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SI Methods
Materials. Molecular biology reagents were from New England
BioLabs; coelenterazine h was from Biotium; white Optiplates,
cAMP Alphascreen, and LANCE assay kits were purchased from
PerkinElmer. SureFire extracellular signal-regulated kinases 1
and 2 (ERK1/2) reagents were generously provided by TGR
Biosciences. DMEM, Ham’s F-12 medium and � uo-4 acetox-
ymethyl ester were purchased from Invitrogen. FBS was pur-
chased from Thermo Fisher Scienti� c or HyClone Laboratories.
Compound 2 was generated according to a method published
previously (1), to a purity of >95%, and compound integrity was
con� rmed by NMR. Compound B was provided by Francis
Willard and Kyle Sloop (Eli Lilly, Indianapolis, IN) and GLP-1
(7-36)NH2 and related peptides were purchased from American
Peptide. The GLP-1 radioligand, 125I-GLP-1, was prepared by
radioiodination with the solid-phase oxidant, Iodobeads (Pierce
Chemical), and the antagonist radioligand 125I-exendin(9-39)
was prepared using Bolton-Hunter reagent (125I) from Perki-
nElmer. Both were puri� ed using reverse-phase high-perfor-
mance liquid chromatography to yield a speci� c radioactivity of
2,200 Ci/mmol. All other reagents were purchased from Sigma-
Aldrich or BDH Merck and were of an analytical grade.

Synthesis of Peptides.Peptides corresponding to TM4 of the human
GLP-1 receptor (LYVSIGWGVPLLFVVPWGIV) and TM4 of
the human secretin receptor (LQGFVAFGWGSPAIFVALWAI-
ARHFLE) were synthesized by manual techniques using Fmoc
[N-(9-� uorenyl)methoxycarbonyl]-protected amino acids and Pal
resin (Sigma), as described previously (2). Products were puri� ed
to homogeneity using a semipreparative reversed-phase C18
HPLC column with 0.1% tri� uoroacetic acid and an acetonitrile
gradient. Peptides were dissolved in dimethyl sulfoxide (DMSO)
and were then diluted with Krebs’–Ringer’s–Hepes (KRH) me-
dium (25 mM Hepes, pH 7.4, 104 mM NaCl, 5 mM KCl, 2 mM
CaCl2, 1 mM KH2PO4, 1.2 mM MgSO4) to yield a DMSO
concentration of <1% and a peptide concentration of ∼10 μM.

Minigene Construct for Delivering GLP-1 Receptor TM4. The con-
struct was designed to optimize biosynthesis and transport to the
cell membrane with the normal orientation of transmembrane
segments 3 and 4. Expression of TM4 alone does not provide the
correct orientation of this peptide in the membrane. Regions of
the GLP-1 receptor encoding the signal sequence (residues −23
through −1) and its sequence extending from just before the
predicted beginning of transmembrane segment 3 through the
end of segment 4 (D199–W274), as well as an HA epitope tag
and stop codon were ampli� ed by PCR and concatenated in
frame. This was subcloned into the NheI/ BglII restriction sites
of the pcDNA3.0 vector, with the sequence veri� ed by direct
DNA sequencing.

Bioluminescence Resonance Energy Transfer Studies.Receptor-
expressing Cos-1 cells in 96-well white Optiplates were used for
bioluminescence and � uorescence measurements, as we described
(2). Cells were transfected with constructs [Renilla luciferase
(Rlu)- and yellow � uorescent protein (YFP)-tagged receptors],
and bioluminescence resonance energy transfer (BRET) studies
were carried out 48–72 h later. The BRET assay was started by
mixing the cell suspension with 5 μM coelenterazine h (speci� c
substrate for Renilla luciferase), and data were collected imme-
diately using a Envision 2103 � uorescence plate reader (Perki-
nElmer) in its BRET con� guration (<700-nm mirror, as well as

dual emission � lter sets for luminescence, 460 nm, bandwidth,
25 nm, and � uorescence, 535 nm, bandwidth, 25 nm). Fluorescence
of YFP was acquired by exciting the samples with light of wave-
length 485 nm and collecting emission at 525 nm. The BRET ratio
was calculated based on the ratio of the emission of the YFP and
Rlu, as described previously (2).

Bystander saturation BRET experiments were also performed
as described previously (2). Transfections were performed with
a constant concentration of Rlu-tagged receptor construct as
donor (1.0 μg of DNA per dish) and increasing concentrations of
YFP-tagged construct as acceptors (0.3–6.0 μg DNA per dish).
After 48–72 h, cells were harvested and BRET assay was per-
formed as described above. The background-corrected BRET
ratios were plotted against the ratios of Rlu/YFP, and curves
were � t and evaluated based on R2 values using Prism 3.0
(GraphPad).

Bimolecular Fluorescence Complementation. Bimolecular � uores-
cence complementation assays were carried out in HEK293 cells
expressing YN- and YC-tagged receptor constructs, as described
previously (3). HEK293 cells were transfected with YN- and YC-
tagged GLP-1R constructs in equimolar concentrations (3 μg of
total DNA per dish) using the DEAE-dextran method. Cells
were lifted using 0.05% trypsin 24 h after transfection and were
seeded onto sterile coverslips at a density of 20,000 cells per
coverslip. After 48 h, the cells were washed with PBS (pH 7.0),
� xed in 0.2% paraformaldehyde (Electron Microscopy Sciences),
washed, and mounted on a microscopic slide using Vectashield
(Vector Laboratories). The cell surface YFP � uorescence was
visualized on a Zeiss Axiovert 200M epi� uorescence microscope
using a YFP � lter set (excitation, 480 nm; dichroic mirror Q515
long pass; emission, 525 nm) and images were collected using
a monochromatic ORCA-12ER CCD camera (Hamamatsu) with
QED-InVivo 2.039 acquisition software (Media Cybernetics).
The � nal images were assembled and organized using Adobe
Photoshop, version 7.0.

Receptor Binding Assays.Membrane fractions were isolated from
Cos-1 cells expressing receptor constructs, as described previously
(4). Seventy-two hours after transfection, Cos-1 cells were har-
vested mechanically using a sterile cell scraper and ice-cold PBS
(pH 7.0), and membranes were isolated using discontinuous su-
crose density gradient centrifugation, as we described (5). Mem-
branes were resuspended in KRH medium (pH 7.4) containing
0.01% soybean trypsin inhibitor and 1 mM phenylmethylsulfonyl
� uoride and stored at −80 °C until use.

Receptor binding assays were carried out either using intact
Cos-1 cells expressing the tagged receptor or isolated receptor-
bearing membranes, as described previously (6). For binding
studies using 125I-GLP-1(7-36)NH2, membranes or cells were
mixed with 1–2 pM of 125I-GLP-1(7-36)NH2 (∼20,000 cpm per
tube or well) in the absence or presence of increasing concen-
trations (1 pM to 1 μM) of unlabeled GLP-1(7-36)NH2 for 1 h at
room temperature in KRH medium, pH 7.4. For studies using
125I-exendin(9-39), cells were incubated overnight at 4 °C in
binding buffer [DMEM containing 25 mM Hepes and 0.1% (wt/
vol) BSA] containing 0.5 nM 125I-exendin(9-39) and increasing
concentrations of unlabeled peptide in the presence and absence
of increasing concentrations of allosteric ligand. For membrane
receptor binding assays, the receptor-bound fraction was sepa-
rated from the free radioligand by centrifugation at 21,000 × g at
4 °C and repeated washing using cold KRH medium. For Cos-1
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Fig. S1. GLP-1 receptors form constitutive dimers. Data representing static (A) and saturation (B) receptor BRET, as well as the agonist ligand dependency of
the receptor BRET signal (C). Also shown are fluorescence images of the YFP-tagged GLP-1 receptor and associated YN- and YC-tagged GLP-1 receptors ex-
pressed on the surface of Cos-1 cells (D), and lack of BRET signal for GLP-1R-Rluc coexpressed with GLP-1 receptors fused to the fragmented YFP in saturation
(E) and static (E, Inset) BRET assays. A significant static BRET signal was generated when the cells were transfected with both Rlu- and YFP-tagged GLP-1
receptor. Background BRET was determined by the coexpression of the YFP-tagged receptor with soluble Rlu or by the coexpression of the Rlu-tagged receptor
with a structurally unrelated family A GPCR, the type 2 CCK receptor, which by itself provides a strong homodimeric BRET signal. The shaded area represents
the nonspecific background signal (∼0.05) obtained under those conditions. Inset is an image of the expression of CCK2R-YFP illustrating that this receptor is
expressed both intracellularly and at the cell surface. Saturation BRET curves were plotted as ratios of YFP fluorescence/Rlu luminescence that were obtained
using a fixed amount of Rlu-tagged receptor and increasing amounts of acceptor (0.3–6.0 μg DNA per dish, as noted). These studies supported the specific
nature of the signal from the YFP- and Rlu-tagged GLP-1 receptor expression, whereas lack of a BRET signal for the BRET complementation assay (E) suggests
that no higher order oligomers are formed. Only a nonspecific bystander type BRET signal was observed when the non-structurally related receptors were
coexpressed. None of the agonist ligands (peptides used at 1 μM and compound 2 used at 10 μM) significantly changed the receptor BRET signal. Data are
presented as the means ± SEM from four to six independent experiments performed in either duplicate (E) or triplicate (A–D). **Significantly different from
background signals at the level of P < 0.01. (Scale bar, 25 μm.)
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Fig. S2. Binding and biological activity of GLP-1 receptor constructs. Concentration–response curves representing the ability of GLP-1 to compete for the
binding of the GLP-1 radioligand to wild-type and tagged GLP-1 receptor constructs expressed in intact Cos-1 cells (A); and the ability of GLP-1 to stimulate
cAMP responses in these cells (B). Each of the tagged receptor constructs behaved in a manner similar to wild-type GLP-1 receptor. Data represent means ± SEM
of four independent experiments performed in duplicate.
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Fig. S3. Negatively cooperative interactions of GLP-1 are lost with disruption of the TM4 dimer interface. GLP-1 dissociation curves for radioligand bound to
the wild-type (dimeric) (A) and mutant (nondimerizing) (B) GLP-1 receptor constructs in the presence or absence of excess GLP-1 peptide. Only the wild-type
receptor exhibited sensitivity to the GLP-1 peptide, accelerating the rate of dissociation. Data represent means ± SEM from four independent experiments
performed in duplicate.
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Fig. S6. Time course for agonist activation of ERK in wild-type and dimer disrupting mutant GLP-1 receptors. ERK phosphorylation studies using saturating
concentrations of GLP-1(7-36)NH2, oxyntomodulin, and compound 2 at various time points were performed in Cos-1 cells expressing either WT hGLP-1R or
G252A, L256A, V259A hGLP-1R. Each data point represents mean ± SEM from four independent experiments performed in duplicate.
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Fig. S8. Effects of disruption of GLP-1R dimerization on receptor signaling are independent of cell background. Concentration–response curves for GLP-1(7-
36)NH2 (A–C), oxyntomodulin (D–F), and Exendin-4 (G–I) in three different functional assays, cAMP accumulation (A, D, and G), ERK1/2 phosphorylation (B, E,
and H), and calcium mobilization (C, F, and I) using CHOFlpIn cells transiently transfected with either wild-type hGLP-1R or G252A, L256A, V259A hGLP-1R.
Data are normalized to maximal peptide response observed at the WT receptor. Data points represent the mean ± SEM of four individual experiments
performed in duplicate.
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Fig. S9. Effects of disruption of GLP-1R dimerization using a TM4 minigene construct on receptor signaling. Concentration–response curves for GLP-1(7-36)
NH2 (A–C), oxyntomodulin (D–F), Exendin-4 (G–I), and compound 2 (J and K) in three different functional assays, cAMP accumulation (A, D, G, and J), ERK1/2
phosphorylation (B, E, H, and K), and calcium mobilization (C, F, and I) using CHOFlpIn cells stably expressing the wild-type hGLP-1R in the absence (●) or
presence (○) of the TM3/TM4 minigene transiently transfected into the cells. Data are normalized to maximal peptide response observed at the receptor in the
absence of the minigene. Data points represent the mean ± SEM of four individual experiments performed in duplicate. No intracellular calcium response is
observed with compound 2.
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Fig. S10. Allosteric modulation of peptide binding affinity occurs in cis. Whole cell binding studies showing the inhibition binding of 125I-exendin(9-39) by
GLP-1(7-36)NH2 or oxyntomodulin in the presence of increasing concentrations of compound 2 (as shown by the symbols legend) using cells expressing either
WT hGLP-1R or G252A, L256A, V259A. pKi is the negative logarithm of the estimated affinity of the peptide agonist for the receptor. pKb is the negative
logarithm of the estimated affinity of the allosteric compounds. Log a� is the logarithm of the cooperativity factor governing the allosteric interaction between
peptide radioligand and the modulator. Log a� is the logarithm of the cooperativity factor governing the allosteric interaction between the competing peptide
ligand and the modulator. Data are fitted with a one-site competition plus allosteric modulator curve, assuming nondepletion and are representative of the
mean ± SEM four independent experiments, conducted in duplicate.
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Fig. S11. Allosteric modulation of GLP-1(9-36)NH2 signaling is preserved in GLP-1 receptor dimerization deficient mutants. Concentration–response curves for
GLP-1(9-36)NH2 in the presence and absence of increasing concentrations of compound 2 (as shown by symbols legends) in cAMP accumulation assays using
cells expressing WT hGLP-1R (Left) or G252A, L256A, V259A hGLP-1R (Right). Data are normalized to maximal response elicited by GLP-1(7-36)NH2. Curves were
fitted with an operational model of allosterism, and each data point represents the mean ± SEM of four independent experiments performed in duplicate.

Table S1. Binding and biological activity parameters of tagged
GLP-1 receptor constructs

Binding affinity* cAMP response†

Constructs Ki, nM EC50, nM

GLP-1R 2.3 ± 0.3 0.04 ± 0.01
GLP-1R-Rlu 3.1 ± 0.3 0.06 ± 0.02
GLP-1R-YFP 3.0 ± 0.7 0.04 ± 0.01
GLP-1R-YN 1.8 ± 0.7 0.06 ± 0.02
GLP-1R-YC 2.0 ± 0.4 0.03 ± 0.01

Data are expressed as means ± SEM of values from at least four indepen-
dent experiments.
*Inhibition of 125I-GLP-1 binding by GLP-1(7-36)NH2 to GLP-1 receptors tran-
siently expressed in Cos-1 cell membranes.
†GLP-1(7-36)NH2–mediated cAMP accumulation.
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