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The glucagon receptor belongs to the B family of G-protein
coupled receptors. Little structural information is available
about this receptor and its association with glucagon. We used
the substituted cysteine accessibility method and three-dimen-
sional molecular modeling based on the gastrointestinal insuli-
notropic peptide and glucagon-like peptide 1 receptor struc-
tures to study the N-terminal domain of this receptor, a central
element for ligand binding and specificity. Our results showed
that Asp63, Arg116, and Lys98 are essential for the receptor struc-
ture and/or ligand binding becausemutations of these three res-
idues completely disrupted or markedly impaired the receptor
function. In agreement with these data, our models revealed
that Asp63 and Arg116 form a salt bridge, whereas Lys98 is
engaged in cation-� interactions with the conserved trypto-
phans 68 and 106. The native receptor could not be labeled by
hydrophilic cysteine biotinylation reagents, but treatment of
intact cells with [2-(trimethylammonium)ethyl]methanethio-
sulfonate increased the glucagon binding site density. This
result suggested that an unidentified protein with at least one
free cysteine associated with the receptor prevented glucagon
recognition and that [2-(trimethylammonium)ethyl]meth-
anethiosulfonate treatment relieved this inhibition. The substi-
tuted cysteine accessibility method was also performed on 15
residues selected using the three-dimensional models. Several
receptor mutants, despite a relatively high predicted cysteine
accessibility, could not be labeled by specific reagents. The
three-dimensional models show that these mutated residues
are located on one face of the protein. This could be part of the
interface between the receptor and the unidentified inhibitory
protein, making these residues inaccessible to biotinylation
compounds.

The G-protein coupled receptors related to the secretin
receptor (1), known as “family B” receptors, form a very small
but very important subfamily of G protein-coupled receptors.
This family includes, among others, the receptors for parathy-

roid hormone, glucagon, gastrointestinal insulinotropic pep-
tide (GIP),4 glucagon-like peptide 1 (GLP-1), corticotrophin-
related factor (CRF), or growth hormone-releasing hormone.
Although the two receptor families probably evolved from a
common ancestor, rhodopsin-related (family A) and family B
receptors present few similarities (1). Except for two cysteine
residues in the first and second extracellular loops, none of the
signature amino acids defining family A G protein-coupled
receptors are identified in family B receptors. It is therefore
impossible to extrapolate the structural information gathered
on rhodopsin activation (2, 3) to these receptors.
All family B receptors possess a large extracellular N-termi-

nal domain of 100–150 amino acids, which contains highly
conserved residues and three conserved disulfide bonds. Trun-
cated and hybrid peptide recognition by chimeric receptors
indicate that these domains anchor the cognate agonist pep-
tides through their C-terminal region, whereas the N-terminal
regions of the peptides interact with and activate the receptors
via the heptahelical transmembrane domains (4, 5).
The three-dimensional structures of the N-terminal domain

of the CRF2�, PAC1, GLP-1, and GIP receptors and of the
CRF1 or parathyroid hormone receptor N-terminal region
fused with the maltose-binding protein, in complex with their
respective agonist or antagonist ligands, have been determined
by NMR or x-ray diffraction studies (6–12). These structures
share a common fold stabilized by three conserved disulfide
bridges and by an ionic bridge involving a conserved aspartate.
The scanning cysteine accessibility method (SCAM), has

been used to study the lining of the pore of channels and trans-
port proteins (13, 14). It was then extended to the study of the
binding site of Cys-loop acetylcholine receptors (15) and, more
recently, to G protein-coupled receptors (16). It consists of
the systematic individual substitution of the amino acids in the
region of interest into cysteine, followed by analysis of the reac-
tivity of the newly introduced side chain to cysteine reagents.
Before applying the SCAM to the glucagon receptor, we ver-

ified that the wild type receptor did not possess any accessible
cysteine by testing whether the receptor could be extracted
after biotinylation with a hydrophilic cysteine reagent. We also
tested the effect of MTSET on glucagon binding and receptor

* This work was supported by Fonds de la Recherche Scientifique Médicale
Grant 3.4541.03 and by an “Action de Recherche Concertée” from the Com-
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activation. Our results suggested that 50% or more of the glu-
cagon receptors transiently expressed onHEK cells are masked
by an accompanying protein.
Based on the structures of the homologous receptors of GIP

and of GLP-1, we constructed two models of the glucagon
receptor N-terminal domain. Using these models to guide
mutagenesis experiments and to help interpret the experimen-
tal results, we evaluated the accessibility of substituted cys-
teines predicted to lie on the protein surface. These data reveal
a region inaccessible to biotinylation that is located in loops
positioned on a common face, opposite to the junction between
the N-terminal and transmembrane domains.We propose that
this surface could associate with the accompanying protein
already suggested by the MTSET experiments.

EXPERIMENTAL PROCEDURES

Modeling—The positions of the signal peptide (residues
1–26) and of the transmembrane helices, intracellular (IC) and
extracellular (EC) regions were predicted using the SignalP 3.0
server and the Predict Protein server, respectively (17, 18). They
correspond to the residue segment 27–144 for the N-terminal
domain, 194–226 for EC1, 285–305 for EC2, and 369–384 for
EC3 and 167–173 for IC1, 250–263 for IC2, 327–350 for IC3,
and 405–477 for IC4.
ABLAST search (19) identified two proteins strongly homol-

ogous to the N-terminal extracellular domain of human gluca-
gon receptor: the human GIP receptor (GIPR) N-terminal
domain (Protein Data Bank code 2QKH) and the glucagon-like
peptide-1 human receptor (GLP-1R) N-terminal domain (Pro-
tein Data Bank codes 3C59 and 3C5T). A multiple-sequence
alignment of these sequences accessed at the Universal Protein
Resource (UniProt) was performed using ClustalW2 (20) (see
Fig. 1). This multiple-sequence alignment served as a basis to
construct the models using MODELLER 9v1 (21). Modeler
builds models by satisfying different types of spatial restraints,
which include homology-derived restraints, stereochemical
restraints obtained from the CHARMM22 force field, and sta-
tistical preferences for dihedral angles and non-bonded dis-
tances obtained from a representative set of protein structures.
Two models were constructed using as templates the structure
of GIPR (Protein Data Bank code 2QKH) and GLP-1R (Protein
Data Bank code 3C5T).
Peptide Synthesis—Unlabeled glucagon was synthesized in

our laboratory as described previously (22).
Receptor Expression—HEK 293-T cells were maintained in

DMEM enriched with 10% fetal calf serum, penicillin (10 milli-
units/ml), streptomycin (10 �g/ml) (PAA Laboratories, Linz,
Austria). Generation of the truncated and point-mutated
receptors was achieved using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) as described previ-
ously (22). We transfected either 18 �g of plasmid per 10-cm
Petri dish by the calcium phosphate precipitation method (23)
to measure cAMP levels in response to glucagon or 1 �g of
plasmid/well (6-well plate) by the PEI transfectionmethod (24)
for binding studies and to evaluate the glucagon receptor
extraction by dot blot. The cells were used 48–72 h after
transfection.

Cysteine Reagents—MTSET (Toronto Research Chemicals,
Toronto, Canada) andmaleimide-PEO2 biotin ((�)-biotinyl-3-
maleimidopropionamidyl-3,6-dioxaoctanediamine, Pierce-
Perbio Science (Aalst, Belgium)) were solubilized in ice-cold
PBS immediately before use. N-Biotinylaminoethyl methane-
thiosulfonate (MTSEA)-biotin (Toronto Research Chemicals)
was dissolved in DMSO and diluted in ice-cold PBS immedi-
ately before use.
Membrane Preparation—106 transfected HEK 293-T cells

were harvested mechanically and rinsed in PBS. The cells were
pelleted and lysed in 1 mM NaHCO3 solution followed by
immediate freezing in liquid nitrogen; the lysate was unfrozen
and centrifuged for 15 min at 20,000 � g, and the pellet was
resuspended in PBS. When the membranes were prepared for
Western blots or streptavidin extraction, the cell lysis and
resuspension solutions were enriched with CompleteTM pro-
tein inhibitors (Roche Applied Science).
Binding Studies—Binding studies were performed as de-

scribed previously (22). The density of the wild type receptors,
evaluated by analysis of homologous 125I-glucagon/glucagon
competition curves obtained in the presence of 10 �M GTP
varied between 1.5 and 3.0 nmol/mg protein.
We also performed binding assays on control and KCl-

treated membranes. Membranes prepared as above (22) were
resuspended in 20 mM Tris-HC1 buffer (pH 7.5) containing
0.25 M sucrose and 5 mM MgC12. An equal volume of 20 mM

Tris-HC1 buffer (pH 7.5), enrichedwith 0.25 M sucrose without
(control) or with (treated) 2.5 MKC1, was added dropwise. This
mixture was left for 1 h in an ice bath, under continuous stir-
ring, and then centrifuged at 30,000 � g for 10 min. The result-
ing pellets were washed three times in 5 ml of 20 mM Tris-HC1
buffer (pH 7.5) containing 0.25 M sucrose.
Western Blots—Fifty �g of membrane proteins were solubi-

lized at room temperature in Laemmli sample buffer, resolved
by SDS-PAGE using a 10% gel, and electrotransferred on a
PVDF membrane. This membrane was then blocked for 1 h in
PBS enriched with 5% drymilk powder (Nestlé) and 1‰Tween
20, incubated for 1 h in the presence of a rabbit antiserum raised
against a peptide corresponding to the C-terminal glucagon
receptor sequence (SAETPLAGGLPRLAESPF (1:25,000 in the
blocking buffer)), and washed in PBS-Tween (1‰). The signal
was detected by chemiluminescence using an HRP-coupled
goat antirabbit antibody and the West-Pico Supersignal rea-
gent (Pierce) according to the manufacturer’s instructions.
Adenylate Cyclase Activity—For adenylate cyclase activation

studies, transfected HEK 293-T cells were labeled in their cul-
ture medium for 3 h in the presence of 1 �Ci/ml [3H]adenine,
mechanically harvested, centrifuged at 500 g for 5 min, and
rinsed in PBS. HEK cells were resuspended in 200�l of PBS and
treated for 10 min at 25 °C in the absence or presence of a fresh
solution of MTSET (1 mM). The reaction was stopped by the
addition of 3.5ml of DMEMenrichedwith the phosphodiester-
ase inhibitors isobutylmethylxanthine (1 mM) and Ro 20–1724
(4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone) (0.1 �M)
(Sigma). cAMP synthesis was evaluated after a 30-min incuba-
tion of 100,000 HEK cells in a total volume of 120 �l at 37 °C, in
the absence or presence of 1 �M vasoactive intestinal peptide,
10 �M forskolin (used as positive controls), or 0.1 nM to 10 �M
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glucagon. The reaction was stopped by the addition of 1 ml of
1% SDS enriched with 0.5 mM ATP and 0.75 mM cAMP;
[3H]cAMP was separated from the other nucleotides by chro-
matography (25).
Biotinylation and Biotin Pullout—Intact cells (or mem-

branes) were treated for 10 min at 25 °C in 120 �l of PBS with
MTSEA-biotin (1 mM, 1% DMSO) or maleimide-PEO2 biotin
(0.4 mM) and then washed four times at 4 °C, resuspended in
ice-cold 1 mM NaHCO3 enriched with CompleteTM, frozen in
liquid nitrogen, and stored at �80 °C until use. The homoge-

nate was unfrozen and centrifuged
at 20,000 � g for 15 min. The mem-
brane pellet was resuspended in
radioimmune precipitation buffer
(PBS enriched with 1% Triton
X-100, 0.5% sodium deoxycholate,
0.1% SDS, and 1 mM EDTA (pH
7.4)). Eight to ten �g of solubilized
protein were incubated overnight at
4 °C under mild agitation in the
absence or presence of immobilized
streptavidin (50 �l of settled resin)
(Pierce) in a total volume of 400 �l.
We then allowed the resin to settle
for at least 20 min at 4 °C and blot-
ted 200 �l of the supernatant for
glucagon receptor detection and 50
�l of the supernatant for biotin
detection on PVDF membranes.
The membrane was blocked and
incubated with the antireceptor
antibody as explained above (West-
ern blot). The receptor signal was
detected with an anti-rabbit anti-
body, and biotin was detected with
streptavidin, both labeled with alka-
line phosphatase, using theWestern
Blue reagent, according to the man-
ufacturer’s instructions (Promega,
Leiden, Netherlands). The blots
were immediately scanned, and the
signal was quantified using the
Scion Image program (National
Institutes of Health). We verified by
serial dilutions that both signals
were proportional to the protein
concentration. Membranes from
non-transfected or non-biotinyl-
atedHEK293Tcells did not give any
detectable signals in these assays.
Streptavidin-extracted MTSEA-

biotinylated proteins can be cleaved
off by reducing agents at high tem-
perature or in the presence of 2 M

guanidinium hydrochloride (26),
but solubilized receptors treated
under these conditions could not be
immunodetected. We attempted to

replace streptavidin by “soft link avidin” to facilitate the gluca-
gon receptor release, but this induced a strong nonspecific sig-
nal in our glucagon receptor immunodetection system. Protein
precipitation by ethanol (9 volumes, overnight at �20 °C) or
TCA (10% at 4 °C) as well as solubilization in SDS resulted in
cumulative decreases in the receptor immunodetection; it was
not possible to detect the receptor inWestern blot after extrac-
tion of small protein quantities (�10 �g) and larger protein
concentrations saturated the streptavidin. We therefore
resorted to dot blots of the streptavidin-extracted supernatant

FIGURE 1. Top, two views of the superposition of the three-dimensional models of the N-terminal domain of
glucagon receptor constructed using the GIPR and GLP-1R crystal structures. The models built with GIPR and
GLP-1R are represented by a purple and green ribbon, respectively. The three disulfide bridges, Asp63, Lys98, and
Arg116 are depicted as sticks and colored according to the following color scheme (cyan, carbon; red, oxygen;
blue, nitrogen; yellow, sulfur). A salt bridge is formed between Asp63 and Arg116. Similar interactions are
observed in the respective x-ray structure templates. Bottom, multiple sequence alignment of the human
N-terminal domains of the glucagon, GIP, and GLP-1 receptors used to generate the three-dimensional models
of the glucagon receptor. Sequence identity is highlighted in gray.
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in view of the following arguments: 1) there was no background
in either Western blot or dot blot after streptavidin extraction
of non-transfected cells; 2) the wild type or mutant receptor
degradation observed in Western blot was minimal; and 3) the
biotinylated cysteine 42 (Q42Cmutant) was not separated from
the C-terminal epitope during the solubilization and extraction
procedure.
Statistics—All competition curves and dose-effect curves

were analyzed by non-linear regression (GraphPad Prism 3.0,
GraphPad Software, San Diego, CA). Competition curves
obtained in the absence of GTP were biphasic (not shown) but
monophasic in the presence of GTP,making the estimate of the
receptor concentration much easier. Statistical analyses were
performed with the program “InStat” (GraphPad Software);
the pEC50 values and effect of MTSET onmutant receptors were
comparedwithwild typebyone-wayanalysisof variance,using the
Dunnett post-test. p � 0.05 was accepted as being significant.

RESULTS

Three-dimensional Models of the N-terminal Domain of the
Glucagon Receptor—Two three-dimensional models of the
human N-terminal domain of the glucagon receptor were con-
structed using as templates the three-dimensional structure of
the GIPR in complex with the GIP hormone and of the GLP-1R
in complex with exendin-4. The GIPR and GLP-1R sequences
exhibit significant amino acid identity of 47 and 46%, respec-

tively, to the glucagon N-terminal
receptor region (see Fig. 1, bottom).
Such percentages of identity make
these templates good candidates to
elaborate three-dimensional mod-
els of the glucagon receptor by
comparative modeling. The stereo-
chemistry of the models was as-
sessed with Procheck (27). The
Ramachandran plots indicate that a
high percentage of the nonglycine
and nonproline residues are located
in themost favored allowed regions:
93.2 and 94.4% for the model built
using the GIPR and GLP-1R recep-
tors, respectively. The two models
feature three disulfide bonds
(Cys58–Cys100, Cys43–Cys67, and

Cys81–Cys121) and one salt bridge, Asp63–Arg116, matching
those in their respective template. Three hydrophobic clusters
are pinpointed. The central one features intramolecular inter-
actions involving conserved residues, Trp68 and Trp106, which
sandwich Lys98 andVal96. TheGIPR andGLP-1R three-dimen-
sional models superpose rather well (root mean square devia-
tions of the positions � 0.9 Å calculated for the C� atoms
excluding those of the loop, which ismissing inGIP (see Fig. 1)).
As shown in Fig. 1 (top), the main difference between the two
models resides in the conformation of the 6-residue insertion
108–113, forwhich there is no equivalent in theGIPR template.
In the GIPR-based model, this insertion was built ab initio.
Immunodetection of the Receptor—The glucagon receptor

expression was analyzed byWestern blot (Fig. 2). We observed
major bandswith apparentmolecularmass of 74 and�100 kDa
that may correspond to receptor dimer and aggregates and
minor band(s) of�50 kDa. All of themutant receptors gave the
same profile in Western blot, with the exception of the T61C
mutant that had a slightly lower apparent molecular mass (68
kDa), probably due to the disappearance of theAsn59 consensus
glycosylation site (Fig. 2).
Effect of Mutations of Asp63, Lys98, and Arg116—We studied

the effect ofmutation of the conservedAsp63 and Lys98 and also
of Arg116 that was predicted by our three-dimensional models
to form an ionic bond with Asp63. Adenylate cyclase stimula-
tion through the D63K, D63R, or K98D receptors was barely
detectable at 10 �M glucagon (not shown). Glucagon had also a
markedly decreased affinity for the R116D receptor mutants
(Fig. 3). The double mutants (charge switch) D63K/K98D and
D63R/R116D did not restore the glucagon potency (data not
shown). Specific 125I-glucagon binding to themutant receptors
was non-significant, but the expression of all mutants, verified
by dot blot (not shown), was comparable with wild type.
Effect ofMTSET on theWild Type Receptor—Before embark-

ing on the glucagon receptor SCAM,we treated intact cells with
the hydrophilic cysteine reagent, MTSET. We then examined
whether this reagent impairs the receptor recognition. A posi-
tive result would indicate that the affected cysteine is close to
the binding site. MTSET treatment of transiently transfected
HEK cells did not inhibit but rather improved by 2–3-fold the

FIGURE 2. Left, Western blot of membranes from non-transfected cells (NT; lane 1) and cells transiently express-
ing the wild type glucagon receptor (WT; lanes 2 and 3). Right, Western blot of the Q42C, H45C, T54C, L56C,
T61C, and D63C mutant receptors (membranes from different transfections). The glucagon receptor was visu-
alized using an antibody raised against a C-terminal peptide.

FIGURE 3. Comparison of glucagon dose-effect curves on HEK 293-T cells
transfected with the “wild type” glucagon receptor (closed squares) or
with the R116D mutant (open circles). The pEC50 values in this experiment
were 7.89 � 0.09 and 5.39 � 0.05. Results shown are representative of three
experiments. Error bars, S.E.
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glucagon potency for cAMP stimulation (Table 1 and Fig. 4,
top).
In order to test whetherMTSET pretreatment increased glu-

cagon receptor affinity, we analyzed 125I-glucagon saturation
curves. The results suggested that the effect of MTSET on the
glucagon dose effect curves was due to an increase of the 125I-
glucagon receptor density (from 2 � 0.5 to 6.5 � 0.6 nmol/mg
protein, n � 5 experiments), not of their affinity for glucagon

(Fig. 4, bottom). The receptor concentration per se (evaluated in
dot blot) did not change after MTSET treatment (not shown).
This result suggested that, in transiently transfected HEK cells,
at least half of the glucagon receptors weremasked and became
accessible to glucagon only after MTSET pretreatment.
Effect of Cysteine to Serine Mutations—If a single cysteine

from the receptor was responsible for the effect of MTSET on
glucagon recognition, itsmutation to serine (an almost isosteric
amino acid) should give rise to anMTSET-insensitive receptor.
Our models suggested that all six N-terminal domain cysteines
are involved in disulfide bridges.Wemutated the other six cys-
teines (Cys171, Cys224, Cys240, Cys287, Cys294, and Cys401) to
serine. MTSET had a similar effect on the glucagon potency of
all of these mutant receptors (Table 1).
If mutation of cysteine 294 as well as cysteines 240, 287, and

401 to serine did not significantly affect the glucagon potency
(Table 1), in contrast, mutation to serine of cysteine 224 (which
may be close to the glucagon binding site) and of the intracel-
lular cysteine 171 (which may belong to the G protein binding
site) induced a significant decrease of the glucagon potency,
despite almost normal receptor protein expression (Table 1).
Binding to these two receptor mutants was not sufficient
for meaningful competition curves analysis (Bmax and KD
determination).
Biotinylation and Extraction of the Wild Type Receptor—To

further test the hypothesis that one or more of the receptor
cysteines could react with hydrophilic reagents, we treated
intact cells or membranes either with MTSEA-biotin (a
MTSET-related reagent) or with maleimide-PEO2-biotin and
then extracted the biotinylated proteins with streptavidin. The
wild type receptor could be extracted only if membranes rather
than intact cells were biotinylated (Fig. 5); neither PEO2-biotin
nor MTSEA-biotin labeled extracellular cysteine(s).
Taken together, our results supported the hypothesis that the

N-terminal cysteines 43–67, 58–100, and 81–121 indeed form
disulfide bridges (as suggested in our two models) and that
extracellular cysteines 224, 287, and 294 were buried in the
protein interior. In contrast, at least one intracellular cysteine,
possibly Cys171, was exposed and water-accessible. These data
also suggested that MTSET did not affect directly the receptor
but targeted another protein, non-covalently associated with
the glucagon receptor.
Effect of High Salt Wash—We washed membranes 1h in a

high salt concentration to remove extrinsic proteins before
measuring 125I-glucagon binding to control and MTSET-
treated membranes. The high salt wash decreased the mem-
brane protein yield but did not affect glucagon binding per mg
of protein in the presence of GTP (Fig. 6), indicating that the
receptor-associated protein is either transmembrane or an-
chored to the plasma membrane.
Effect of Cysteine Substitutions—D63C, K98C, and R116C

receptormutants could not be extracted aftermaleimide-biotin
treatment (Table 2). This can be rationalized by our models
which attest the low solvent surface accessibility (SASA) values
of these residues (Table 2).
To identify the associated protein footprint on the glucagon

receptor, 15 additional residues were selected using the three-
dimensionalmodels and replaced individually by a cysteine res-

FIGURE 4. Top, effect of MTSET on glucagon dose-effect curves. HEK 293-T
cells transiently transfected with the glucagon receptor were treated in the
absence (closed symbols) or presence (open symbols) of MTSET prior to cAMP
measurement in the absence or presence of the indicated glucagon concen-
trations. The glucagon potency increased in this experiment from 7.7 � 0.1 to
8.0 � 0.08. Results shown are representative of 50 experiments. Bottom, 125I-
glucagon competition curves obtained in the presence of 10 �M GTP, using
membranes prepared from control (closed squares) or MTSET-treated cells
(open triangles). The glucagon pIC50 in this experiment was 7.17 � 0.15 in
control membranes and 7.09 � 0.09 in membranes from treated cells. Inset,
Scatchard representation of the binding data. The receptor concentration,
calculated under the assumption that glucagon and 125I-glucagon have the
same affinity for the glucagon receptor, increased in this experiment from
1.13 pmol/mg protein (95% confidence interval; 1.08 –1.75 pmol/mg protein)
in membranes from control cells to 2.7 pmol/mg protein (95% confidence
interval; 2.4 –3.2 pmol/mg protein). Results shown are representative of five
experiments. Error bars, S.E.

TABLE 1
Glucagon potency (pEC50) and effect of MTSET on the glucagon
dose-effect curves
Experiments were performed in duplicate (n � 3).

Receptor construct pEC50 MTSET-pEC50 shifta

Wild type 8.5 � 0.05 0.3 � 0.1
C171S 7.0 � 0.2b 0.6 � 0.3
C224S 6.6 � 0.1b 0.5 � 0.2
C240S 8.3 � 0.2 0.7 � 0.2
C287S 8.5 � 0.2 0.5 � 0.2
C294S 9.1 � 0.3 0.3 � 0.3
C401S 7.9 � 0.2 0.7 � 0.3

a MTSETpretreatment significantly improved the glucagon potency (p� 0.01) at all
of the receptors tested.

b Different from wild type (p � 0.05).
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idue. Three are located in the long N-terminal helix, and six are
distributed over the �-strands of the large and small �-sheets.
The others belong to the loops or the small helices. These res-
idues spanned almost all of the faces of the three-dimensional
structures (see Fig. 7), and the majority of the introduced cys-
teines featured a non-negligible SASA value in our models (see
Table 2). Despite a very low SASA value, Thr71 and Trp87 were
also chosen for substitution because their thiol group in the
modeled cysteine was oriented toward the protein surface and
partially accessible.
The receptor expression levels evaluated in dot blot were

normal. The Q42C, H45C, L50C, W87C, and K90C mutants
could be extracted by streptavidin after protein biotinylation
(Fig. 5 and Table 2). All of the other mutants could not be
labeled by maleimide-PEO2-biotin (Table 2). All of the N-ter-
minal cysteine mutants had a reduced affinity for glucagon
(Table 2).

DISCUSSION

As observed for other members of the secretin receptor-like
receptor family (see Ref. 28 and references therein),mutation of
the conserved aspartate (Asp63) impaired markedly the recep-
tor function (Table 2). The importance of this residue is
explained by our two three-dimensional models because it fea-
tures a hydrogen bond with Trp68 and a salt bridge with Arg116.

As for the CRF2� receptor (28), our attempts to reconstruct an
ionic bridge by charge reversal (D63K/K98D and D63R/R116D
glucagon receptormutants)were unproductive, confirming that

FIGURE 5. Top, membranes from cells expressing the wild type receptor (row
1); intact, non-transfected HEK cells (row 2); or cells expressing the transiently
transfected wild type (row 3), Q42C (row 4), or L50C (row 5) glucagon recep-
tors were treated with maleimide-PEO2 biotin before streptavidin extraction.
Membrane samples were solubilized and extracted in the absence (lanes 1
and 3) or presence (lanes 2 and 4) of immobilized streptavidin. The superna-
tants were blotted and tested for the presence of glucagon receptor (columns
1 and 2) or biotin (columns 3 and 4). Results shown are representative of 3– 6
experiments. Bar graph, extraction of the glucagon receptor (gray bars) and of
total biotin (used as control; white bars), expressed as a percentage of the
signal observed in non-extracted samples. The average � S.D. (error bars) of
3– 6 experiments is shown. *, significantly different from WT (p � 0.05); **,
significantly different from WT (p � 0.01).

FIGURE 6. 125I-Glucagon competition curves obtained in the presence of
GTP, on control (closed squares) and KCl-washed membranes (open tri-
angles). The protein yield was reduced after a KCl wash of the membranes; 125I-
glucagon binding was normalized with respect to the protein concentrations.
The results are expressed as percentage of specific binding/mg of protein to
control membranes in the absence of glucagon. Top, competition curves
obtained on membranes from non-treated cells. The glucagon potencies (pEC50)
were 7.48 � 0.06 and 7.38 � 0.1 on control and KCl-washed membranes, respec-
tively. Bottom, competition curves obtained on membranes from MTSET-treated
cells. The glucagon potencies (pEC50) were 7.80�0.05 and 8.02�0.09 on control
and KCl-washed membranes, respectively. Results shown are representative of
three experiments in duplicate. Error bars, S.E.

TABLE 2
Glucagon potency (pEC50), receptor extraction, and cysteine
accessibility
Experiments were performed in duplicate (n � 3).

Receptor
construct pEC50 Extracted

SASAa

GIPR-based
model

SASAa

GLP-1R-based
model

Wild type 8.5 � 0.05 No
D63C 4.9 � 0.1b No 0.1 0.2
K98C 4.7 � 0.1b No 0.1 0.0
R116C 5.4 � 0.3b No 0.4 0.2
Q42C 6.6 � 0.1b Yes 0.7 0.5
H45C 6.5 � 0.2b Yes 0.6 0.6
L50C 6.0 � 0.2b Yes 0.3 0.4
T54C 6.7 � 0.3b No 1.0 0.7
L56C 7.0 � 0.3b No 0.8 0.5
T61C 5.9 � 0.2b No 0.5 0.4
T71C 7.0 � 0.3b No 0.1 0.0
W83C 5.9 � 0.1b No 0.7 0.3
W87C 4.9 � 0.1b Yes 0.2 0.3
K90C 6.0 � 0.1b Yes 0.4 0.9
R94C 5.3 � 0.1b No 0.4 0.0
R108C 6.5 � 0.1b No 0.6 0.6
R111C 5.9 � 0.1b No 1.0 1.0
Q113C 6.2 � 0.1b No 0.9 0.8
Q120C 5.5 � 0.3b No 0.4 0.5

a Fraction of solvent accessibility of the mutated residue, computed for the side
chain in three-dimensional models featuring the Cys mutation, calculated by the
Vadar program (35).

b Different from wild type (p � 0.05).
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the conserved salt bridge is not the only major interaction involv-
ingAsp63.MutationofLys98hadamoreprofound inhibitoryeffect
thanmutation of Arg116, indicating a more important role for the
lysine (Fig. 3 andTable 2). Both three-dimensionalmodels suggest
that formation of a salt bridge betweenAsp63 and Lys98 is possible
only by means of a side chain rotation. Lys98 is, however, sand-
wichedbetween two tryptophans: Trp68, which also interactswith
Asp63, andTrp106, withwhich it forms cation-� interactions. Sub-
stitution of Asp63 or Lys98 probably perturbed this cluster, which
contributes to the structure scaffold.
Pretreatment of intact cells expressing wild type glucagon

receptors with the hydrophilic reagent, MTSET, did not affect
the glucagon affinity but increased the 125I-glucagon binding
site density (Fig. 4). It is well known that if the receptor density
is high,maximumeffects can be achieved by an agonist concen-
tration occupying only a small portion of the receptors, a phe-
nomenonknownas “spare receptors” or “receptor reserve” (29).
When this occurs, the agonist potency (pEC50) is lower than

expected from its affinity constant and further decreases with
increasing receptor concentrations. The observation that
MTSET increased the glucagon receptor accessibility therefore
explains the increase of the apparent potency of glucagon in
functional assays (Fig. 4 and Table 1).
It is often believed, by analogy with rhodopsin-related recep-

tors, that the conserved cysteines 224 and 294 form a disulfide
bridge, maintaining the first and second extracellular loops in
close proximity to the glucagon binding site (30). If this hypoth-
esis was correct, mutation of either or both cysteines should
lead to a similar impairment of glucagon recognition (due to the
loss of the same disulfide bridge) (31). Our results did not sup-
port this hypothesis because glucagon binding was different for
each Cys3 Ser mutant receptor.
Mutation of the transmembrane domain Cys171, Cys224,

Cys240, Cys287, Cys294, and Cys401 did not hamper the effect of
MTSET (Table 1). In addition, MTSEA-biotin and maleimide-
PEO2-biotin did not label the glucagon receptor in intact cells,
although they did label theQ42Cmutant receptor aswell as one
ormore intracellular cysteines, possiblyCys171, on thewild type
receptor (Fig. 5). We therefore concluded that the glucagon
receptor extracellular cysteines are either implicated in disul-
fide bridges (residues 43–67, 58–100, and 81–121 in our three-
dimensional models) or buried inside the protein and that the
extracellular cysteine(s) targeted by MTSET belong to another
(receptor-associated) protein. Taken together, our results thus
suggested that a significant proportion of the glucagon recep-
tors expressed in HEK cells were masked by an unidentified
protein (Fig. 4) that could not be washed away by high salt (Fig.
6) and that MTSET relieved this inhibition by targeting an
accessible cysteine on this associated protein (Fig. 5).
At first sight, a potential candidate could be the transmem-

brane protein RAMP2, which is known to interact with the
glucagon receptor (32). It belongs to a family of three receptor
activity-modifying proteins (RAMP1, -2, and -3) that affect the
glycosylation, membrane trafficking and ligand recognition
properties of the calcitonin receptor-like receptor, a family B
receptor distantly related to the glucagon receptor (33). How-
ever, similar to the homologous RAMP1 expressed in Esche-
richia coli (34), the four extracellular cysteines of RAMP2 are
probably involved in two conserved disulfide bridges and there-
fore not available to cysteine reagents. RAMP2 is therefore
unlikely to be responsible for the effect of MTSET on glucagon
recognition in HEK cells.
To identify the associated protein footprint on the glucagon

receptor, we evaluated the accessibility of 15 additional side
chains, mutated into cysteine, by biotinylation and streptavidin
extraction. Although our three-dimensional models led us to
expect that the thiol group of most of our 15 mutated residues
would be relatively well solvent-exposed, only five receptor
mutants (Q42C, H45C, L50C, W87C, and K90C) could in fact
be extracted after biotinylation. Reexamination of our three-
dimensional models allowed us to propose an interpretation to
some of these results, as described below.
Thr71 is one of the mutants that could not be extracted. Our

models show that the T71C cysteine S� atom is only at about 4
Å from the sulfur atoms of the cystine 58–100, thus close
enough to form non-native disulfide bonds with either Cys58 or

FIGURE 7. Top, representation of the 15 residues selected to be substituted
individually by cysteine (Gln42, His45, Leu50, Thr54, Leu56, Thr61, Thr71, Trp83,
Trp87, Lys90, Arg94, Arg108, Arg111, Gln113, and Gln120) in the three-dimensional
model structure of glucagon receptor. Bottom, three-dimensional model of
the glucagon receptor N-terminal domain complexed to the glucagon pep-
tide. The purple and green ribbons depict the glucagon receptor and peptide,
respectively. Asp63, Arg116, Trp87, and Gln113 are drawn as sticks and colored
according to the following color scheme (cyan, carbon; red, oxygen; blue,
nitrogen).
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Cys100. Similarly, the cysteine S� atoms of R94C and of Q120C
are only 3.5–8 Å from the cystine 81–121 sulfur atoms, and the
distancesmeasured between theW83CS� atomand the cystine
43–67 sulfur atoms, although longer, were also in the range of
potential disulfide bond formation (�9 Å). If the introduced
cysteines were involved in non-native disulfide bonds, one of
the native cysteines would become free but might remain bur-
ied in the protein interior. The glucagon potencies at three of
the fourmutant receptors (W83C, R94C, andQ120C) were low
(�6.0), compatible with the idea that the mutant receptor
structure had been altered. The T71C glucagon receptor prob-
ably retained a “native-like” structure, as suggested by its com-
paratively high glucagon potency; however, cysteine 71 fea-
tured a low fraction of SASA value (Table 1), which explains its
lack of reactivity to the bulky maleimide molecule.
Surprisingly, one of the biotinylatable cysteines, W87C, dis-

played in our models a rather low SASA value. The models, how-
ever, showed that Trp87 is enclosed in a hydrophobic pocket
shaped by Leu85, Pro86, and Met123 and hydrogen-bonds via its
sidechainNHgrouptoCys121,which is itself engaged inadisulfide
bond.MutationW87C is likely to perturb this cluster, leading to a
disruption of the receptor structure, solvent exposure of theCys87
residue, and receptor extraction after treatment by maleimide
PEO2 biotin. This hypothesis is supported by the very low gluca-
gonpotencyat this receptormutant, comparablewith theAsp63or
Lys98 receptor mutants (Table 2).

The T54C, L56C, T61C, R108C, R111C, andQ113Cmutants
display rather high cysteine SASA values in our models, with a
thiol group pointing toward the protein exterior. Glucagon had
a potency higher than 6.0 for four of these six mutants (see
Table 2), suggesting that their three-dimensional structure was
not notably altered. Thr54 and Leu56 are located in one of the
receptor loops close to Thr61, whereas Arg108, Arg111, and
Gln113 belong to an adjacent loop (see Fig. 7). They are posi-
tioned on a common face, opposite to the junction between the
N-terminal and transmembrane domains. This face is a poten-
tial candidate to participate in the interface between the gluca-
gon receptor and its associated protein.
We also modeled the structure of the N-terminal domain of

the glucagon receptor complexed to glucagon. We resorted to
our glucagon receptor model, the crystal structure of glucagon
(Protein Data Bank code 1GCN), and the GIP-GIPR or GLP-1-
GLP-1R x-ray structures (Fig. 7). In these modeled structures,
the glucagon peptide is positioned at distances less than 6 Å
from Asp63, Trp87, and Arg116 (three very important positions;
see Table 2) and within 4–8 Å from Gln113. If the unidentified
associated protein indeed interacts with (among other resi-
dues) Gln113 and neighboring residues, that would indeed pre-
vent glucagon binding by steric hindrance. It will be important
to identify this associated protein in order to evaluate its poten-
tial physiological importance in glucagon-responsive cells.
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