-1R had
no significant effect on GLP-1 stimulated Venus-mG, recruitment to

GLP-1R-Nluc. As expected, GIP had no effect in this assay as even in
more distal assays, such as a cAMP reporter gene assay, GLP-1 and
GIP are 100000-fold more selective for their own receptors.*’ No
significant difference in GLP-1 stimulated Venus-mG, recruitment
to GLP-1R-Nluc was observed when co-expressed with unlabeled
GIPR (Figure 3C,D; Table 1). This appears to be in contradiction to
Roed et al., who demonstrated that the presence of GIPR inhibits
GLP-1R-mediated cAMP production.** There are two possible ex-
planations for this discrepancy. First, we utilized a mG, recruitment
assay, which is directly downstream of receptor activation, whereas
Roed et al., utilized a cAMP accumulation assay. It is possible that
any inhibition by GIPR on GLP-1R-mediated signaling only becomes
apparent using a more amplified assay. An alternative explanation is
that GIPR does not inhibit Gas recruitment to GLP-1R but, as previ-
ously reported, inhibits GLP-1R internalization. GLP-1R is one of the
growing number of GPCRs that continues to signal once internalized
and inhibiting internalization significantly reduces GLP-1R meditated
cAMP accumulation and insulin secretion.84? Interestingly, a BRET
signal could be detected when unlabeled GIPR was stimulated with
GIP in the presence of GLP-1R-Nluc (Figure 3C,D). This suggests
that Venus-mG, recruited to GIPR was in close enough proximity to
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FIGURE 6 Arrestin3 recruitment to GLP-1R and GIPR. Arrestin3-YFP recruitment to Nluc-labeled receptor assessed by BRET. (A)
Arrestin3-YFP recruitment to either GLP-1R-Nluc or GIPR-Nluc stimulated by either GLP-1 or GIP. (B) Maximum Arrestin3-YFP recruitment
to GLP-1R-Nluc or GIPR-Nluc. (C) Arrestin3-YFP recruitment to GLP-1R-Nluc in the presence of unlabeled GLP-1R or GIPR stimulated by
either GLP-1 or GIP (D). Maximum Arrestin3-YFP recruitment to GLP-1R-Nluc in the presence or absence of unlabeled GLP-1R or GIPR.
BRET ratios were expressed as fold-change over non-stimulated. The mean +SEM displayed as error bars, from at least three independent

experiments.

GLP-1R-Nluc to generate a BRET signal, further supporting the ob-
servation that GIPR and GLP-1R form heteromers. When the recip-
rocal experiments were performed with Nluc-labeled GIPR a BRET
signal could also be observed when unlabeled GLP-1R was stimu-
lated with GLP-1 (Figure 3E,F). Surprisingly, the presence of unla-
beled GLP-1R significantly enhanced GIP stimulated recruitment of
Venus-mG, to GIPR-Nluc (Figure 3E,F).

Compared to GLP-1R, GIPR was a relatively poor recruiter of
Venus-mG, (Figure 4A,B), which is in agreement with previous ob-
servations.’®=2 This difference in signaling characteristics has been
proposed to be one of the reasons why pharmacological doses of
GLP-1 remain insulinotropic under hyperglycemic conditions, whereas
comparable doses of GIP are not.?! In contrast to the Venus-mG
recruitment assay, the presence of unlabeled GIPR significantly in-
hibited GLP-1-mediated recruitment of Venus-qu to GLP-1R-Nluc
(Figure 4C,D). This supports the growing body of work that suggests
that, at least in vitro, GIPR acts as a negative regulator of several as-
pects of GLP-1R-mediated signaling such as calcium and pERK accumu-
lation and receptor internalization.*+*° Interestingly, the Gocq pathway
has been shown to be involved in agonist-induced internalization of
GLP-1R.>® Further work will be required to determine whether GIPR's

ability to inhibit GLP-1R internalization is mediated through its atten-
uation of Ga, recruitment to GLP-1R. As with Venus-mG recruitment
to GIPR-Nluc, the presence of unlabeled GLP-1R improved GIP stimu-
lated Venus-mG,, recruitment to GIPR-Nluc (Figure 4E,F).

We speculated that the enhancement of GIP stimulated recruit-
ment of Venus-mG, and Venus—qu to GIPR-Nluc in the presence
of unlabeled GLP-1R may be due to improved cell surface expres-
sion of GIPR. To test this hypothesis, HEK-293 cells were transiently
transfected with membrane-targeted mCherry-CAAX and SYFP2-
and mTurquoise-labeled GLP-1R or GIPR and observed using con-
focal microscopy. SYFP2-labeled GLP-1R was expressed primarily
at the plasma membrane, whereas GIPR-SYFP2 was also expressed
intracellularly (Figure 5A,B) which is in agreement with previous
studies.’®%8 Co-expression of GIPR-mTurquoise did not have any
significant effect on surface expression of GLP-1R-SYFP2 and the
presence of GLP-1R-mTurquoise did not improve surface expres-
sion of GIPR-SYFP2 (Figure 5A,B). The observed improvement of G
protein recruitment to GIPR in the presence of GLP-1R is therefore
unlikely to be due to enhanced cell surface expression of GIPR. An
alternative explanation could be that GLP-1R is somehow acting as a
positive allosteric modulator at GIPR.
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While arrestin recruitment to GLP-1R is well documented, arres-

tin recruitment to GIPR remains controversial.?225"?” The reasons
for this discrepancy are likely to be due to modifications made to the
receptor and the configuration of the arrestin recruitment assay.28
Nevertheless, we were unable to detect any agonist-stimulated ar-
restin3 (B-arrestin 2) recruitment to GIPR with the assay utilized in
this study (Figure 6A,B). In agreement with both Schelshorn et al.
and Roed et al., the presence of unlabeled GIPR significantly inhib-
ited arrestin3 recruitment to GLP-1R (Figure 6C,D).44’45 Knockdown
of arrestin2 (B-arrestin 1) in cultured INS-1 cells has been shown to
reduce GLP-1 stimulated cAMP production and insulin secretion,
suggesting that arrestin recruitment is an integral component of
GLP-1R signaling.’* As mentioned previously, endocytosis is also a
key component of GLP-1R signaling, however this process appears
to be independent of arrestin recruitment. 18234551 Nonetheless,
GLP-1 receptor agonists that preferentially signal through G proteins
over arrestin have been shown to cause less receptor internaliza-
tion. Such agonists produce greater long-term insulin release and
less nausea than more balanced agonists.>® Not only has tirzepatide,
a dual GLP-1/GIP receptor agonist, been shown to be a G protein bi-
ased at GLP-1R, it has also been shown to cause a decrease in BRET
between GLP-1R and GIPR.}3#¢ Whether this contributes to its effi-
cacy and favorable side effect profile in the treatment of T2DM and
obesity remains to be determined.

In summary, in this study, we demonstrate that GLP-1R and GIPR
form heteromers when expressed in HEK-293 cells with functional
consequences for GLP-1R and GIPR-mediated signaling. While these
data are mostly in agreement with previously published work the
discrepancies can be explained by differences in the assays used. We
also observed an enhancement of G protein recruitment to GIPR in
the presence of GLP-1R, suggesting that GLP-1R may act as a posi-
tive allosteric modulator at GIPR. With dual GLP-1R/GIPR agonists
currently in clinical trials, a greater understanding of the interaction

between these two receptors is warranted.

AUTHORS' CONTRIBUTIONS

Suleiman Al-Sabah and Cornelius Krasel designed the research study.
Bashaier Al-Zaid, Siby Chacko, Cornelius Krasel, Tina Karimian,
Peter Lanzerstorfer, and Suleiman Al-Sabah performed the research.
Bashaier Al-Zaid, Cornelius Krasel, Peter Lanzerstorfer, and Suleiman
Al-Sabah analyzed the data. Suleiman Al-Sabah wrote the original
draft. Charles Ifeamalume Ezeamuzie, Moritz Biinemann, Cornelius
Krasel, Peter Lanzerstorfer, and Suleiman Al-Sabah reviewed and
edited the manuscript, provided supervision, project administration

and acquired funding.

ACKNOWLEDGMENTS

This work was supported by Kuwait University, College of Graduate
studies. Plasmids containing NES-Venus-mG, and NES—Venus—qu
were a kind gift from Dr. Mohammed Ayoub, United Arab Emirates
University, Al-Ain, UAE. P.L. acknowledges funding from the province
of Upper Austria as part of the FH Upper Austria Center of Excellence
for Technological Innovation in Medicine (TIMed CENTER).

DISCLOSURE
The authors have no conflict to declare with the contents of this

article.

DATA AVAILABILITY STATEMENT
Further information and requests for data and reagents should be di-
rected to and will be fulfilled by the corresponding author, Suleiman

Al-Sabah. Please contact (sulaiman.alsabah@ku.edu.kw).

ETHICS STATEMENT
No animals, human tissue, human volunteers or patients were used
in this study.

ORCID

Suleiman Al-Sabah "= https://orcid.org/0000-0002-9808-7866

REFERENCES

1. Nauck MA, Homberger E, Siegel EG, et al. Incretin effects of in-
creasing glucose loads in man calculated from venous insulin and C-
peptide responses. J Clin Endocrinol Metabol. 1986;63(2):492-498.
doi:10.1210/jcem-63-2-492

2. Nauck MA, Heimesaat MM, Orskov C, Holst JJ, Ebert R, Creutzfeldt
W. Preserved incretin activity of glucagon-like peptide 1 [7-36
amide] but not of synthetic human gastric inhibitory polypeptide in
patients with type-2 diabetes mellitus. J Clin Invest. 1993;91(1):301-
307.doi:10.1172/JCI116186

3. Holst JJ, Knop FK, Vilsboll T, Krarup T, Madsbad S. Loss of incre-
tin effect is a specific, important, and early characteristic of type 2
diabetes. Diabetes Care. 2011;34(suppl_2):5251-5257. doi:10.2337/
dc11-s227

4. Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1 receptor agonists
in the treatment of type 2 diabetes—state-of-the-art. Mol Metab.
2021;46:101102. doi:10.1016/j.molmet.2020.101102

5. Flint A, Raben A, Astrup A, Holst JJ. Glucagon-like peptide 1 pro-
motes satiety and suppresses energy intake in humans. J Clin Invest.
1998;101(3):515-520. doi:10.1172/JCI990

6. McClean PL, Irwin N, Hunter K, Gault VA, Flatt PR. (Pro®)GIP[mPEG]:
novel, long-acting, mPEGylated antagonist of gastric inhibitory poly-
peptide for obesity-diabetes (diabesity) therapy: GIP and obesity. BrJ
Pharmacol. 2008;155(5):690-701. doi:10.1038/bjp.2008.317

7. Mroz PA, Finan B, Gelfanov V, et al. Optimized GIP analogs promote
body weightloweringin mice through GIPR agonism notantagonism.
Mol Metab. 2019;20:51-62. d0i:10.1016/j.molmet.2018.12.001

8. Finan B, Ma T, Ottaway N, et al. Unimolecular dual incretins maxi-
mize metabolic benefits in rodents, monkeys, and humans. Sci Transl
Med. 2013;5(209):209ra151. doi:10.1126/scitranslmed.3007218

9. Frias JP, Nauck MA, Van J, et al. Efficacy and safety of LY3298176,
anovel dual GIP and GLP-1 receptor agonist, in patients with type 2
diabetes: a randomised, placebo-controlled and active comparator-
controlled phase 2 trial. Lancet. 2018;392(10160):2180-2193.
doi:10.1016/50140-6736(18)32260-8

10. Frias JP, Davies MJ, Rosenstock J, et al. Tirzepatide versus
Semaglutide once weekly in patients with type 2 diabetes. N Engl J
Med. 2021;385(6):503-515. d0i:10.1056/NEJM0a2107519

11. Holst JJ, Rosenkilde MM. GIP as a therapeutic target in diabetes and
obesity: insight from incretin co-agonists. J Clin Endocrinol Metabol.
2020;105(8):2710-e2716. doi:10.1210/clinem/dgaa327

12. Killion EA, Wang J, Yie J, et al. Anti-obesity effects of GIPR antag-
onists alone and in combination with GLP-1R agonists in preclinical
models. Sci Transl Med. 2018;10(472):eaat3392. doi:10.1126/sci-
translmed.aat3392


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=11429
mailto:sulaiman.alsabah@ku.edu.kw
https://orcid.org/0000-0002-9808-7866
https://orcid.org/0000-0002-9808-7866
https://doi.org/10.1210/jcem-63-2-492
https://doi.org/10.1172/JCI116186
https://doi.org/10.2337/dc11-s227
https://doi.org/10.2337/dc11-s227
https://doi.org/10.1016/j.molmet.2020.101102
https://doi.org/10.1172/JCI990
https://doi.org/10.1038/bjp.2008.317
https://doi.org/10.1016/j.molmet.2018.12.001
https://doi.org/10.1126/scitranslmed.3007218
https://doi.org/10.1016/S0140-6736(18)32260-8
https://doi.org/10.1056/NEJMoa2107519
https://doi.org/10.1210/clinem
https://doi.org/10.1126/scitranslmed.aat3392
https://doi.org/10.1126/scitranslmed.aat3392

AL-ZAID ET AL.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Mohammad S, Patel RT, Bruno J, Panhwar MS, Wen J, McGraw TE.
A naturally occurring GIP receptor variant undergoes enhanced
agonist-induced desensitization, which impairs GIP control of ad-
ipose insulin sensitivity. Mol Cell Biol. 2014;34(19):3618-3629.
doi:10.1128/MCB.00256-14

Gabe MBN, Sparre-Ulrich AH, Pedersen MF, et al. Human
GIP(3-30)NH 2 inhibits G protein-dependent as well as G protein-
independentsignalingandis selective for the GIP receptor with high-
affinity binding to primate but not rodent GIP receptors. Biochem
Pharmacol. 2018;150:97-107. doi:10.1016/j.bcp.2018.01.040
Willard FS, Douros JD, Gabe MBN, et al. Tirzepatide is an imbal-
anced and biased dual GIP and GLP-1 receptor agonist. JCI Insight.
2020;5(17):e140532. doi:10.1172/jci.insight.140532

Reiter E, Ayoub MA, Pellissier LP, et al. -Arrestin signalling and bias
in hormone-responsive GPCRs. Mol Cell Endocrinol. 2017;449:28-
41. doi:10.1016/j.mce.2017.01.052

Mayo KE, Miller LJ, Bataille D, et al. International Union of
Pharmacology. XXXV. The glucagon receptor family. Pharmacol Rev.
2003;55(1):167-194. doi:10.1124/pr.55.1.6

Donnelly D.Thestructureandfunctionoftheglucagon-like peptide-1
receptor and its ligands: GLP-1R structure-function. BrJ Pharmacol.
2012;166(1):27-41. d0i:10.1111/j.1476-5381.2011.01687.x
Al-Sabah S. Molecular pharmacology of the incretin receptors. Med
Princ Pract. 2016;25(1):15-21. doi:10.1159/000433437

Kuna RS, Girada SB, Asalla S, et al. Glucagon-like peptide-1
receptor-mediated endosomal cAMP generation promotes
glucose-stimulated insulin secretion in pancreatic p-cells. Am J
Physiol-Endocrinol Metab. 2013;305(2):E161-E170. doi:10.1152/
ajpendo.00551.2012

Ismail S, Gherardi MJ, Froese A, et al. Internalized receptor for
glucose-dependent insulinotropic peptide stimulates adenylyl cy-
clase on early endosomes. Biochem Pharmacol. 2016;120:33-45.
doi:10.1016/j.bcp.2016.09.009

Yabe D, Seino Y. Two incretin hormones GLP-1 and GIP: com-
parison of their actions in insulin secretion and p cell preserva-
tion. Prog Biophys Mol Biol. 2011;107(2):248-256. doi:10.1016/j.
pbiomolbio.2011.07.010

Oduori OS, Murao N, Shimomura K, et al. Gs/Gq signaling switch
in p cells defines incretin effectiveness in diabetes. J Clin Investig.
2020;130(12):6639-6655. doi:10.1172/JCI140046

Jorgensen R, Martini L, Schwartz TW, Elling CE. Characterization
of glucagon-like Peptide-1 receptor B-Arrestin 2 interaction: a high-
affinity receptor phenotype. Mol Endocrinol. 2005;19(3):812-823.
doi:10.1210/me.2004-0312

Syme CA, Zhang L, Bisello A. Caveolin-1 regulates cellular traf-
ficking and function of the glucagon-like peptide 1 receptor. Mol
Endocrinol. 2006;20(12):3400-3411. doi:10.1210/me.2006-0178
Al-Sabah S, Al-Fulaij M, Shaaban G, et al. The GIP receptor displays
higher basal activity than the GLP-1 receptor but does not recruit
GRK2 or Arrestin3 effectively. PLoS One. 2014;9(9):e106890.
doi:10.1371/journal.pone.0106890

Ismail S, Dubois-Vedrenne |, Laval M, et al. Internalization and desen-
sitization of the human glucose-dependent-insulinotropic receptor is
affected by N-terminal acetylation of the agonist. Mol Cell Endocrinol.
2015;414:202-215. doi:10.1016/j.mce.2015.07.001

Al-Sabah S, Adi L, Binemann M, Krasel C. The effect of cell sur-
face expression and linker sequence on the recruitment of Arrestin
to the GIP receptor. Front Pharmacol. 2020;11:1271. doi:10.3389/
fphar.2020.01271

Al-Zamel N, Al-Sabah S, Lugmani VY, et al. A dual GLP-1/GIP recep-
tor agonist does not antagonize glucagon at its receptor but may act
as a biased agonist at the GLP-1 receptor. IJMS. 2019;20(14):3532.
doi:10.3390/ijms20143532

Gurevich VV, Gurevich EV. GPCR monomers and oligomers: it
takes all kinds. Trends Neurosci. 2008;31(2):74-81. doi:10.1016/j.
tins.2007.11.007

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

BRITISH 1 1 Of 12
PHARMACOLOGICAL:
SOCIETY

Krasel C, Bunemann M, Lorenz K, Lohse MJ. Arrestin binding to
the 2-adrenergic receptor requires both receptor phosphorylation
and receptor activation. J Biol Chem. 2005;280(10):9528-9535.
doi:10.1074/jbc.M413078200

Wolters V, Krasel C, Brockmann J, Binemann M. Influence of G a q
on the dynamics of M, -acetylcholine receptor-G-protein-coupled
receptor kinase 2 interaction. Mol Pharmacol. 2015;87(1):9-17.
doi:10.1124/mol.114.094722

Wan Q, Okashah N, Inoue A, et al. Mini G protein probes for ac-
tive G protein-coupled receptors (GPCRs) in live cells. J Biol Chem.
2018;293(19):7466-7473. doi:10.1074/jbc.RA118.001975
Whitaker GM, Lynn FC, McIntosh CHS, Accili EA. Regulation of
GIP and GLP1 receptor cell surface expression by N-glycosylation
and receptor heteromerization. PLoS One. 2012;7(3):e32675.
doi:10.1371/journal.pone.0032675

Huang Y, Wilkinson G, Willars G. Role of the signal peptide in the
synthesis and processing of the glucagon-like peptide-1 receptor:
GLP-1 receptor signal peptide. Br J Pharmacol. 2010;159(1):237-
251. doi:10.1111/j.1476-5381.2009.00517.x

Lanzerstorfer P, Miller U, Gordiyenko K, Weghuber J, Niemeyer
CM. Highly modular protein micropatterning sheds light on the
role of Clathrin-mediated endocytosis for the quantitative anal-
ysis of protein-protein interactions in live cells. Biomolecules.
2020;10(4):540. doi:10.3390/biom10040540

Hager R, Miiller U, Ollinger N, Weghuber J, Lanzerstorfer P.
Subcellular dynamic Immunopatterning of cytosolic protein
complexes on microstructured polymer substrates. ACS Sens.
2021;6(11):4076-4088. doi:10.1021/acssensors.1c01574
Dirscherl C, Léchte S, Hein Z, et al. Dissociation of p2m from
MHC class | triggers formation of noncovalent transient heavy
chain dimers. J Cell Sci. 2022;135(9):jcs259489. doi:10.1242/
jcs.259498

Harding SD, Sharman JL, Faccenda E, et al. The IUPHAR/BPS guide
to PHARMACOLOGY in 2018: updates and expansion to encom-
pass the new guide to IMMUNOPHARMACOLOGY. Nucleic Acids
Res. 2018;46(D1):D1091-D1106. doi:10.1093/nar/gkx1121
Alexander SPH, Christopoulos A, Davenport AP, et al. THE CONCISE
GUIDE TO PHARMACOLOGY 2021/22: G protein-coupled recep-
tors. Br J Pharmacol. 2021;178(S1). doi:10.1111/bph.15538

Sriram K, Insel PA. G protein-coupled receptors as targets for
approved drugs: how many targets and how many drugs? Mol
Pharmacol. 2018;93(4):251-258. d0i:10.1124/mol.117.111062
Botta J, Appelhans J, McCormick PJ. Continuing challenges in tar-
geting oligomeric GPCR-based drugs. In: Francisco Ciruela JG, ed.
Progress in Molecular Biology and Translational Science. Vol. 169.
Elsevier; 2020:213-245. doi:10.1016/bs.pmbts.2019.11.009
Amisten S, Salehi A, Rorsman P, Jones PM, Persaud SJ. An atlas and
functional analysis of G-protein coupled receptors in human islets
of Langerhans. Pharmacol Ther. 2013;139(3):359-391. d0i:10.1016/j.
pharmthera.2013.05.004

Schelshorn D, Joly F, Mutel S, et al. Lateral Allosterism in the
glucagon receptor family: glucagon-like peptide 1 induces G-
protein-coupled receptor Heteromer formation. Mol Pharmacol.
2012;81(3):309-318. d0i:10.1124/mol.111.074757

Roed SN, Nghr AC, Wismann P, et al. Functional consequences of
glucagon-like Peptide-1 receptor cross-talk and trafficking. J Biol
Chem. 2015;290(2):1233-1243. doi:10.1074/jbc.M114.592436
Wang YZ, Yang DH, Wang MW. Signaling profiles in HEK 293T cells
co-expressing GLP-1 and GIP receptors. Acta Pharmacol Sin. 2021.
doi:10.1038/s41401-021-00758-6

Al-Sabah S, Al-Fulaij M, Ahmed HA. Selectivity of peptide ligands
for the human incretin receptors expressed in HEK-293 cells. Eur J
Pharmacol. 2014;741:311-315. doi:10.1016/j.ejphar.2014.08.019
Sparre-Ulrich AH, Hansen LS, Svendsen B, et al. Species-specific
action of (Pro3)GIP—a full agonist at human GIP receptors, but
a partial agonist and competitive antagonist at rat and mouse



https://doi.org/10.1128/MCB.00256-14
https://doi.org/10.1016/j.bcp.2018.01.040
https://doi.org/10.1172/jci.insight.140532
https://doi.org/10.1016/j.mce.2017.01.052
https://doi.org/10.1124/pr.55.1.6
https://doi.org/10.1111/j.1476-5381.2011.01687.x
https://doi.org/10.1159/000433437
https://doi.org/10.1152/ajpendo.00551.2012
https://doi.org/10.1152/ajpendo.00551.2012
https://doi.org/10.1016/j.bcp.2016.09.009
https://doi.org/10.1016/j.pbiomolbio.2011.07.010
https://doi.org/10.1016/j.pbiomolbio.2011.07.010
https://doi.org/10.1172/JCI140046
https://doi.org/10.1210/me.2004-0312
https://doi.org/10.1210/me.2006-0178
https://doi.org/10.1371/journal.pone.0106890
https://doi.org/10.1016/j.mce.2015.07.001
https://doi.org/10.3389/fphar.2020.01271
https://doi.org/10.3389/fphar.2020.01271
https://doi.org/10.3390/ijms20143532
https://doi.org/10.1016/j.tins.2007.11.007
https://doi.org/10.1016/j.tins.2007.11.007
https://doi.org/10.1074/jbc.M413078200
https://doi.org/10.1124/mol.114.094722
https://doi.org/10.1074/jbc.RA118.001975
https://doi.org/10.1371/journal.pone.0032675
https://doi.org/10.1111/j.1476-5381.2009.00517.x
https://doi.org/10.3390/biom10040540
https://doi.org/10.1021/acssensors.1c01574
https://doi.org/10.1242/jcs.259498
https://doi.org/10.1242/jcs.259498
https://doi.org/10.1093/nar
https://doi.org/10.1111/bph.15538
https://doi.org/10.1124/mol.117.111062
https://doi.org/10.1016/bs.pmbts.2019.11.009
https://doi.org/10.1016/j.pharmthera.2013.05.004
https://doi.org/10.1016/j.pharmthera.2013.05.004
https://doi.org/10.1124/mol.111.074757
https://doi.org/10.1074/jbc.M114.592436
https://doi.org/10.1038/s41401-021-00758-6
https://doi.org/10.1016/j.ejphar.2014.08.019

12 of 12 oo
20012 | I CRSPET () e

49.

50.
51.
52.
583.

54.

AL-ZAID ET AL.

GIP receptors. Br J Pharmacol. 2016;173(1):27-38. doi:10.1111/
bph.13323

Shaaban G, Oriowo M, Al-Sabah S. Rate of homologous desen-
sitization and internalization of the GLP-1 receptor. Molecules.
2016;22(1):22. doi:10.3390/molecules22010022
Montrose-Rafizadeh C, Avdonin P, Garant MJ, et al. Pancreatic glucagon-
like Peptide-1 receptor couples to multiple G proteins and activates
mitogen-activated protein kinase pathways in Chinese hamster ovary cells.
Endocrinology. 1999;140(3):1132-1140. doi:10.1210/end0.140.3.6550
Jones B, McGlone ER, Fang Z, et al. Genetic and biased agonist-
mediated reductions in f-arrestin recruitment prolong cAMP sig-
naling at glucagon family receptors. J Biol Chem. 2021;296:100133.
doi:10.1074/jbc.RA120.016334

Pickford P, Lucey M, Fang Z, et al. Signalling, trafficking and gluco-
regulatory properties of glucagon-like peptide-1 receptor agonists
exendin-4 and lixisenatide. Br J Pharmacol. 2020;177(17):3905-
3923. d0i:10.1111/bph.15134

Thompson A, Kanamarlapudi V. Agonist-induced internalisation
of the glucagon-like peptide-1 receptor is mediated by the Gaq
pathway. Biochem Pharmacol. 2015;93(1):72-84. doi:10.1016/j.
bcp.2014.10.015

Sonoda N, Imamura T, Yoshizaki T, Babendure JL, Lu JC, Olefsky
JM. Arrestin-1 mediates glucagon-like peptide-1 signaling to

insulin secretion in cultured pancreatic cells. Proc Natl Acad Sci.
2008;105(18):6614-6619. doi:10.1073/pnas.0710402105

55. Jones B, Buenaventura T, Kanda N, et al. Targeting GLP-1 re-
ceptor trafficking to improve agonist efficacy. Nat Commun.
2018;9(1):1602. doi:10.1038/s41467-018-03941-2

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Al-Zaid B, Chacko S, Ezeamuzie ClI,
et al. Differential effects of glucose-dependent insulinotropic
polypeptide receptor/glucagon-like peptide-1 receptor
heteromerization on cell signaling when expressed in
HEK-293 cells. Pharmacol Res Perspect. 2022;10:€1013. doi:
10.1002/prp2.1013


https://doi.org/10.1111/bph.13323
https://doi.org/10.1111/bph.13323
https://doi.org/10.3390/molecules22010022
https://doi.org/10.1210/endo.140.3.6550
https://doi.org/10.1074/jbc.RA120.016334
https://doi.org/10.1111/bph.15134
https://doi.org/10.1016/j.bcp.2014.10.015
https://doi.org/10.1016/j.bcp.2014.10.015
https://doi.org/10.1073/pnas.0710402105
https://doi.org/10.1038/s41467-018-03941-2
https://doi.org/10.1002/prp2.1013

	Differential effects of glucose-­dependent insulinotropic polypeptide receptor/glucagon-­like peptide-­1 receptor heteromerization on cell signaling when expressed in HEK-­293 cells
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Materials
	2.2|Construction of cDNA
	2.3|Cell culture and transfection of cells
	2.4|Bioluminescence resonance energy transfer assays
	2.5|Fluorescence resonance energy transfer measurements
	2.6|Confocal microscopy
	2.7|Microcontact printing
	2.8|Subcellular micropatterning experiments
	2.9|Data analyses
	2.10|Nomenclature of targets and ligands

	3|RESULTS
	3.1|Heteromerization of GLP-­1R and GIPR
	3.2|Agonist-­induced changes in BRET between GLP-­1R and GIPR
	3.3|Impact of GIPR/GLP-­1R heterodimerization on cell signaling

	4|DISCUSSION
	AUTHORS' CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DISCLOSURE
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


